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PREFACE

Since the strengthening of the Cheurfas dam in Algeria in 1934, where 1000-
ton anchors were used to transfer tension to underlying sandstone, anchor-
age technology and practice have evolved to become a viable interdiscipli-
nary technique utilized in almost every part of the world. Anchors, in both
rock and soil, enhance civil engineering works where it is necessary to sup-
port, stabilize or transfer loads acting on a wide spectrum of structures,
foundations, and slopes.

Ground anchors and anchored systems have become, therefore, inter-
dependent, and their interaction cannot be optimized unless this interde-
pendence is recognized and considered in the analysis and design. Inter-
estingly, the abundance of existing rules, code clauses, standards and
guidelines has provided the incentive in our effort to simplify the complex-
ities, relax the differences and develop a unified approach not only by ne-
cessity but also as a matter of expediency. Thus, this book treats anchorages
as a direct application of the laws of statics and the theories governing the
transfer of load, while emphasis is placed on designs that are safe and have
reasonable cost.

As has been our experience with slurry walls, anchorages are likely to
remain more of an art than a science, like most underground structural sys-
tems, because of the many uncertainties associated with this type of work.
The ‘“‘open end’’ concept takes, therefore, precedence and suggests that, as
a field of technology, the technique will continue to evolve although a great
deal is disseminated now and will enable us to articulate its advantages and
limitations.

The book is organized essentially in two parts. Part 1 consists of the first
seven chapters, which are developed in the same logical order in which
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anchorages should be designed and constructed. Chapter | is an introduction
to the fundamentals of the technique. It also articulates its relevance to
ground engineering problems while cautioning when anchorages should not
be used, and provides an overview of statistical and regional data.

Chapter 2 deals with anchor systems, components, installation and con-
struction details. Anchors are characterized and grouped according to ser-
viceability, permanence, prestressing level, method of load transfer, and
type of ground. This chapter continues with a discussion on anchor parts
and assemblies, types of tendon, their mechanical and physical character-
istics, and tendon behavior under stress. Anchor installation and construc-
tion are reviewed in detail, including the associated operations such as drill-
ing, flushing, water testing and waterproofing, tendon preparations and
homing, grouts and grouting, and the basics of anchor stressing and jacking.
Construction limitations are analyzed in a practical context, and contingent
factors are related to details and solutions envisaged at planning and tender
stages. Chapter 3 supplements the material in Chapter 2 by presenting special
anchor systems such as extractable anchors, compression-type anchors,
multibell anchors, and regroutable units.

The transfer of load and its relation to the modes of failure and anchor
load capacity is analyzed in Chapter 4. This topic is first treated theoretically,
and then subjected to practical guidelines based on the observed perfor-
mance of anchorages. Deterents to rational design are identified since they
tend to inhibit the validity of idealized assumptions and thus influence the
accuracy of predictions with regard to field performance. The analysis covers
the failure mechanism of steel tendons, failure of grout/tendon bond, and
failure of ground/grout bond for anchorages in rock, sand and clay. Creep,
long term loading and repetitive loading are also discussed in the context of
time-dependent effects and cyclic shear stresses.

Chapter 5 deals with design considerations of anchors. Among these are
ground and site investigations necessary to ensure the feasibility of a pro-
posed anchorage installation, legal aspects, and stability of a mass of ground
around anchorage. Methodologies are presented for selecting fixed anchor
zone, anchor spacing and inclination, anchor type, length and diameter, and
estimating the lock-off load. This chapter also presents a review of loads
acting on anchors, and recommends factors of safety. A design procedure
is also developed based on a step-by-step approach.

The topic of corrosion and its protection is quite important particularly
with permanent anchors, and imposes general requirements to be considered
in the design stage. The mechanism and types of corrosion are discussed in
Chapter 6 in conjunction with the aggressivity of environments, aggressive
circumstances and the associated risk. The objectives of corrosion protec-
tion are defined and explained since they dictate the protection level and
the requirements of the protective system. The general conclusion is that in
permanent installations all anchor components should have double protec-
tion against corrosion. With this criterion, several sections of the chapter
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review various protective systems and combinations therefrom, and artic-
ulate on what constitutes double protection. A brief survey of corrosion
incidents and case histories is included to document anchorage performance.

Part 1 is completed with Chapter 7, which deals in detail with anchor
stressing, testing programs and evaluation standards that normally constitute
acceptance criteria. Relevant topics are precontract tests, acceptance tests
of production anchors, and basic on site suitability tests, with typical ex-
amples for each category. Since anchors are also installed in soils susceptible
to creep, basic and acceptance tests should be mandatory where creep be-
havior may govern anchor working load. Service behavior and acceptance
criteria are analyzed with reference to interpretation methods and to those
aspects of anchor behavior that should be monitored, i.e., relaxation or
creep.

Chapter 8 introduces the second part of the book, and deals with uses
and applications. I have chosen to divide anchor-structure groups according
to the structural system. Thus, distinct groups are vertical walls, intermittent
structures, anchor/shotcrete supports, massive structures, and free-standing
anchorages. Among the uses and applications are the improvement of slope
stability, dam strengthening and restoration, soil preconsolidation and soil
heave control, anchorages for concentrated forces, anchorages to secure
caverns, anchors for tunnels, anchorages for underpinning, anchoring of
excavation supports, anchoring of foundation structures, and waterfront in-
stallations.

Chapter 9 deals with the design aspects of anchored structures. Anchors
are considered in the analysis of dam stabilization by prestressing, soil re-
inforcement in soft ground tunneling, soil preconsolidation by prestressing,
and control of swelling in rock tunnels. The analytical treatment is extended
to rock caverns and tunnels supported by anchors, and for a wide spectrum
of configurations and uses. Rock mechanics and deformations are quite rel-
evant in this case, since underground work typically is done in media which
are stressed so that any opening will cause changes in the initial state of
stress. Methods chosen for presentation and review are the semiempirical
approach based on observed cavern performance presented by Cording et
al. in 1971; the Q system (rock mass quality) introduced by Barton et al. in
1977; rock tunnel reinforcement by equivalent support method presented by
Bischoff and Smart in 1977; spiling reinforcement techniques advanced by
Korbin and Brekke in 1978; rock tunnel supports based on the convergence-
confinement theory, including the NATM, developed mainly in the 1980’s;
elastic theories for openings in competent rock based on the Kirsch solution;
rock anchoring using the exponential formulation presented by Lang and
Bischoff in 1981; and the development of block theory introduced by Good-
man in 1989. Chapter 9 continues with the analysis of rock slopes supported
by anchorages; structures resisting concentrated forces; foundation mats and
rafts; and consideration of dynamic loads. The fundamentals of anchored
walls are reviewed in detail, and include procedures for estimating lateral
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earth stresses and deformations; guidelines for control of movement; general
stability of the ground/anchored wall system; estimation of anchor loads;
and analysis of anchored walls by finite element methods. The effect of wall
stiffness, anchor stiffness and prestressing is analyzed and quantified in ex-
amples of parametric studies. Among the miscellaneous topics reviewed at
the end of the chapter are numerical procedures, underpinning considera-
tions, and the applicability of limit state in the design of anchored walls.

Design examples of practical value and reasonable simplicity are pre-
sented in Chapter 10, with special emphasis on engineering judgement since
this will continue to be an indispensable tool in assessing solutions. These
examples include the selection of design criteria for an anchorage project;
rock slope stabilization by prestressing; the development of a design and
testing program; examples of anchor supports for tunnels; the basic design
of an anchored wall using limit equilibrium analysis; the design of an an-
chored slurry wall with analysis of ground/support stability; a methodology
demonstration of anchored wall design by elastic-plastic methods; and an
example of limit state design.

Long term behavior and past experience always provide valuable tools
for new designs although they should not be used as general basis for in-
terpretation. Thus, Chapter 11 balances the theoretical theme of the book
with examples and case histories from observed performance of anchored
systems. These include a typical monitoring program; observations on the
effect of a single anchor failure in a group of anchors; results from long term
performance of an anchorage project; surveillance programs and field studies
of rock slope stability and spiling reinforcement in rock tunnels; studies on
freezing and thawing effects; behavior of anchored walls; and field studies
of special anchorages.

Anchorage technology and practice have resulted from the dedicated and
persistent work of researchers, practitioners and contractors throughout the
world. This contribution is acknowledged through the numerous references
included in each chapter.

PeTROS P. XANTHAKOS

Great Falls, Virginia
October 1990
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CHAPTER 1

STATE OF THE ART

1-1  FUNCTION OF GROUND ANCHORS

Using anchors in civil engineering is a comparatively recent development,
initially conceived in conjunction with the suitability of rock as foundation
material and later expanded to accommodate almost any type of soil. The
resulting technique produced a wide variety and range of applications.

A ground anchor functions as load carrying element, consisting essentially
of a steel tendon inserted into suitable ground formations in almost any
direction. Its load-carrying capacity is generated as resisting reaction mo-
bilized by stressing the ground along a specially formed anchorage zone.
This arrangement is shown schematically in Fig. 1-1 together with the basic
components of the system. These components include the head, the free
length, and the bond length. The latter is intended to interact with the en-
veloping ground materials in order to transfer the load; whereas the free
length remains unbonded and thus free to move within the soil environment.

As structural devices, anchors usully are attached to ground supports at
their head. The anchor tendon is installed in special boreholes in a wide
variety of soils or rock. This involves complex and highly specialized pro-
cedures, which require careful tendon manufacture and assembly, anchor
hole drilling, anchor homing, and a variety of associated operations such as
grouting, stressing, quality controls, and monitoring. Furthermore, in per-
manent works and for any installation in aggressive soil environment all
anchor components must be protected against corrosion attack. The asso-
ciated longevity and sustained performance of permanent anchorages have
resulted in sophisticated protection and monitoring techniques, field-tested

Ground Anchors and Anchored Structures. Petros P. Xanthakos 1
Copyright © 1991 John Wiley & Sons, Inc.
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Anchorage _.T

Anchored element

Tension member

Grout
Anchor body

Drill hole

Fig. 1-1 Schematic presentation of a ground anchor showing the three main com-
ponents: anchorage (anchor head), free length, and fixed length (bond length).

and evaluated. Nonetheless, this subject remains under review and contin-
uous reassessment.

Progress in materials technology has been compatible with the improve-
ment of construction techniques. Thus, cement grouts available today can
attain high strength within a few hours after injection. Instrumentation tech-
niques have also been improved to enable site staff to keep anchor perfor-
mance under close observation and assessment.

As part of the structure, a ground anchor contributes to the overall sta-
bility and interaction of the soil-structure system. The anchor function,
however, is manifested in a load—tendon deformation pattern that is complex
and hardly susceptible to an exact analysis. In this context the solution of
ground engineering problems where anchorages are involved is based on
semiempirical approaches.

1-2 ORIGIN AND FIRST APPLICATIONS

Historically, the origin of anchorages can be traced to the end of last century.
Frazer (1874) has described tests on wrought-iron anchorages for the support
of a canal bank along the London-Birmingham railway. Anderson (1900)
has documented the use of screw piles to restrain floor slabs against flotation.

One of the earliest and most impressive applications was the strengthening
of the Cheurfas dam in Algeria, pioneered by Coyne in 1934. This gravity
structure, shown in Fig. 1-2, was built of conventional masonry materials
in 1880 but was partially destroyed in 1885 following a serious flood. The
dam was rebuilt in 1892, but in the early 1930s it showed signs of foundation
instability. Structural integrity was restored by the use of vertical 1000-ton
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O 1000 ton (metric) anchors

° 200 ton anchors
PLAN

El 227,00 m

Bedrock

TYPICAL CROSS SECTION

Fig. 1-2 Cheurfas Dam in Algeria: (a) general plan; (b) section through main struc-
ture showing the anchorage.

capacity anchors placed at 3.5-m intervals, and then stressed by hydraulic
Jjacks between the crest of the dam and the lower part of the cable head.
The anchors transfer the tension to sandstone, approximately 15 m below
the base of the dam. During drilling of the holes and the homing of the cables
difficulties were encountered because of poor quality of the masonry struc-
ture, the presence of swelling marls in the ground, and the presence of water
in the body of the dam. These conditions contributed to the initiation of
corrosion attack, and in 1965 several of the anchors had to be replaced.
Following the demonstration by Coyne, the manufacture of dependable
high-tensile steel wire and strand together with improvements in grouting
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and drilling methods led to the postwar development of ground anchors
mainly in France, Germany, Sweden and Switzerland, and later England.
During the 1950s anchors were first used to support deep excavations.
Today, anchorage practice is common in most parts of the world, including
the United States, for both rock and soils, and current methods can produce
high-capacity anchors in stiff clays as well as in fine sands and silts.

1-3 CURRENT DEMAND FOR ANCHORAGES

Anchoring techniques have evolved mainly in the last 30 years, and it is
interesting to mention that between 1953 and 1972 at least 35 patents were
taken out for work in soil and rock, some with many similarities and common
characteristics.

The ground anchor market at present appears quite sizable, yet it should
not be considered fully developed in terms of types and number of appli-
cations. With the completion of major projects in construction work here
and abroad, anchor market temporarily reaches a limit level of activity. It
appears, therefore, that this type of work will have to be expanded since
current construction volumes are not sufficient to compensate for the de-
creased activity following programs already completed. Furthermore, the
unique characteristics of underground projects and their associated depen-
dence on the general economic conditions make anchorage work highly sus-
ceptible to market fluctuations.

In general, the use of anchorages is favored by the following factors:

1. Development of conventional prestressing and miniaturization of ac-
tive loads, allowing the preloading of structure.

2. Production of high-speed drills and injection methods under pressure
in alluvial terrains.

3. Extension of anchor longevity and improved monitoring methods, both
enhancing permanent construction.

4. Ability of anchors to resist tensile forces.

5. Production of high-capacity anchors that can be used in stiff clays and
in fine sands and silts. In fact, only the very soft and compressible
soils do not readily lend themselves to anchorage systems, since in
these conditions the cost per unit of resisting force increases to levels
that make anchors rarely competitive with other methods.

6. Demand for more and deeper urban excavations often below the
groundwater table, including underground parking, gradually prompt-
ing the abandoning of traditional bracing techniques in favor of an-
chorages.
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7. A remarkable technological awareness and judgment, which has en-
abled engineers and contractors to successfully respond to special or
exceptional project conditions, even when a relevant precedent was
lacking.

Anchor Groups and Uses

In terms of anchor response to loading, the method may be regarded as a
special application of prestressing in foundation and ground work. On the
other hand, anchorages can be grouped into three main categories in terms
of ground terminology and according to the geology and topography of the
site: (a) soil anchors, covering 70~-80 percent of the market; (b) rock anchors,
representing 10-20 percent of the market; and (c) marine anchors, also in-
stalled in fluvial environment or aggressive water, accounting for about 10
percent of the market.

The clear predominance of soil anchors indicates the frequency of soil
substratum in the majority of urban and industrial excavations, consisting
mostly of alluvium, silty sand and clay. The most common and frequent
uses, whether temporary or permanent, are as follows:

Soil Anchors

1. Support retention systems in deep excavations.

2. Anchor and stabilize foundation slabs subjected to uplift caused by
groundwater or heave.

3. Preconsolidate unstable soils to increase their bearing capacity.
Provide reactions for pile load tests.

Compensate and balance the effect of overturning forces in power
transmission towers, special roofs, ski jumps, and mobile homes.

Tiedown underground storage tanks.

Provide lateral support of tunnel walls in cut-and-cover excavations.
Stabilize deep slabs of nuclear structures.

Carry out remedial, salvage and repair work.

AP o

A Y

Rock Anchors

1. Protect and stabilize rock formations and slopes.

2. Support underground rock cavities and galleries, where anchors re-
place timber and steel supports.

3. Raise and strengthen large dams, often quite expensive and incon-
ceivable without the use of high-capacity anchors.



6 STATE OF THE ART

4. Anchor abutments of cableways, television masts, and bridge abut-
ments where large tension forces must be transmitted to the ground.

5. Consolidate mine shafts and other special structures.

Marine Anchors

Protect coastal structures and defenses.

Stabilize reclaimed areas.

Protect river embankments and navigation canals.
Strengthen sea and fluvial facilities.

Protect oil jetties.

il

1-4 TIEBACKS AND TIED-BACK WALLS

Tiebacks are essentially similar to the anchor systems described in the fore-
going sections, and the ground, rock, or soil is again the medium where the
loads are transferred. Tied-back walls can be flexible or stiff, in which case
they approach a vertical mat acted on by the concentrated loads induced
through prestressing of the tiebacks and by an appropriate soil response.
Earth pressures are thus manifested by the actual prestressing level and are
less dependent on the particulr state of a soil. These forces, both active and
passive, persist unchanged with time unless the wall undergoes displacement
relative to the ties. On the other hand, by tensioning the tiebacks to a pre-
determined level the ground behind the wall can be maintained in the same
condition before the excavation commenced.

Unlike tiedown structures, tied-back walls normally are constructed in
vertical formation. Their stability is derived from the action of tiebacks that
distribute the prestressing load at the wall-soil interface as lateral earth
pressures. Structurally, their thickness can be less than of a conventional
wall owing to the close spacing of point supports, and footings are not
needed. However, since the tiebacks are installed at an angle to the hori-
zontal in order to reach suitable earth layers for the anchor zone, the resuit
is a vertical reaction imposed on the wall which must be resisted by base
bearing or side shear along the back face.

Tiebacks eliminate interior obstructions allowing free excavation and fast
mechanical earth moving. In these conditions, the construction of interior
supports and intermediate floors is better and faster completed especially
on irregular or congestal sites.

Tied-back walls can be constructed to their full depth in a single phase,
such as the diaphragm wall shown in Fig. 1-3, or in a process similar to
underpinning as shown in Figs. 1-4 and 1-5.

The latter walls are processed in a progressive construction of horizontal
strips, vertical ribs, and concrete filling. Tiebacks are inserted and stressed
as a new layer is added.
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Fig. 1-3 A tiedback diaphragm wall for the Sixty State Street Tower in Boston.

1-5 COMPATIBILITY WITH GROUND ENGINEERING PROBLEMS

In a broad context an anchorage is used to mobilize the shear strength, and
often the passive resistance, of a soil. An anchorage can thus receive earth
loads acting on a structure, for example, a retaining wall, and transfer these
loads back to the ground. Likewise, tensile forces can exist at the foundation
of a modern structure as a result of the redundancy and unique arrangement
of loading combinations, and since most soils are very weak in tension, these

Fig. 1-4 Anchored wall built in horizontal strips in a downward construction pro-
cess; this process is feasible in relatively stable ground.
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(b)
Fig. 1-5 Construction of a retaining wall by progressive underpinning, Wingreis,
Switzerland; (a) view of the wall showing the vertical tie beams and the filler concrete
in between; (b) section through the wall showing cover with concrete cladding.
(VSL-Losinger.)

forces must be transferred to the ground indirectly. Furthermore, through
posttensioning it is possible to induce a predetermined reaction in order to
maintain an active zone of soil in compression, or provide the required level
of preload on a retention system to cause inward ground movement that will
compensate outward movement during excavation. Anchors can also be used
where massive weight is needed to balance exterior upward pressure merely
by replacing this weight by tensile forces transferred to the ground.
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A special application of prestressing is for structures carrying heavy per-
manent loads. For example, a large foundation mat can be more economi-
cally designed using posttensioned tendons inserted eccentrically in a profile
that will counterbalance the stresses induced in the same member when the
structure is loaded and these loads are transferred to the soil underneath.
This arrangement is exemplified in radially cantilevered foundations of tow-
ers and tall chimneys.

The foregoing principles are demonstrated in the following categories of
problems.

Soil Preconsolidation. Prestressed ties can be used to apply a compressive
force directly to soil causing it to consolidate and improve its stability under
new loads.

Figure 1-6 shows this aplication for relatively soft layer of clay. A group
of ties are anchored into bedrock and subsequently prestressed, producing
the same effect as consolidation by preloading. The method has the advan-
tage of scheduling the prestressing sequence and level according to the re-
sults to be achieved and with minimum disturbance to nearby facilities. The
application is, however, costly but the cost is often justified by time savings.
Typical examples are found in the construction of airport pavements on sites
of recent landfills. Another example of soil preconsolidation is shown in Fig.
1-7. In this case, the eccentricity of the resultant load causes the tilted struc-
ture to return to the upright position.

The Nature of Uplift. Vertical anchors can be used where an underground
structure is subjected to base heave or to uplift caused by external hydro-
static pressure and where it is not feasible to increase the dead load to
balance these forces.

Figure 1-8 shows a structure founded below the groundwater table and
thus subjected to uplift. The base is held down using tension anchors. Where
a relatively impervious layer exists close to the base, an alternate solution
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Fig. 1-6 Preconsolidation of a soft soil by the use of prestressed anchored ties.
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Fig. 1-7 Preconsolidation of a soil to return a tilted structure to upright position.

is to separate the base slab from the perimeter walls and extend the latter
into the impervious layer to form a cutoff combined with sumping just below
the base level.

If the uplift is moderately small and the ground is suitable for anchoring,
the use of sealed ties without prestressing may be sufficient. With large uplift
pressures, however, appreciable prestressing will be needed, especially if
the ties are relatively long. The prestressing is likely to consolidate the soil
beneath the slab, especially where this downward movement is not resisted,
and cause settlement, which can result in a loss of prestress until equilibrium
is established. If the base slab is rigidly connected to the perimeter walls,
the application of prestress may cause shear stresses to develop at the wall—-
soil interface opposing further prestressing or it may cause the entire struc-
ture to move relatively to the surrounding ground, and thus the magnitude
and direction of stresses along the wall-soil interface must be considered
in the analysis. This interaction is likely to become more complex where
swelling or heave occurs and tends to approach an elasto—plastic condition.

Overturning Forces. Certain types of structures have a configuration that
causes them to be loaded eccentrically, and this often results in large over-
turning moments. An example is the ski jump shown in Fig. 1-9. The over-
turning effect of the free cantilever is counteracted by the use of vertical
anchors installed at the base. Because of the unusually large overturning
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Fig. 1-8 Use of anchors to hold down an underground structure subjected to uplift.

moments and the resulting high-capacity anchors, this solution is more fea-
sible in competent rock.

Other important classes of tiedown structures are power transmission
towers anchored vertically to balance wind and nonsymmetrical cable loads,
and concrete or masonry dams anchored to balance overturning caused by
uplift or excessive hydrostatic pressure after foundation deterioration or as
a result of raising the crest of the dam.

Rock Cavities. Conventional rock bolts produce independent action of in-
dividual rock blocks, thereby increasing the shear capacity and stiffness of
the rock mass. In small-section galleries, mines, and tunnels they serve to
prevent rock falls from the roof and the sides. In some instances this may
be a temporary safety measure until the permanent lining is installed, or it
may be the only rock support in the completed structure. Bolting is often
cheaper and more convenient than lining or interior supports.

However, the excavation of large underground chambers in rock for tun-
nels and caverns causes considerable changes in the state of stress with
associated strains and deformations, and in the worst case this can lead to
collapse. In these conditions prestressed rock anchors create a self-sup-
ported underground opening through the application of a stressing force in
the surrounding zone, and provided dislocation of surface material is pre-
vented (Rabcewicz, 1957). Stabilization with prestressed rock anchors is
distinguished from other methods in that prestressing creates an active arch
in the rock mass, and the natural function of this arch makes the opening
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Fig. 1-9 Ski jump at Oberstdorf, Germany, anchored into rock to offset the can-
tilever overturning effect.

self-supported. The chamber continues to adapt itself to rock deformation
until the entire mass becomes stable.

The shear failure theory governing this behavior is based primarily on a
reciprocal relationship of required lining resistance and rock deformation,
and secondarily on the fact that the time behavior of the rock mass is fun-
damental for predicting the response of the opening. In a fashion that is
known as the convergence—confinement principle, after a cavity has been
made the forces in the readjustment process of the surrounding rock are
carefully controlled according to a competent stress distribution and rock
yielding theory (Rabcewicz, 1973). In any excavation there exists a recip-
rocal relationship between pressure relief and radial deformation around the
opening, and as the ground deforms stresses near the opening decrease.
Theoretical equilibrium is reached between support resistance and ground
reaction at an optimum point but before loosening of the ground occurs.

The foregoing concept, advocated for a long time, is exemplified in the
support of underground openings where shotcrete and prestressed anchors
are combined with rock to form a composite structure. Adjustments in the
construction procedures are possible and practical through continuous con-
trol of rock and support system behavior by means of measurements of
geomechanical interpretation. Elegant applications are in conjunction with
the NATM (New Austrian tunneling method) widely used where preengi-
neering of a tunnel is often impracticable because of great depth or other
factors inhibiting a complete design.
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An example of a large underground cavern is shown in Fig. 1-10 for the
powerhouse at Waldeck II pumped-storage scheme, West Germany. This
cavern is 106 m long, 54 m deep, and 33.4 m wide. The only feasible way
of keeping this opening stable was by means of a self-supporting vault using
prestressed rock anchors. The stress conditions around the cavity were de-
termined by photoelastic analyses modeled on a computer program that pro-
vided the basis for determining anchor load and length.

Slope Protection. The prestressing of an unstable slope can increase its
shear strength by improving friction, a process similar to preconsolidation.
An example is shown in Fig. 1-11, where a deteriorated slope is stabilized
by prestressed anchors, and the ground becomes stable to support the bridge
loads. The prestressing is applied gradually to avoid high interstitial pres-
sures on the soil in the initial stage and any probable adverse effects (Cestelli-
Guidi, 1974). The process is slow and often expensive, but it can ensure the
stability of structures founded on slopes that deteriorated without altering
other soil characteristics. Likewise, the prestressing of rock slopes can im-
prove their quality, particularly along the joints and fissures.

Deep Building Excavations. The assessment of deep basement construc-
tion usually involves an analysis of the estimated cost in relation to the
expected use and demand for underground space. A deep basement implies
a foundation at a lower level and a corresponding reduction in its cost,
especially where the soil-bearing capacity increases with depth, but as the
excavation becomes deeper the cost of ground support and its bracing is
likely to increase.

Tiebacks are suited to almost any deep basement configuration. They may
be temporary if a permanent interior bracing is contemplated or where the

Fig. 1-10 Cavern for powerhouse at Waldeck II pumped-storage scheme. (VSL-
Losinger.)
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Fig. 1-11 Strengthening of a deteriorated slope supporting a bridge foundation by
the use of anchors.

institutional arrangements cannot guarantee the permanence of the anchor-
age zone, or permanent if the intended use of the space precludes other
forms of bracing. Applications cover the range from the anchored bulkhead
to the multianchored wall, where the use of tieback becomes a construction
convenience.

Long Excavations. These are common in the construction of underground
transportation facilities or utility tunnels in open cuts. For relatively narrow
openings it may be practical to use interior cross bracing or struts and cross
walls, especially if the excavation involves temporary and permanent ground
supports. Where the width of the cut increases considerably, interior bracing
becomes expensive and tiebacks may offer an economically more attractive
solution.

Underpinning of Structures. In a general context underpinning is the in-
sertion of a new foundation or support below an existing to transfer the load
to a lower level. Underpinning is typically required if an excavation adjacent
to an existing foundation is carried down to a level lower than the existing
foundation. The same result can be achieved in a different manner by com-
bining ground strengthening with lateral bracing. This case is illustrated in
Fig. 1-12, and involves a deep excavation adjacent to an existing subway
tunnel of the Paris Metro. In lieu of underpinning, the subway structure was
protected, as the excavation was carried down and below the base of the
tunnel, by two diaphragm walls built as shown and tied together with four
rows of tiebacks. The ground underneath the tunnel was injected with a
suitable grout to increase its strength. The diaphragm walls were constructed
from an intermediate excavation level.
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Reinforced Earth. Unlike reinforced concrete, reinforcement in earth is
used to increase the strength of weak soil material. The primary requirement
is the development of friction between soil and reinforcement to give the
composite material an apparent cohesion. Thus, the objective is to unify a
mass of earth through the use of reinforcement of an appropriate length and
disposition. Quite often, the use of inclined reinforcing strips provides better
stability than is possible with horizontal strips. Notable applications are
mentioned in conjunction with tunnel arches, small earth dams, and rein-
forced soil slabs to solidify weak zones or voids in the ground.

Special Cases. The useful functions of anchors in inducing prestressing,
mentioned at the beginning of this section for large foundations, is also com-
patible with the control of deflections. This feasibility can be exploited in
the design of continuous foundations.

A special case of prestressing is, for example, a long portal frame on poor
soil under heavy loads and seismic potential, which will probably require a
foundation beam to connect its two columns. This beam must be sufficiently
rigid for a uniform pressure distribution. However, a similar condition of
undeformability is obtained by a parabolic profile of prestressed tendons
along the main axis of the beam producing an effect opposite to that caused
by the soil ressure. The two effects compensate each other, and the resulting
uniform soil pressure distribution ensures a uniform settlement.

1-6 CONSTRUCTIONAL FEASIBILITY AND REQUIREMENTS

Why Choose an Anchorage?

Ground anchors constitute a versatile construction system that, if properly
used, can offer advantages in ground engineering. This versatility is derived
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from the following considerations: (a) ground anchors can accommodate
variations in the soil environment and can be positioned to suit local site
conditions; (b) they complement the use of soil and rock as foundation ma-
terials to support structures and slopes, whereas their tensioning provides
additional useful information as to the condition of those materials; (c) the
space required for their installation is minimum within the excavation site,
and once the anchors are placed and stressed, there is no further obstruction
to the next excavation level; and (d) in special or unusual conditions anchors
may be the only method of support.

Ground anchors may be considered in the following context: (a) as integral
part of the design concept of a project, (b) as a solution to problems de-
veloped following unexpected conditions during the course of construction,
and (c) as remedial measure to improve or rehabilitate deteriorating struc-
tures.

However, in choosing an anchorage consideration must be given to the
variability and severity of conditions affecting underground work, and the
anticipated advantages must be judged in conjunction with the associated
ground engineering problems. Difficulties, for example, will be encountered
if the ground is not entirely suitable for the transfer of load from the anchor
tendon, where agressive materials exist but remained undetected, or where
statutory requirements canot be met.

An important factor of efficient anchor design and construction is ade-
quate knowledge of soil conditions at the site. This requires more than a
conventional soil investigation, discussed in detail in other sections, and
may cost considerably more. Lack of this knowledge will impede the de-
signer in assessing the exact degree of ground restraint available in the grout
injection zone, and thus the full potential of the anchor system will not be
realized.

In a geologic context, an anchorage can encounter the entire range of
conceivable conditions, from tectonic layers to valleys and groves, from
glacial formations to recent sediment fills, and from rock formations to soft
layers. The engineer, therefore, is often confronted with soil investigation
problems sometimes considered unsurmountable. Furthermore, in many
sites anchors must be drilled and sunk into problematic overburden layers
including flowing and erratic blocks. It must be emphasized, however, that
if these difficult conditions did not exist anchorages would not have been
required at all, hence choosing ground anchors only when conditions are
ideal or favorable is very unlikely and often academic.

Mandatory Requirements. When a detailed ground investigation is com-
pleted, a comprehensive design will follow, including static and dynamic
loads, anchor spacing and location, anchor capacity and load transfer length,
overall stability, and service life requirements (Littlejohn, 1979), all dis-
cussed in detail in subsequent sections.
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On the other hand, anchorage planning, design, and construction should
be mandated to specialists because of the many unique and innovative so-
lutions that are feasible with a given project. Furthermore, it is fair to say
that, in spite of impressive applications in both temporary and permanent
works, ground anchor technology remains in an active state of development
and still lacks a unified practice. This is evident in the variety of design,
construction and testing concepts that exist and can be identified, and it
places additional emphasis on the value of specialty advice.

Anchor Choice. The selection of a suitable anchor for a given project re-
quires complete knowledge and understanding of the variety of anchor sys-
tems. New types of anchors are continuously developed and introduced in
the market, in response to a complex construction endeavor and in order to
improve performance and reduce costs. Some are found suitable for certain
applications, and some are considered practical within a restricted range of
ground conditions and loading combinations. On the other hand, different
practices and local economic constraints often preclude a unique solution
based on value performance, and an improper choice can thus lead to later
problems with technical and economic implications. Given the construction
site and the use of an anchorage, the problem of anchor selection is not
simple and is further complicated by the many factors affecting anchor per-
formance.

As anchor construction continues to attract more interest it will remain
a specialist operation, and despite the diffusion and wide dissemination of
anchorage technology, a great deal remains to be learned about the subject.
In this context, failure to give proper attention to the choice of a suitable
anchor system can lead to deficiencies with potential structural implications
and damage.

Construction Workmanship and Testing

This factor has a decisive influence on anchor service and performance. The
construction of an anchorage is a sequence of several separate operations:
hole drilling, tendon manufacture, anchor installation, grouting, testing, and
stressing. The workmanship factor inherent with each of these phases tends
to diminish ability to predict anchor performance solely on the basis of em-
pirical rules and guidelines. Nonuniform ground conditions, on the other
hand, can go undetected in routine site investigations resulting in consid-
erable variations in anchor performance particularly with close anchor spac-
ing. Hence, in order to ensure and confirm the workmanship of an anchorage
installation, it is common to introduce quality controls as mandatory re-
quirements during construction, specify performance tests, outline accep-
tance criteria for long-term behavior, and carry out a monitoring program
during the service life of the anchorage.
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Most anchors must be installed through a relatively thick overburden layer
in order to reach stable formations where they are fixed. In these conditions,
the objective of the anchoring technique focuses on longer and higher-ca-
pacity anchors; hence it greatly depends on the requirements of the drilling
process. It appears, therefore, that two most difficult phases in the entire
work are drilling the borehole and injecting the grout. Some of the many
questions confronting the engineer before the first steps are taken must be
answered quickly in order to be of any real use. For example, an answer
must be provided about the necessity of an exact soil investigation as op-
posed to drilling a test hole; the stability of the soil materials and their
probable collapse during drilling; the necessity of rotation core drilling in
order to obtain a representative profile of the soil layers, direction, and
thickness; or the necessity of a casing.

Whereas this is a typical example of sample questions raised before con-
struction, it must be understood that whether an anchor will carry its load
after it is installed and prestressed depends first on the geologic conditions
and second on the injection technique. On the other hand, ample experience
with this work is necessary for a successful primary injection and a possible
postinjection to ensure that the anchoring force will be solely transferred to
the adhering section of the anchor. Since there is seldom a direct procedure
for checking the operation on a step-by-step basis, stressing and loading the
anchor is mandatory in order to verify its capacity following its installation.
Thus, values compiled from operational sequence of load applications con-
stitute the most reliable record, and suggest the importance of a testing
program prior to the activation of an anchorage installation.

Special Problems

In built-up areas, an occasional disadvantage of an anchorage is the ground
movement associated with deep excavations. Earth unloading causes stress
relief in the ground inducing a three-dimensional movement. In soft or in
heavily overconsolidated clays as well as in clay shales the largest movement
usually is in the horizontal direction. In some instances this movement has
been found to extend laterally to a zone from 5-10 times the excavation
depth. When economic considerations and other site conditions preclude the
extension of the anchorage beyond this zone, the anchor length must be
formed within a volume of ground prone to deformation. In these conditions
a tied-back wall is likely to move, sometimes continuously, as result of
movement of the ground in which the support is anchored, and unless this
movement can be tolerated it may have unacceptable effects on surround-
ings. Problems of this nature, discussed in detail in subsequent sections,
have been noted in overconsolidated stiff London clays.

A second example of special problems is the change in anchor prestressing
caused by internal redistribution of stresses and associated strains in the soil
following progressive excavation and tieback installation. These changes are
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likely to be greater with increasing number of rows of anchors. It is, however,
possible to measure the amount of force remaining in a prestressed anchor
generally by repositioning the same equipment. This monitoring permits the
contractor to adjust the anchor load and restress the anchor if necessary.
Likewise, it is possible to monitor the movement of the anchor head. If the
anchor slips excessively, indicating appreciable loss of prestress, it may
become inoperative requiring additional units in the same vicinity,

In some instances it may not always be possible to determine immediately
whether an anchor has failed, since creep results in a loss of load over a
period of days. Furthermore, replacing a high-level anchor that has failed
can be difficult and expensive.

1-7 STATISTICAL AND REGIONAL DATA: BRIEF REVIEW

Anchorage Practice in the United States

By the late 1960s the advantages of anchorages were demonstrated in deep
excavations and underground operations, but the high cost of labor and
persisting organizational problems confined the use to relatively unsophis-
ticated installations of moderate to low capacity. Thus, until the early 1970s
tieback installations here remained almost exclusively the concern and en-
deavor of contractors. This trend changed rapidly when anchorage work was
expanded following an expansion in the underground construction market,
and as practical ways were found to reduce labor costs and improve the
quality of the work. An account of the early American practice is given by
White (1970, 1974a).

Among the early large examples is the anchorage for the Atlantic—Rich-
field office building in Los Angeles, completed in 1969. Approximately 300
tiebacks were used to support the excavation, which reached a height of 112
ft (34 m). The tiebacks carried a load of 43 tons (86,000 1b), and some were
removable. In one stage the construction was combined with the excavation
of the Security Pacific National Bank Building, shown in Fig. 1-13. Both
excavation and underpinning exemplify the principles discussed in foregoing
sections.

The anchorage project which marked the beginning of wider uses and
applications is probably the World Trade Center in New York, shown in
Fig. 1-14. The perimeter diaphragm wall has a total length 950 m (3100 ft),
and is keyed into underlying rock. The 70-ft excavation required six rows
of tiebacks that remained in service until the floor slabs were in place. There-
after, the tiebacks were distressed. Their considerable inclination to the
horizontal (45°) in some instances produced vertical reactions exceeding the
available rock strength resulting in minor instability problems (White,
1974b). The tiebacks had a maximum load capacity 300 tons (600,000 Ib).
The entire excavation, shown in Fig. 1-14, is crossed by the PATH (Port
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Fig. 1-13 Cross section through Security Pacific National Bank protective system,
also showing tiebacks of the Atlantic~Richfield excavation, Los Angeles. (From
White, 1974a.)

Authority Trans-Hudson Corp.) tubes that were completely exposed and
underpinned.

Maximum Attained Load. Table 1-1 shows data for several anchorage in-
stallations, representative of the 1970s. Evidently, the highest loaded soil
anchors are for the spoil disposal confinement structure at Kenosha harbor
by the U.S. Army Corps of Engineers, with a test load of 240 tons (480,000
Ib) (Nicholson Anchorage Co., 1979). Likewise, the highest loaded rock
anchors are for the Newburg-Cannelton dams in Indiana, sustained test
loads of 750 tons, which is in most cases the upper limit for rock. Anchor
capacity in rock depends mainly on the available capacity of prestressing
equipment and hydraulic jacks, whereas in soil this capacity relates primarily
to the method of load transfer to the soil materials.

Statistical and Cost Data. Permanent rock anchors probably were not used
until 1965, whereas permanent soil anchors followed later. Potential problem
areas in permanent installations relate to corrosion protection, long-term
creep, large extension of the anchor-head load, and development of pullout
resistance in a potentially active zone. The number of anchors that normaily
would be expected to fail or perform unsatisfactorily during proof load tests
in a typical job has been reduced from as high as 20 percent to as low as
one percent, and it is now common to complete a job without anchor test
failure.

Incidents requiring corrective measures are related to some form of failure
or impaired service of the anchored or tied structure, such as excessive
lateral or downward movement caused by premature excavation or over-
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Fig. 1-14 General view of the World Trade Center, New York, showing the ex-
cavation, anchored diaphragm walls, and steel framing.

TABLE 1-1 Tieback and Anchor Loads Attained in U.S. Installations

Capacity
(tons) Soil Type Location Comments

300 Rock World Trade Center, New Design load
York

240 Clayey glacial till Kenosha harbor, Test load
Wisconsin

750 Rock Newburg & Cannelton Test load
Dam, Indiana

150 Fine sand Cobian Plaza, San Juan, Test load
Puerto Rico

200 Clay shale Medical Center, Test load
Pittsburgh, Pa.

186 Sand and gravel Power Station, Test load
Shippingport, Pa.

80 Sand and rock Underground Gymnasium, Permanent

Chicago
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loading. Radical structural failures of anchorages or anchored structures
have been sporadic, if not rare.

The usual U.S. practice stipulates a preproduction test program for per-
manent anchors of high capacity or in difficult ground. For exmple, this
program is necessary for anchor loads in excess of 200 kips (kilopounds) in
sand, 240 kips in sand and gravel, 400 kips in soft rock, and 800 kips in hard
rock. Permanent anchors in clay will require a preproduction test to deter-
mine suitability against long-term creep.

Anchor costs vary widely, and the main factors determining this variation
are anchor capacity, type of soil, and construction conditions at the site.
Reference to 1985 cost data for rule-of-thumb estimates shows that in good
to average conditions anchors can be installed for $15-$23 per ton of working
load and for relatively low capacity. For example, in 1985 a 75-ton anchor
was likely to have a cost $1500 installed. Anchor cost is also quoted as price
per foot of length. In good conditions, the 75-ton anchor will probably cost
$30 per foot for an average length of 50 ft, but this cost may be much higher
for higher-capacity anchors or in difficult ground. Thus, a 150-ton anchor
can probably be installed for about $45 per foot (1985 price index) or as high
as $60 per foot in unfavorable conditions.

In some instances, it has been found structurally expedient to use anchors
but suitable anchoring layers did not exist close to the ground surface. In
this case, contractors drilled through the overburden in order to reach rock,
sometimes 100~150 ft below surface. Anchors have been installed in drilled
holes more than 200 ft deep (60 m), which is presently the limit for an eco-
nomical installation.

A relatively recent permanent anchorage installation is the George West-
inghouse undergroud gymnasium in Chicago, (Xanthakos, 1977) completed
in 1982, shown in Fig. 1-15. The posttensioned diaphragm walls are braced
at the top by the roof framing and at the bottom by rock anchors. Competent
rock just below excavation level allowed the economical use of anchors in
lieu of a rock socket.

Anchorage Practice in Europe

In Europe, considerable work on anchorages during the postwar period was
disseminated and eventually led to broad uses and applications, especially
with the introduction of standards, recommendations, and codes of practice.
These, in spite of variations and lack of technical uniformity, referred spe-
cifically to rock and soil anchors and covered a variety of topics in design,
construction and testing.

Germany and Austria. A main postwar development is the Bauer system,
introduced in West Germany in 1958. According to this method, discussed
in detail in subsequent sections, a steel rod is anchored directly into a 8-
cm-diameter borehole while a suitable cement suspension is injected into
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Fig. 1-15 Diaphragm walls and rock anchorages for George Westinghouse Under-
ground Gymnasium, Chicago.

the hole. Bauer (1966) reports that by the end of 1965 about 30,000 units
had been installed. A later account is provided by Ostermayer (1974) shown
in Fig. 1-16 for both temporary and permanent anchors.

The Bauer anchor is based on the principle that grouted anchorages are
more efficient if they can be installed in boreholes of relatively small di-
ameter, 8—14 cm (3-6 in), and carry working loads of above average inten-
sity, 30-50 tons in cohesive soil and 40-80 tons in cohesionless material. In
this respect, the solution is to use tendons of high tensile strength so that
for the same borehole size the anchor can carry a greater load.

For deep basement enclosures bracing with anchors often replaces in-
ternal bracing, whereas for subway construction in open cut in Munich an-
chored walls were found more economical than internally braced walls for
excavations wider than 12 m (40 ft) (Ostermayer, 1974). Examples from
anchorage practice in Germany are shown in Fig. 1-17. Part {(a) shows a
foundation slab subjected to uplift. The anchorage shown in (b) exemplifies
the use of anchor tension ropes of suspension bridges in tent-type roofs,
whereby dead-weight foundations are substituted with ground anchors in-
corporating soil weight. For the Olympic roof in Munich this arrangement
allowed a 20 percent reduction in the cost of foundation.

In Austria, prestressed rock and alluvium anchors have been used since
the mid-1960s, particularly in the mountainous Alpine region and the western
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sections of the country. The construction method shown in Figs. 1-4 and 1-
5, also known as the ‘‘top-to-bottom technique,”’ has been found technically
attractive in unstable rock formations, especially those including clay lenses,
which can provide a potential sliding plane during excavation. This solution
is applied with the intent to replace conventional bracing using a contact
pressure through prestressing, acting as a retaining wall and roughly equal
to the previously existing one so as to minimize any disturbance of the natural
balance. Thus, relatively small forces can stop huge earth and rock masses
from sliding.

Switzeriand. A locally developed system is the VSL anchor (Grivelli,
1969a) discussed in detail in subsequent sections. In principle, the VSL
practice tends to erase the distinction between rock and soil anchors, but
recognizes the apparent distinction between temporary and permanent an-
chors and the specific requirements for corrosion protection.

The method shown in Figs. 1-4 and 1-5 is particularly adaptable to road
construction in the Alpine region and where considerable cuts into a hillside
are required (Grivelli, 1969b). Where the rock surface displays discontinu-
ities such as seams and fractures, the depth of each progressive strip is
limited to 1.5 m (5 ft), and the wall is anchored using one anchor per section.
The support is thus structurally disconnected, and retains the advantage of
free movement as each anchor is stressed without inducing secondary
stresses or deformations to adjoining sections.

The principle of a self-supported underground structure using prestressed
rock anchors, mentioned briefly in Section 1-5, was initially applied to the
Hongrin underground pumped storage station completed in 1970 on the sho-
res of Lake Geneva at Veytaux. In lieu of the traditional lining, the cavern
was supported with prestressed rock anchors and shotcrete (Buro, 1970).
This application might be regarded as the progenitor of the convergence—
confinement theory and the NATM introduced in the late 1970s.

France. The evolvement of ground-support systems is evident in France,
and has paralleled the demand for underground space in built-up areas.
Ground anchors and tiebacks have contributed to this activity since 1953
(Forth, 1966). Deep excavations may be carried out in progressive under-
pinning, with soldier piles and lagging, or in conjunction with cast-in-place
and prefabricated slurry walls (Fenoux, 1971). Institutional and legal prob-
lems are usually approached with incentives aimed at extending the benefits
of a proposed anchorage installation to all parties involved.

A representative anchorage installation for urban development is the
Halles Forum project in Paris shown in Fig. 1-18. This involved the con-
struction of a subway station for the regional transit system with a four-level
forum above, built in an open-air plaza. The construction requirements along
each side of the project were different, and are reflected in the different
solutions and support systems. The wall shown in part (a) consists of steel



26 STATE OF THE ART

Fig. 1-18 (a-b)
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Fig. 1-18 The Halles Forum Project, Paris: (a) soldier piles and concrete lagging;
(b) buttress-type slurry wall on piles; (c) slurry wall on piles. Anchorages were used
for lateral bracing. (Bachy)

soldier piles with concrete lagging, and is temporary since the excavation
was eventually extended onto the other side. The wall shown in (b) carries
a new roadway built as overhang, and the large cantilever moments required
buttresses. The system shown in (c) is a slurry wall built in alternate panels.
Tiebacks were used for bracing, and in spite of their temporary nature they
were protected against corrosion because of the long (4-5 years) planned
construction period (Bachy, 1978).

Great Britain. 1t is conceivable that anchors were in use before 1966 for
pile testing reactions and for stabilizing coal mine roadway floors (Gillot and
Mielville, 1964). In 1966 high-capacity anchors were used for the excavation
of a key wall in Bristol. Systematic anchorage work was probably introduced
with the Bauer system, which in the late 1960s was under license in con-
struction work of the Second Mersey Tunnel (Jackson, 1970). Subsequently,
several other systems were introduced in Great Britain. Among them is the
UAC anchor used in the defense scheme at Oxfordness, which at the time
of its construction probably involved the largest anchorage installation in
the world (McKay, 1970). At the same time ground anchors were introduced
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for permanent work in London clay (Concrete, 1970), and in conjunction
with diaphragm walls.

As the technique became standard practice in a wide range of structures
and applications, it attracted considerable interest among engineers (Hanna
and Leonard, 1969). Attention was focused on certain theoretical aspects,
such as transfer of load, creep, and corrosion protection, and semiempirical
design rules were developed (Littlejohn, 1970). Anchorages became a prime
topic in the September 1974 conference of the Institution of Civil Engineers.

A wide variety of unique applications are found in waterfront structures
and installations such as piers, quays, and wharves. Examples are shown
in Figs. 1-19, 1-20, and 1-21. For the Seaforth dock, the long back-fly wall
improves resistance to overturning, and the degree of stability is further
increased by the tiedown efffect of the permanent anchors.

Anchorage Practice Elsewhere

In Australia anchorages have been used in deep building excavations, cliff
faces, and foundation slabs.

In North and South America anchorage practice is concentrated mainly
in large metropolitan areas. In Caracas, for example, most of the under-
ground retaining structures and ground supports built since the early 1970s
have permanent anchorages (Petrini and Roca, 1974). In Brazil, anchorages

Fig. 1-21 View of Seaforth dock arch wall, Liverpool.
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were introduced probably in 1957, and among the significant works is the
anchorage test program carried out in the clayey soil of Sao Paolo in con-
nection with the construction of the subway (Da Costa Nunes et al., 1969).
In Canada notable examples of anchor uses are for foundations in fissured
rock (Schousboe, 1974).

In the Far East, anchorages are used mainly in deep building excavations
and construction in open cuts; hence this activity is concentrated in large
metropolitan areas such as Tokyo, Osaka, and Singapore. In most cases,
however, the tiebacks serve temporarily because of the unavailability of
permanent anchorage zones. Removable anchors are thus popular by ne-
cessity, and various techniques are used to produce free gripping extractable
strands (Yamada, 1978).
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CHAPTER 2

THE ANCHOR SYSTEM: COMPONENTS
AND INSTALLATION

2-1 BASIC CONSIDERATIONS

In general, anchor capacity and performance are influenced by three main
factors: (a) ground characteristics, especially shear strength; (b) installation
techniques, particularly the method of fixing the bonding zone; and (c) the
workmanship attained in the field. For permanent installations, problems
are almost certain to arise if the development of bond between steel tendon
and injected grout is not as predicted. It appears, therefore, that these con-
siderations often tend to inhibit the complete preengineering of an anchorage
installation solely on the basis of standard rules and procedures. An essential
supplement to the technical background is ample practical experience with
the various anchor systems, especially the potential construction problems
associated with this type of work.

For a preliminary analysis and feasibility study of a proposed anchor
installation, the first factor to be considered is the nature and strength of
foundation materials. Some types of soils may not be suitable at all for
anchorage work, whereas loose or soft materials may preclude an econom-
ical utilization of the method. For example, in soft soil the maximum design
load is often limited to 30 tons irrespective of the tendon type, but in rock
the attainable load is several times higher. Furthermore, ground conditions
at the same site often encompass a wide variation of materials from soft soil
to rock, and thus selection of anchor type and load without actual in situ
verification becomes impractical and academic.

In general, soil anchors offer a good solution to ground engineering prob-
lems if they are installed in stiff clay, or dense silts, sands, and gravels. In
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most instances, the installation is adequate without altering the soil char-
acteristics. Anchor capacity may range from low to medium, and depends
mainly on the soil strength. The fixed anchor zone, or bonded length, is
formed in a competent zone and is created by a straight shaft, multiple bells,
or end bearing plates. Rock anchors, on the other hand, are usually bonded
by means of a straight shaft and can resist much higher loads since their
capacity is derived from the much higher shear strength of rock materials.
Furthermore, rock anchors can be instalied in almost any inclination, and
the hole is drilled without the need of a casing. Apart from these differences,
emphasized mainly in the past, the distinction between soil and rock anchors
has no longer any technical merits and tends to be superseded. Commonly,
the same anchor system with the same essential features and details can
now be used for either application and in a variety of ground conditions.

The main details for each type are determined by the design requirements
of the project, and are developed in conjunction with the size of tendon, the
drilling and grouting methods, and the shape of the grout body. Furthermore,
the wide variety of rock formations—often ranging from clay shales to lime-
stones, chalks, and highly fractured rocks—dictates a corresponding variety
of techniques used in bonding the tendon.

Marine anchors and their applications are considered beyond the scope
of this book. This group includes various types but predominantly dead-
weight, grouted tendon, free-fall, driven, direct embedment, and embedded
suction anchors. A complete summary is given by Taylor et al. (1975).

Another category includes anchor systems utilizing tiedown techniques
to secure ground facilities. Examples are mobile homes, powerline poles,
and military installations such as large tents, inflatable structures, and special
membranes installed to cover poor soil and provide landing pads. In these
cases, an anchorage zone is created by a triangular-shaped member, by helix
and multihelix combinations, or by expandable screwdown plates. Useful
reviews are given by Kovacs (1977) and by A. B. Chance Co. (1975)

2-2 ANCHOR GROUPING AND CLASSIFICATION
Temporary and Permanent Anchors

The division between temporary or short-term, and permanent or long-term,
anchors is arbitrary at best and often academic. Temporary anchors are, by
virtue of their limited durability, devices of a temporary nature that will
become useless and inoperative beyond a certain stage in the work program,
irrespective of the time lapse between their installation and the stage when
they become unnecessary. Permanent anchors, unlike temporary ties, are
devices which, by virtue of their long durability, will maintain the stability
of a project on a permanent basis.

The two groups have different requirements. The planning of temporary
installations usually involves a mandatory structural analysis and design,
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dimensioning and testing of bonded anchors, and finally their in situ ten-
sioning to confirm the load carrying capacity. For permanent anchors, fur-
ther requirements must be satisfied mainly in the arrangement and protection
of system components, all discussed in detail in subsequent sections. Several
codes specify the duration of temporary service as 2 years, but this guideline
should be accepted with caution and full understanding of its limitations,
and where soil conditions are fully known and controllable. More conserv-
ative specifications recommended by this author make the following dis-
tinction:

« Temporary installations—where the anchors will remain in service for
less than 6 months. During this period it is highly unlikely that a cor-
rosion process of detrimental magnitude will be initiated; hence neither
corrosion protection nor monitoring are required.

+ Semipermanent supports—where the anchors will be used for 6-18
months. In this case, corrosion protection may not be specified, but
some monitoring of anchor performance is advisable and should be
included in the construction program.

» Permanent support—where anchors must function longer than 18
months. In this case, corrosion protection and monitoring are man-
datory, and should be provided according to the longevity character-
istics of the installation.

It appears from the foregoing remarks that the requirements of a per-
manent anchorage installation cannot be determined strictly on the basis of
time during which performance is needed. Equally essential are the ground
conditions and corrosive tendencies of the soil environment in which the
anchors are placed. Additionally, in determining allowable working loads
long-term stability and creep characteristics must be considered together
with possible reduction of bonding ability along contact surfaces. These
considerations are particularly important in soils composed mainly of silt or
clay that may become subject to remolding or loss of pore water pressure,
resulting in a gradual loss of stress in the tendon. On the other hand, an
agressive or hostile environment can initiate a corrosion process leading to
considerable loss of load-carrying capacity.

Active and Passive Anchors

Active anchors, also called ““prestressed,” apply initial force to the structure
thus supported, irrespective of the final natural soil-structure interaction,
and according to the actual prestress level (Cestelli-Guidi, 1974). This force
is introduced with the use of jacking devices, and will persist with time unless
the structure undergoes displacement relative to the anchor itself. Passive
anchors, also called ‘*dead,”’ are not prestressed but respond to loading only
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when the structure thus supported begins to move following excavation on
one side. As the excavation proceeds, a natural soil-structure interaction
is initiated and maintained. More common is the use of intermediary anchors
where a fraction of the full potential prestress load is applied, usually be-
tween 3 and % of the design load. The concept of active and passive anchors
is shown schematically in Fig. 2-1 as a function between the externally ap-
plied tensile force, and the relative displacement as excavation is completed
on one side of the support. Since anchors are rather long and flexible mem-
bers, it follows that relatively large movement of the anchor head must occur
in order to stretch the tendon and thus develop the full load. The use of
initial prestress serves to reduce this movement while taking into account
the excavation and anchoring stages.

Active anchors are useful where it is necessary to consolidate slopes and
foundation beds by prestressing, as shown in Figs. 1-6 and 1-7. The passive
type is suitable where interstitial pressures can develop, in which case the
anchor assumes the function of a nail. Intermediary anchors are used fre-
quently in conjunction with the lateral bracing of earth retaining structures
where large movement must be prevented, but a small displacement nec-
essary to reach and maintain an active state of stress is also compatible with
the construction conditions at the site.

A tentative classification of anchors according to the above functions and
degree of tensioning is summarized in Table 2-1. The details and procedures
shown for each type are general, and variations are conceivable and often
necessary, particularly in the grouting methods.

Anchor Grouping According to the Method of Load Transfer

Most anchorage installations are completed with the so-called cement grout
injection anchor, discussed in detail in the following sections. In this case,
anchor pullout capacity largely depends on anchor geometry for a given set
of ground conditions, but is also influenced by the configuration and size of

Prestressed anchor

Dead anchor

External tensile force

Anchor displacement

Fig. 2-1 Active (prestressed) and passive (dead) anchors. Relative displacement as
function of applied force.
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TABLE 2-1 Classification of Ground Anchors According to Function and Degree of

Tensioning
Type of Anchoring
Steel of the Anchorage on Zone on
Type of Ground Anchor Tie the Structure the Soil Phases of Grouting
Active Pretensioned Anchoring Limited to 1. Injection of the terminal
device for a zone (anchorage of the
prestressed terminal wires in the rock)
steel tength 2. Injection for bonding
ducts to soil
3. Grouting of the ducts
Passive Simple tie or Not Ordinary end Extended 1. Injection for bonding
strut pretensioned anchorages over the ducts to soil
for ties or length 2. Grouting of the ducts
struts
Tie of Pretensioned Bonding of tie to ground
prestressed
concrete
Intermediary Partially Anchoring Limited to 1. Injection of the terminal
pretensioned device for a zone (anchorage of the
prestressed terminal wires in the rock)
steel length 2. Injection for bonding

ducts to soil

. Protection of the wires

(eventually without
grouting)

From Cestelli-Guidi (1974).

the anchor zone. Accordingly, there are four main groups, characterized by
the mechanism of stress transfer from the fixed anchor zone to the sur-
rounding ground, for which construction methods and design rules are avail-
able. The four types are shown in Fig. 2-2, and even though each type is
more suitable under specific ground conditions the choice is often dictated

on a regional basis.

Type A. This is characterized by a tremie-grouted straight shaft cylin-

drical hole of a uniform diameter, which may be lined or unlined ac-
cording to the requirements of hole stability. This type is suitable in
rock as well as in very stiff to hard cohesive layers where it is most
commonly used. The load transfer is by shear resistance mobilized
along the ground-grout interface.

Type B. With this type, the anchor zone is created as an enlarged cylinder

formed in a grouted borehole under low injection pressure (usually <1
N/mm? or 145 psi) using a lining tube or in situ packer. In this process,
the actual effective diameter of the fixed zone is increased with some
minimum disturbance to surrounding earth materials as the grout per-
meates through the pores or natural fractures under injection pressure
normally less than the total overburden pressure. The enlarged cylinder
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A A A A

Type A Type 8 Type C Type D
Fig. 2-2 Anchor grouping according to the method of load transfer. Four types of
fixed anchor zone for grout injection anchors.

is suitable in soft fissured rock and coarse alluvium, but many con-
tractors use it also in fine-grained soils. In the latter case, the cement
particles will not always invade the small soil pores, but under pressure
the grout will compact the soil locally to increase the effective diameter
and thus shift the contact surface of maximum resistance along this
enlarged diameter. For type B resistance to withdrawal begins with
side shear, but end bearing at the upper end may be eventually mo-
bilized and contribute to the ultimate capacity.

Type C. In this case the grout is injected under high pressure (>2 N/mm?*
or 290 psi), forcing the cement particles to penetrate the soil irregularly
and thereby enlarge the anchor zone through hydrofracturing of the
ground mass. A grout root or fissure system is thus produced beyond
the core diameter of the borehole as shown. This anchor is suitable
primarily in cohesionless soil, although it has been successfully used
in stiff cohesive deposits (Littlejohn, 1980b). The design is based on
an assumed uniform shear along an appropriate diameter at the fixed
zone, or it may have a semiempirical origin based on tests. It is not
always clear under what injection pressure ranges the grout will pro-
duce type B or C anchorage, given the same soil conditions and ground
characteristics, but in many instances a composite system may be pro-
duced, incorporating the features of both types.
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Type D. As in type A, the borehole is tremie-grouted, but it includes a
series of enlargements (bells or underreams) formed mechanically in
the fixed anchor zone. This type is common in stiff to hard cohesive
deposits, where underreams as large as four times the sizes of the
borehole have been cut successfully. Pullout capacity is derived pri-
marily from side shear, but plug and end bearing also increase resis-
tance to withdrawal.

2-3 ANCHOR ASSEMBLY AND PARTS

The schematic presentation of the anchor assembly shown in Fig. 1-1 dis-
tinguishes the following three main parts and components.

Fixed Anchor Length. This is also referred to as ‘‘bonded length’’ or simply
‘‘anchor body.”” It represents the design length of an anchor along which
the tensile force is transmitted by bond to the surrounding ground, according
to one of the mechanisms shown in Fig. 2-2.

In general, the fixed length is produced by cement grout injection, and
this is valid for both rock and soil anchors. However, in addition to providing
a load-transmission zone, the grout also performs the all important function
of protecting the prestressing steel against corrosion. For permanent an-
chors, further protection is necessary and afforded by means of a corrugated
sheath that ensures the isolation of the tendon steel from the soil environ-
ment. A simple section of an anchor body is shown in Fig. 2-3(a) and (b)
for a temporary and a permanent anchor respectively. The transfer of load
in (a) is from the steel tendon to the grout and then to the ground. In (b),
however, the load is transferred from the tendon steel to the grout, then to
the sheath, then back to the grout in the zone outside the sheath, and finally
to the soil at the grout—soil interface.

(a) (b)

Fig. 2-3 Typical cross section through the anchor body for temporary (a) and per-
manent (b) anchors.



40 THE ANCHOR SYSTEM: COMPONENTS AND INSTALLATION

Free Anchor Length. This is referred also as ‘‘free tendon length.” It
represents the portion of the anchor between the start of the fixed length
and the anchor head. No load transfer is assumed or assigned to this length,
since it is intentionally isolated from the surrounding ground and thus re-
mains free to move during the anchor—soil interaction. Therefore, the main
requirement imposed on the free anchor length is freedom to elongate under
prestressing without hindrance. Additionally, the method of forming this
section of the anchor must also accommodate the general requirements im-
posed on the installation.

Anchor Head. Sometimes referred to as ‘‘end anchorage’ or ‘‘stressing
anchorage,” this is the end part and component that transmits the tensile
load from a loaded anchor to the ground surface or structure, or vice versa.
Through a simiple mechanical interlock, the head fastens the anchor to its
structural support, but also serves to introduce the prestressing force to the
anchor. In this context, the anchor head constitutes a main feature of an
anchor system, together with the stressing mechanism.

Most manufacturers of anchor supplies have developed standard anchor
head details. These, however, should be checked to ensure structural com-
patibility with the particular configuration of the fixed anchor length, load-
carrying capacity, actual prestressing level and method of introducing the
prestressing force, and other relevant considerations.

General Requirements of Anchor Performance. Anchors and their com-
ponents must satisfy various requirements, arising from the intended use
and application, service life, type of ground, magnitude and type of loads,
and other special considerations. Thus, for the usual applications, an anchor
must satisfy any or all of the following (VSL~Losinger, 1980):

1. The functional life of the anchor can be extended, requiring a high
degree of protection against corrosion and mechanical damage.

2. The prestressing can be applied in stages.

. The anchor may have to be destressed and restressed again.

4. The anchor and its components can be load-tested, the prestressed
load locked off after this operation, and the remaining force in the
tendon measured as needed.

5. The anchor may have to be instalied in such a manner that any oc-
currence of transverse displacement of the ground will not induce ex-
cessive secondary stresses in the tendon.

6. The force in the tendon remains central.

w

It must be emphasized that these requirements are frequently interdepen-
dent. For example, corrosion protection, which employs corrugated and
smooth sheathing, facilitates restressing and testing of the anchor, and thus
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ensures the permanent effectiveness of the stressing length. This is impor-
tant, for example, in case of unexpected strain occurring because of a fissure
in the rock in the stressing length, caused possibly by blasting operations
after the installation of the anchor. If this strain is distributed over the entire
stressing length, it will have only a limited effect on the stresses in the tendon.
If, however, the anchor after stressing is bonded to the rock, such local
fissures can cause overstrain in the steel at this location and lead to una-
voidable failure (Kern and Herbst, 1974).

2-4 ANCHOR TENDON

Comparative Description of Tendon Types

A tendon usually consists of a bar, wire or strand, used singly or in groups.
The quoted tensile strength covers a broad range from 1200 to 2000 N/mm?.
Data on the technical characteristics and exact mechanical response under
load are available from manufacturers and suppliers. Variations therefrom
are possible and should be expected, particularly in the size and cross-sec-
tional area, ultimate strength, elastic limit and relaxation loss, and devel-
opment of mechanical bond. Additionally, tendons must comply with ap-
plicable prestressing steel standards. In the United Staes these include the
Tentative Recommendations for Prestressed Rock and Soil Anchors of the
PCI, whereas most European countries involved in the design and construc-
tion of anchorages have adapted Euro-Standard 138-79. However, the ap-
plicability and interpretation of data and guidelines as well the choice of a
suitable tendon with an appropriate factor of safety demand individual as-
sessment and judgment. This decision is further influenced by cost factors,
fabrication and transport considerations, corrosion protection requirements,
design load, and permissible stress levels.

Bars, plain or threaded, provide the simplest type of tendon. They can
be more readily protected against corrosion, and for shallow or low-capacity
installations they usually cost less. They possess appreciable stiffness, which
facilitates placing by allowing the tendon to be handled in manageable lengths
and with minimum risk of mechanical damage, and in certain conditions the
bar itself can be used as the drill rod. Threaded bars are easily connected
to the embedded anchorage and the anchored structure by means of defor-
mations providing an interlock with the grout body without other bonding
requirements. Furthermore, the threaded portion allows partial stressing,
restressing, and quick checking or releasing of the load. The relatively large
residual elongation of bars after stressing allows appreciable ground move-
ment to occur before anchor failure is induced. Finally, the stiffness of the
bar helps keep the grout tube undistorted and facilitates the unimpeded flow
of grout in the anchor zone.
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However, wire and strand offer distinct advantages with respect to tensile
strength, easiness of storage, fabrication, and transportation to the construc-
tion site. Their higher flexibility allows easy handling at the site and favors
their use in limited space. They possess higher elasticity inherent with the
higher tensile strength, which results in lower creep loss or load increase
following ground movement. With the advent of significant improvements
in prestressing techniques and equipment in the early 1970s, the use of strand
gained popularity among both designers and contractors. Several surveys
(FIP, 1974a) have shown that strand tends to be accepted more often than
bars and wire even in countries where the basic material cost is higher.

Most contractors agree that a smaller tendon diameter may result in a
lower material cost per unit of prestress force, but they caution that direct
cost comparisons for the supply of tendon material in a given country and
region can be misleading since the total cost of tendons also reflects fabri-
cation, installation and stressing costs.

Tendon types are discussed in the following sections.

Bars

Bar anchors are used more in North America and Germany. They are man-
ufactured in sizes from % in (6.4 mm) to 1% in dia. (35.8 mm) with usual
increments of 3 in (3.2 mm). Common sizes are 1 in, 1} in, and 1§ in. dia.
(26.5, 32, and 36 mm). Steel strength quoted by various suppliers normally
is 835/1030 and 1080/1230 N/mm?, or 121/149 and 157/176 ksi (kilopounds
per square inch), yield strength/ultimate tensile strength ratios (Stump-Vi-
broflotation, 1982). These characteristics produce tendon failure loads up to
280 kips (1250 kN).

In the United States, PCI codes specify high-alloy steel bars, either
smooth or deformed. However, in the United Kingdom B.S. 4486 specifies
low-alloy steel from 20 to 40 mm dia. Stainless-steel bars from 10 to 32 mm
dia. have been available in most markets, but they are used with caution
owing to limited data on relaxation characteristics.

Single bars are preferred for relatively short and low-to-medium capacity
anchorages; hence they are used in large quantities in soils where the anchor
force that can be developed by the soil has the same order of magnitude as
the monobar anchor. Multiple units are used in sophisticated combinations
and in conjunction with compression tubes and elaborate end bearing plates
for heavier loads. These plates are usually tapped to take the bar thread.
They can be designed either to supplement the bonded bar by giving a pos-
itive end in the same way as the nut, or to take the full bar force in direct
bearing on the grout. Groups of four and five bars are used successfully,
but clusters require relatively larger anchor holes and are more difficult to
handle.

Threaded bars can be either partially or fully provided with deformations.
In the simplest form, the bar has one end threaded. This requires a minimum
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hole size, but the ultimate carrying capacity of the bar is likely to be only
slightly higher than that of the plain bar because of the fine pitch of the
thread. With continuous thread, the transfer of load is achieved by means
of threaded connections, or mechanical bond as in a deformed bar. Multiple
threaded bars are anchored in one plate as shown in Fig. 2-4(a) and are
stressed simultaneously by one stressing jack, which allows better control
of elongation. However, with multiple bar anchors the forces cannot be
transferred to the ground in one simple grouting operation, and special pro-
cedures are necessary to grout under pressure several times depending on
the soil conditions.

Wires

Prestressing wire generally is produced from cold-drawn plain carbon steel.
The material can be left ‘‘as drawn’’ or *‘prestraightened’’ through a process
involving a stress-relieving heat treatment that improves elasticity and im-
parts to the steel a normal relaxation behavior, or a hot stretching treatment
that also produces the same beneficial results. In the United States, wires
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Fig. 2-4 (a) Multiple threaded bars anchored on one plate for simultaneous stressing;
(b) typical 7-wire strand anchor cross section showing the normal and compacted
form.
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must conform to ASTM A421 ‘““Uncoated Stress-Relieved Wire for Pres-
tressed Concrete.’” Elsewhere, the material conforms to local standards, for
example, British Standard 2691 (1969) in England. Elaborate combinations
of quenched and tempered wire ribbed during hot rolling have produced
varieties predominating in some countries, for example, Germany.

Tendon wire varies in diameter, the most common size ranging from 5 to
8 mm, and has a usual ultimate tensile strength 1670 N/mm?, or 242 Ksi
(Littlejohn and Bruce, 1977; Stump-Vibroflotation, 1982). In general, it is
used in groups of 10-100.

It is interesting to mention that the Soviet Industry (Shchetinin, 1974)
manufactures wires with ultimate tensile strength capacity from 1375 to 1865
N/mm? to meet applicable Soviet Codes. A popular size for anchors is S-
mm wire, with 1670 N/mm? ultimate tensile strength, 184,000 N/mm? elastic
modulus, and 6.8 percent relaxation at 1000 h. Shchetinin recommends wire
tendons because they eliminate potential torsional and bending problems
often arising with strand anchors.

Within the usual range of applications, there appears to be no limit to the
number of wires that can be grouped to comprise an anchor. Soletanche
reports that 660 No. S mm wires were used per anchor at the Cheurfas Dam
repair work in 1934.

Strand

This type of tendon consists of a group of wires usually from 4 to 20, arranged
in a helical form around a common axis of a straight wire, and in diameters
of 12.7 and 15.2 mm, respectively. Exceptions are possible, and it is inter-
esting to mention that for a retaining wall on Interstate Highway I-96 near
Detroit 54 wires 12.7 mm dia. were used to produce anchors with 7010 kN
(1570 kips) ultimate tensile capacity.

The 7-wire strand is common here and abroad, usually available in sizes
of 13 mm (0.5 in), 15 mm (0.6 in), and 18 mm (0.7 in); 19-wire strand is also
common and available in sizes of 22.2, 25.4, 28.6, and 31.8 mm. The quoted
ultimate tensile strength is from 1570 to 1765 N/mm? (228-256 ksi), but oc-
casionally strengths up to 2000 N/mm? can be produced.

Likewise, strand is made from cold drawn plain carbon steel. The 7-wire
strand is stress relieved after stranding to produce normal relaxation char-
acteristics. Other types include low-relaxation strand produced by a poten-
tial stabilization process whereby tensile stress is applied to the strand during
the stress relieving operation. On the other hand, strand can be produced
in a compacted form, or dry process, whereby about 20 percent more of the
nominal cross-sectional area is occupied by steel (Littlejohn and Bruce, 1977)
with respect to the ordinary strand so that higher loads can be sustained.
This type of strand has also low relaxation characteristics. A typical 7-wire
strand is shown in Fig. 2-4(b) for both the normal and the compacted form.
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2-5 TENDON CHARACTERISTICS

Basic Definitions

The choice of working loads and permissible stress levels usually is made
with regard to (a) mechanical strength, (b) elastic properties, (c) creep re-
sponse, and (d) relaxation behavior. These characteristics are defined and
discussed in this section in terms of their effect on the safe load-carrying
capacity of the anchor, and are reviewed in subsequent sections in the con-
text of load transfer, stressing and testing, and long-term monitoring.

Characteristic Strength. In general, permissible stress levels and working
loads for a given type of anchor are quoted in terms of the specified char-
acteristic strength, for which the notation f,, is commonly used. This is the
guaranteed limit below which not more than S percent of the test results fall,
and none of these is less than 95 percent characteristic strength. Instead of
the term ‘‘guaranteed limit,”” other equivalent notations used as frequently
are ‘‘ultimate tensile strength,”’ already referred to in this text, and ‘‘guar-
anteed minimum ultimate tensile strength.”

Proof Stress. It is common here and abroad to specify tendon stresses in
terms of some elastic limit, such as 0.1 and 0.2 percent proof stress. Inas-
much as the stress—strain curve of high-tensile steel does not have a definite
yield point, the proof stress is defined as the stress at which the applied load
causes a specified permanent elongation, such as 0.1 and 0.2 percent. It is
interesting to note that the term T used by the French Code to designate
the tension corresponding to the elastic limit actually is measured as the 0.1
percent proof stress, or the point at which the permanent elongation reaches
this value. This should not be confused with the 0.2 percent proof stress
used by the British and other codes to designate the elastic limit. Data pro-
vided by material suppliers show that the 0.1 percent proof stress may be
3-5 percent lower than the 0.2 percent proof stress, which is roughly equal
to 87 percent characteristic strength f,,. From this it follows that 0.1 proof
stress used by the French Code approximately corresponds to 0.96 x 0.87
or 83.5 percent f,, (Littlejohn and Bruce, 1977). This correlation is very
useful in comparing working stresses and factors of safety. (See also Table
4-1.)

Elastic Modulus. The usual range of the modulus of elasticity for the three
types of tendon is shown in Table 2-2 for various grades and with approriate
remarks. (See also Section 4-2.)

These values are quoted by tendon steel suppliers and manufacturers, and
it is conceivable that there is an error of +35 percent in their derivation
reflecting unavoidable variations in testing and recording procedures. A fur-
ther difference in E values is also evident between laboratory test length
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TABLE 2-2 Modulus of Elasticity” for Prestressing Tendons

Average E Average E

Type Remarks (N/mm?) {ksi)

Bar — 165,000~175,000 23,910-25,360
Wire Mill coil 192,000 27,825
Wire Prestraightened 201,000 29,130
Strand Regular normal relaxation 198,000 28,700
Strand Reguiar low relaxation 200,000 30,000
Strand Normal relaxation 197,000 28,550
Strand Superlow relaxation 198,000 28,700
Strand Dyform 195,000~-198,500 28,260-28,770

¢ The modulus of elasticity shown here corresponds to the elastic limit shown in Fig. 4-1; hence,
it is the proportionality constant defining the linear portion on the stress—strain diagram.

and the relatively long length at the site, and comparison under controlled
conditions shows that this may account for a variation of £2.5 percent in
the values thus obtained. Finaily, it must be emphasized that among the test
features having the greatest influence on the E values are the rate of testing
and the nature of repetitive loading, as well as the characteristics of de-
formability behavior between a single wire, a strand, and a cluster of strands.
Thus, it is very unlikely that the E of strand will be the same as the E of
tendon consisting of the same strand. In this respect, Littlejohn and Bruce
(1977) have quoted the following values for the prestressing steel used at
the Wylfa nuclear generating station:

Eqrana = 183,000-195,000 N/mm?
Etendon = 171,000-179,000 N/mm?

It is evident that E tendon is lower than E strand, but no general relationship
can be established correlating the two values. The obvious reason for this
difference is that during loading strand wires tend to unwind, with the cor-
responding effect depending on the restraining capacity of the stressing sys-
tem.

Creep Response. In simple terms, ‘‘creep’” is a change in strain of the
tendon with time under constant stress. When a tendon is in tension under
constant load, slow plastic deformations can occur even at a stress level
below the elastic limit, and this is true for anchors installed in both cohesive
and uniformly grained noncohesive soils. The relationship between creep
displacement and time can be described as an exponential function of a
straight line on a semilogarithmic plot (Ostermayer, 1974).

Differences in creep under constant and repeated load generally exist,
but are not completely understood. Caution is thus necessary where the
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number of cycles of repeated loading during the lifetime of a structure is
expected to be very large, in which case the possibility of cumulative effects
should be considered. Creep is reviewed and discussed in more details in
subsequent sections.

Relaxation Behavior. Stress relaxation is a decrease of stress, and a cor-
responding loss of load in the tendon, with time while the tendon is held
under constant strain. This behavior is manifested by the gradual replace-
ment of elastic strain by plastic strain causing the subsequent relaxation of
elastic stresses. Like creep, relaxation is a function of the logarithm of time,
and its extent depends mainly on the treatment of steel during its manufac-
ture, the temperature conditions, and time. It can cause a loss of load of 5—
10 percent, most of which occurs during the first few hours of loading (Antill,
1967; Bannister, 1959). Hence, a deliberate initial temporary overloading of
the tendon is often useful and serves to reduce overall relaxation loss by
compensating for the rapid initial loss. Littlejohn and Bruce (1977) quote a
load loss after one hour of the order of 50-60 percent of that at 100 h, which
again is about 80 percent of that at 1000 h. The loss at 1000 h is about one-
half that at 5-8 years.

Stress relaxation increases rapidly with temperatures above 20°C, and
thus in warm geologic environments both the ground and groundwater tem-
peratures should be monitored. Furthermore, the tendency of wires to un-
wind during stressing can be limited by the restraining effect of jacking sys-
tems, and in this respect stressing devices preventing rotation during jacking
are preferred.

Figure 2-5 shows stress relaxation data for tendons of bar, wire, and
strangd, all stressed to 70 percent of the ultimate tensile strength. For a typical
alloy steel bar the stress loss at 1000 h is about 4 percent but double that at
100,000 h (not shown on the graph). The lowest stress loss evidently is for
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Fig. 2-5 Stress relaxation of tendons at 20°C from initial stress of 0.7 ultimate tensile
strength., (From Antill, 1967.)
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stabilized wires and strand, whereas the highest is for wire strand not stress-
relieved. The graphs show that beyond a certain time point, generally 100
h after stressing, the relationship between percentage relaxation and time
becomes a linear function, but becomes even flatter after 1000 h.

The elastic limit, corresponding to the 0.2 percent proof stress, increases
from as-drawn wire to normal relaxation and then to low relaxation wire,
as shown in Fig. 2-6, which plots stress—strain curves for 7-mm-dia. plain
wire (Allen, 1978). Ponts B;, B,, nd B; represent 0.2 percent proof stress
for low relaxation, normal relaxation, and as-drawn wire, respectively, and
are 90, 85, and 75 percent the specified characteristic strength.

Relation between Ultimate and Working Stresses

Recommendations and design procedures for steel tendons, including the
mechanism of failure, are reviewed and discussed in detail in Section 4-2,
in conjunction with the general problem of anchor design and failure. In
order to provide an introductory and expedient demonstration of how char-
acteristic strength and working stress have been correlated by various codes,
engineers, and contractors, this section presents a general survey of data
from domestic and foreign practice.

Allowable stresses for steel tendons show wide disparity but also definite
trend to increase the factor of safety against ultimate failure (Littlejohn and
Bruce, 1977). This is evident, particularly in installations that involve high-
capacity anchors and repeated loading, or in unfavorable conditions such as
poor quality rock and corrosive environment.

Tables 2-3, 2-4, and 2-5 show design stresses (working) and factors of
safety for various types and sizes of tendon; namely, bar, wire, and strand,
respectively. This information is for permanent anchors only and is fairly

Tensile stress
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/
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Tensile strain

Fig. 2-6 Stress—strain curves for plain wire strand, 7 mm diameter. Curves 1, 2,
and 3 are for low relaxation, normal relaxation, and as-drawn steels, respectively.
(From Allen, 1978.)
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TABLE 2-3 Design Stresses and Factors of Safety for Bar Tendons

Working Measured Ultimate
Stress Test Stress Safety Safety

Bar (% Ultimate) (% Ultimate) Factor Factor Source

28-mm Lee Macalloy 70 — —_ .43 Britain—Banks (1955)

32.mm Macalloy 56 84 1.5 1.79 Britain—Jackson (1970)

32-mm hollow 54 64 1.2 1.85 Sweden—Nordin (1968)

35-mm 50 75 1.5 2 USA—Drossel (1970)

22-mm HS 47 52 1.1 2.1 USA--Koziakin (1970)

HS bars — — 1.5 —_ USA—Wosser and
Darragh (1970)

35-mm Bauer 44 54 1.2 2.27 USA—Larson et al.
(1972)

27-mm Dywidag 55 58 1.06 1.82 Japan—Construction

Ministry (1969)

From Littlejohn and Bruce (1977).

TABLE 2-4 Design Stresses and Factors of Safety for Wire Tendons

Working Measured Ultimate
Wire Stress Test Stress Safety Safety
(mm) (% Ultimate) (% Ultimate) Factor Factor Source
5 64 74 1.36 1.57 Britain—Morris and Garrett (1956)
7 63 69 1.1 1.59 Britain—Gosschalk and Taylor (1970)
7 66 79 1.2 1.52 Switzerland—VSL (1966)
8 68 82 1.2 1.47 Switzerland—VSL (1966)
8 50 65 1.3 2.0 Switzerland—Moschler and Matt (1972)
6.4 60 _ 1.08 1.67 Canada—Golder Brawner Assocs. (1973)
6.4 60 70 1.17 1.67 USA-—Eberhardt and Veltrop {1965)
7 60 62 1.03 1.67 Australia—Rawlings (1968)

From Littlejohn and Bruce (1977).

TABLE 2-5 Design Stresses and Factors of Safety for Strand Tendons

Working Measured Ultimate

Strand Stress Test Stress Safety Safety

(mm) (% Ultimate) (% Ultimate) Factor Factor Source
15.2 55 61 1.1 1.82 Britain—Ground Anchors Ltd. (1973)
15.2 58 80 1.37 1.71 France—Soletanche (1968)
12.7 48 57 1.2 2.1 Switzerland—VSL (1966)
12.7 30 73 2.43 33 Switzerland—Sommer and Thurnherr

(1974)
12.7, 15.2 60 — — 1.67 Canada—Golder Brawner (1973)

12.7 65 80 1.23 1.54 Canada—Golder Brawner (1973)
15.2 50 80 1.6 2.0 Canada—Golder Brawner (1973)
12.7 52 78 1.5 1.93 USA—White (1973)
12.7 60 80 1.33 1.67 USA—Buro (1972)
15.2 59 79 1.34 1.69 USA—Schousboe (1974)
12.7 60 85 1.42 1.67 Australia—Langworth (1971)

From Littlejohn and Bruce (1977).
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representative of anchor practice here and abroad. Beside the apparent dis-
parity, it appears that there is definite trend toward higher working stresses
for wire, followed by strand and bar tendons; hence the factor of safety
against rupture is thus in the inverse relation. Testing the anchor to 1.5 times
the working stress does not appear to be the general rule at present, and
very often contract anchors are overprestressed by an amount roughly cor-
responding to long-term load loss, usually 10 percent. There is no correlation
between ultimate safety factor, defined in terms of the ultimate tensile stress,
and the measured safety factor, which is direct function of the field test load
selected (see also Chapter 4).

Manufacturers and suppliers of steel tendon usually provide data on all
aspects and strength characteristics, which are useful for anchor design pur-
poses. Such a summary is shown in Fig. 2-7, and includes strand of nominal
diameter 13 mm (0.5 in) and 15 mm (0.6 in). This strand is also used for
prestressed concrete applications. The constituent wires of the strand are
cold drawn. After laying-up, the strand is stress-relieved or stabilized. The
main physical and mechanical features, such as cross-sectional area, ultimate
tensile strength, elastic limit, and relaxation loss are likely to vary with the
manufacturer, and this variation may be as high as 5 percent.

2-6 ANCHOR HEAD

The anchor head, described briefly in Section 2-3, is one of the three main
component parts of the anchor system. The assembly generally includes a
stressing head, wedges, and a distribution bearing plate used to transfer the

Diameter 13 mm {0.5) 15 mm {0.6)
Type of strand normal super normal super 16 mm (4,67} super
[ ST
Ll B’ _ _..___"“»\x«u( o
Nominal diameter mm 125 128 15.2 155 4 ~ 15,mm {0{6”} notmal
ove
Nominal steel area mm? 93 93 139 140 woodf |
I Rk mn?“la.s Tsuper
Nominal weight per m kg 0.74 0.78 1.10 1.10 “ P
2wl “-13|mmi {05} nofmat
Minimum breaking load kN 165 184 244 261 =
- ‘»
Minimum load a1t 0.2% KN 146 165 218 222 g 0 } —
offset =
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1000 v at 20° C from relax. 7% 7%
70% initial load ° I —
low refax. 2.5% 25% elongation %

(a) (b)

Fig. 2-7 Strand data summary: (a) values of strength characteristics; (b) stress—
strain diagrams for the steels shown in (a). (From Losinger-VSL.)
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load to the structure. A protective cap may also be fitted over the anchorage
to accommodate accessibility and surveillance. The parts and accessories
of the anchor head usually are designed and developed by the prestressed
concrete industry or by specialty anchorage contractors, and their details
are standardized to suite the type of tendon selected. With heavier loads
secondary distribution systems are added, and these include concrete blocks
or steel walings. These are useful in preventing excessive concentrated shear
and direct bearing stresses on the anchored structure.

The head must be set concentrically with the tendon, and normally is
fitted with minimum tolerance, which should not exceed =5 mm. An angular
deviation between tendon and anchor head in the axial position of more than
3° will affect load-transfer efficiency. The assembly should allow access for
grout injection tube preferably in a central axis position. A common problem
caused by excess deviation is wedge pullin, and this can be avoided if the
wedges are homed within a S-mm-depth band (Littlejohn, 1980a). Recom-
mended tolerances are shown in Fig. 2-8.

The anchor head assembly must be workable within the general require-
ments mentioned in Section 2-3, which are specified in advance so that the
assembly can be designed and detailed accordingly. Furthermore, the anchor
head may have to be detailed to accommodate the following anchor func-
tions:

1. The tendon can be stressed and the load locked off with a magnitude
of up to 80 percent, and sometimes 90 percent, the specified charac-
teristic strength.

2. The anchor can undergo load adjustments up and down according to
the tensioning specifications.

Fig. 2-8 Recommended tolerances at anchor head.
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3. All strands in the tendon can be stressed simultaneously, but locked
off individually by wedges in the conical bores of the anchor head.

4. The force in the tendon can be verified by check-lifting and for small
extension loss it can be recovered by shimming or thread-running.

Further design requirements are facilitated by anchors than can perform
the following: (a) the anchor can be load-tested, but needs not be postten-
sioned; (b) it can be load-tested and posttensioned, but tension cannot be
released or relaxed; and (c) the anchor needs to be neither posttensioned
nor load-tested. Whether any or all of the foregoing requirements must be
satisfied by an anchor system will depend on the functions and service time
of the anchored structure.

Figure 2-9(a) shows typical anchor head details for STUP strand or wire
anchor. In this case, the head is secured by gripping wedges or truncated
cones, pressed against the strands or wires and forced into tapered holes in
the steel bearing plate. After tendon stressing, the individual strands are
locked into position. Figure 2-9(b) shows a simple head device for a steel
bar, consisting of a bearing plate and nut against a concrete pad or block.

2-7 ANCHOR HOLE DRILLING

Anchorage construction should always be carried out by skilled and expe-
rienced contractors specializing in this types of work, and be supplemented
with competent on-site inspection. The various phases in their actual se-
quence are anchor hole drilling and flushing, water testing, tendon prepa-
ration and installation, grouting, stressing and testing, and finally corrosion
protection. These phases are discussed in the same sequence beginning with
anchor hole drilling, except corrosion protection, which is reviewed in a
separate chapter because of its important effects on anchor performance and
longevity.

The remarkable progress in anchorage construction, which has enabled
anchoring in variable ground conditions and produced techniques suitable
for complex applications, has nonetheless demonstrated that anchors are
sensitive to poor workmanship. It is interesting to note, however, that the
majority of problems are related to the grouting stage and methods, but some
anchor failures have been attributed to poor tendon preparation or improper
drilling and flushing.

Factors Affecting Drilling

Productivity and Efficiency. Drilling rates and efficiency determine pro-
ductivity; hence they influence total cost. Efficiency is maximized by se-
lecting the most suitable drilling method, and this choice usually is made
after a consideration of several factors, including the type of ground, site
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Fig. 2-9 Anchor head details: (a) STUP-type anchor head for strand or wire tendon;
(b) anchor head for Dywidag bars.

accessibility and topography, hole geometry and size, scale of drilling op-
erations, type and capacity of anchor, availability and suitability of flushing
medium, local labor costs, and construction restrictions at the site.
Drilling rates are predicted after a study of machine characteristics, bit
and flushing medium properties, and relevant ground parameteres. A prior
knowledge of drilling rates in similar conditions is essential (Littlejohn and
Bruce, 1977), and unavailability of such data will deprive the engineer of
the opportunity to chose alternative operational procedures if necessary.

Constructional Requirements. In the majority of cases anchor holes are
drilled in a near horizontal through to a downward vertical direction. Oc-
casionally, holes must be drilled in an upward direction. In addition to these
geometric requirements, the drilling method should be chosen to satisfy the
following conditions:

1. There should be minimum disturbance to the surrounding ground. In
this respect, all flushing should be avoided in weak, finely grained soil,
and where buildings are present control of flushing pressures i is nec-
essary to avoid hydrofracture effects.

2. Hole stability should be maintained, and loss of ground should not
exceed significantly the volume of the specified driil hole. To satisfy
this condition, it is customary to check the volume of material removed
during drilling.

3. Loosening of the borehole walls in cohesionless soil should be avoided,
whereas in cohesive soil and sensitive rock appreciable changes in
water content and smoothing of the borehole surface can be detri-
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mental to the transfer of load. Matt (1981) reports that certain clays
and marly rocks will swell or soften in the presence of drilling fluid,
and recommends treating water drilling fluids with antiswelling addi-
tives.

4. If drilling is carried out in ground under artesian water pressure, it will
be necessary to counteract this conditions and prevent ground outflow
through the borehole during drilling because of the possible damaging
effects on surroundings.

5. In general, drilling should be completed in a manner that allows direct
detection of the ground, and registers any major changes in ground
characteristics, especially if these deviate substantially from the set
on which the design of the project was based. It is well known, for
example, that vibratory drilling of casing can have compaction effects
on loose granular soils with unavoidable settlement.

Drilling Methods

The most important single factor influencing the choice of drilling method
is the type of ground, namely, rock or soil. For each type various drilling
systems are available, each designed to handle normal variations in ground
parameters. Thus, a hole can be drilled with the use of rotary, percussive,
or rotary—percussive equipment. Occasionally, vibratory driving techniques
are suitable. Diamond core drilling is seldom used because of the high cost
and the risk of reducing the bond on account of the smooth hole surface
thus produced. Any drilling machine and procedure can be used provided
it satisfies the foregoing requirements, and also produces a hole that has the
specified dimensions and tolerance and is free of obstructions and protru-
sions. In general, anchor boreholes are 75-150 mm in diameter, but in many
instances much larger shafts can be drilled (Schousboe, 1974).

Certain simple rules can help engineers understand the most promising
features as well as the inherent limitations of a given drilling system, hence
its suitability for a specific type of ground. For example, anchoring in soil
where the borehole will be stable against collapse during drilling can be
carried out with a rotary drill rig equipped with a continuous flight auger.
Where water bearing cohesionless soil overlies clay layers, a rotary—per-
cussive rig may be used to advance the hole in this zone and is sealed in
the cohesive layer. The hole is, then, completed with the use of a continuous
flight auger. In alluvium deposits the hole is always cased over its full length,
and the casing is slowly withdrawn as the anchor hole is grouted.

Rock of high compressive strength responds favorably to a percussive bit
and the accompanying chipping—crushing action. However, weakly bonded
hard rock is likely to respond to percussive action more like a ductile material
than a brittle one. In this case, the rock is more efficiently drilled with a
wear-resistant rotary drag bit (Littlejohn and Bruce, 1977).



2-7 ANCHOR HOLE DRILLING 65

Percussive Drills. These accomplish penetration by the action of an im-
pulsive blow, usually exerted from a chisel or wedge-shaped bit. Repeated
applications of high-intensity, short-duration force disintegrates hard ma-
terial provided the blow is sufficiently large. Mawdsley (1970) summarizes
three main types:

Type A, with a compressed air-powered drifter driving standard coupled
drill rods.

Type B, with a compressed air-powered drifter driving special coupled
drill rods which also act as the anchor.

Type C, with an independent rotation compressed air-powered drifter si-
multaneously driving coupled drill tubes and drill rods, also known as
“‘Atlas Copco overburden drilling method.”

Hammer drills, in which the hammer remains at the surface, are used to
drill holes up to 125 mm in diameter. Special down-the-hole (DTH) tools,
in which the hammer is always immediately above the bit, are reported to
drill holes up to 750 mm in diameter.

Figure 2-10(a) shows a type C percussive drill in operation. Using a com-
bination of percussion, rotation, and high-pressure water flushing, a driil rod
and an outer tube penetrate the overburden together. All these operations
are independently controlled by the driller, so that various types of over-
burden can be penetrated by changing the drilling action as soon as a new
formation is reached. For anchoring in bedrock, the drill rod continues alone
when this stratum is reached, as shown in (b), and until a suitable depth is
reached. Then the drill rods are replaced by a plastic hose through which
grout is injected. After anchor insertion the drill tubes are withdrawn and
the anchor is tightened. For anchoring in the overburden, the drill rods are
replaced by the anchor when the proper depth is reached. Grout is injected
while the steel tube is withdrawn, as shown in (c). When the anchorage zone
is fully injected, the remaining drill tubes are withdrawn and the grout is
allowed to harden.

Rotary Drills. Rotary drills impart their action through a combined axial
thrust (static action) and a rotational torque (dynamic action). Mawdsley
(1970) distinguishes two main types:

Type D, auger driving with coupled flight augers.

Type E, normal rotary drilling with flush coupled drill rods and usually a
drag bit as the cutting component.

Augers are often used in self-supporting materials that include stiff-to-
hard clays, marls, and soft rock. This catergory includes standard continuous
flight augers for normal open-hole drilling; continuous flight augers with
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Fig. 2-10 Type C percussive drill, Atlas Copco drilling method: (a) drill in operation;
(b) anchoring in bedrock; (¢) anchoring in the overburden.
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hollow couplings to permit water, bentonite, or cement grout to be pumped
into the hole; and hollow-stem augers with a removable center bit allowing
sampling duirng the drilling stage.

Open-hole rotary and auger drilling, sometimes with belling at the bottom,
are usually used in cohesive soils, for a hole size ranging from 6 to 24 in
(150-600 mm). Continuous flight, hollow-stem augers are usually 8-15 in
dia. with a 23—4 in hollow center. In most instances, the tension member is
inserted into the hollow-stem auger prior to drilling. The auger is rotated
advancing a detachable bit to the required depth, and then the bit is removed
while the grout is injected. Two drilling machines of this type are shown in
Fig. 2-11.

Rotary—Percussive Drills. These are combinations of the two types de-
scribed. Their action is primarily derived from (a) an axial thrust of lower
magnitude than that of rotary drills; (b) a torque lower than a rotary drill
but much higher than a percussive drill; and (c) impact, of a magnitude
usually lower than that of a percussive tool. The rotation mechanism may
be powered by the impact mechanism or by a separate motor.

For rule-of-thumb correlation of drilling methods and type of drill with
the set of pertinent conditions, and for the applicability of drilling methods
to different rock types reference is made to Table 2-6(a) and (b).

Small Drills. In the United States these are usually used in the midwestern
and eastern part of the country, especially in the Washington, D.C.-Balti-
more area. They are of two basic types: (a) crawler-mounted percussive
drills suitable for rock and with appropriate modifications for earth anchors
and (b) rotary drilis such as those used for soil exploration and sampling.
The primary requirement are compactness, stability and ability to drill almost
horizontally (White, 1970).

With percussive drills the procedure involves drilling a hole at an angle
of about 15° insert up to 12-5 mm 7-wire strands, grout the hole, and then
test to 120-150 percent the working load. If the ground exhibits tendency
to cave, a casing of 100 mm internal diameter is driven with the percussive
tool, often to the full depth of the hole, and as the grout is injected, the
casing is withdrawn to the slip plane.

Figure 2-12 shows a compact rotary drill employing the lost points. The
drill rod is flush-jointed inside as well as outside. Usual outside diameter is
60-70 mm. The drill is water-jetted through a swivel, and the water is cir-
culated through the flush-joint drill pipe and out into the ground through
holes in the lost point. Strands are inserted after the hole is completed, and
grouting is carried out as the casing is withdrawn.

Choice of Drilling Method. For a preliminary selection of a suitable drilling
system, the following guidelines are useful:
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Fig. 2-11 Augered and open-hole drilling operations (VSL-Losinger)

. Ground strata to be drilled, anchor type, and capacity will initially

determine the length and diameter of the hole, and thus establish a
range of suitable drilling methods and equipment.

. Several contractors recommend that for holes up to 100 mm dia. and

60 m (200 ft) long, percussive tools are preferable for most rock strata.
Rotary methods are suggested for deeper holes or poor rock conditions.

. In hard rock, type A drill will invariably be the first choice, whereas

in soft strata this method is clearly excluded.

. For drilling in rock that has alternating hard and soft material (col-

lapsible zones) the use of a rotating eccentric bit has proved successful,
since it underreams the rock and permits the use of one-size casing.
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TABLE 2-6 (b) Application of Drilling Systems to Rock (Continued)

Resistance to Penetration of Rock

Method Soft Medium Hard Very Hard

Rotary—drag bit
Rotary—roller bit
Rotary—diamond bit
Percussive
Rotary—percussive

Eg e

Pl e ol

B
>

From Paone et al. (1968).

5. The DTH hammer method sometimes has one serious disadvantage:
whereas the method is less prone to jamming than the ordinary per-
cussive drills, where jamming occurs the financial consequences are
far greater because of the far more expensive hammers.

6. In built-up areas there has been a tendency to abandon the use of
percussive tools in favor of rotary drills, and this is mainly due to
restrictions on acceptable noise levels and occasional vibratory effects.

Drilled Hole Diameter. For the usual applications the range of the hole
diameter will be from 75 to 150 mm (3-6 in). In collapsible soil, anchor work
will invariably require a casing, drilled or driven into the ground to the
specified depth. The weight of the casing as well as the drilling and handling
problems associated with larger casings will limit the optimum drill size to
6 in (150 mm). Another usual size is 33-in outer diameter (OD) (90 mm) used
with percussive drills, and 5-in OD (125 mm) used with rotary methods.
Several techniques have been developed for installing soil anchors without
the use of casing, and the most popular is a hollow stem auger. Uncased
holes should not be used in the following cases: (a) in sites with difficult or
limited access; (b) in difficult soil conditions, or highly variable ground char-
acteristics; or (¢) in urban or built-up areas where undermining of structures
and services is conceivable.

Drilling Rates. The rate of drilling becomes a pertinent factor for anchorage
work in rock. From the practical standpoint, which is also the contractor’s
view, there should be simple procedures for predicting penetration rates,
particularly in percussive and rotary—percussive drilling. One test consists
basically of fracturing rock samples by impacting them with a falling weight.
The corresponding damage is rated by screening the broken sample. Since
the test is relatively simple and does not require elaborate equipment, it can
be carried out as routine procedure in the field and thus produce useful
results in one day. Investigators report that satisfactory results have been
obtained in correlating field penetration rates with the data obtained from
this test for rotary—percussive drills (Unger and Fumanti, 1972) and for per-
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Fig. 2-12 A compact rotary drilling rig able to drill almost horizontally.

cussive tools (Schmidt, 1972). Complete details on the test are given by
Paone et al. (1968).

More recent work (Van Ormer, 1974) relates penetration rates to rock
mass and material properties. Pertinent factors are texture (porous to dense
fine), hardness (1-10 on the Moh scale), breaking characteristics (brittle to
malleable), and geologic structure (solid to laminated). In all four groups,
the first named is drilled faster. Table 2-7(a) provides comparative data for
rock hardness, indicating also the usual range of percussive and rotary drill-
ing. The drilling rate index relative to 1.0 (for solid, homogeneous Barre
Granite) is shown for various rocks in part (b). In this case, Barre Granite
is used as reference index (assigned value of 1.0) bbecause of its even texture,
hardness, and the resulting consistent drilling. Table 2-7(b), however, does
not consider the secondary structure of the rock mass. On the other hand,
recorded differences between actual (measured) and predicted (based on
physical properties) drilling rates can be accounted for considering the un-
avoidable variations in these properties over the hole length. Among these,
rock material and mass anisotropy are known to affect drillability, but little
work has been done on this subject. The general effect of rock mass structure
on drilling rates is shown comparatively in Table 2-7(c) (Van Ormer, 1974).

Whereas solid formations generally constitute good drilling media, seamy
and broken formations retard drilling rates as tedious, extended supervision
is necessary to avoid loss of flushing capacity, loss of drill string, and bit
sticking problems.

Flushing

All particles and byproduct materials from the bit should be removed quickly
and completely. The most common flushing media are water and air or a
bentonite slurry. Air is most efficient and is best used in dry ground. In
confined space, however, the use of air requires caution, and should pref-
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TABLE 2-7 (a) Relative Hardness Index of Common Rocks

Mineral or Rock Hardness Scratch Test
Diamond 10.0
Carborundum 9.5
Sapphire 9.0
Chrysoberyl 8.5
Topaz 8.0
Zircon 7.5
Quartzite on 7.0
Chert é 6.5 Quartz
Trap rock x 6.0 Quartz
Magnetite S 5.5 Glass
Schist 'z 5.0 Knife
Apatite g 4.5 ” Knife
Granite & 4.0 e Knife
Dolomite 3.5 5 Knife
Limestone 3.0 a Copper coin
Galena 2.5 2 Copper coin
Potash 2.0 g Fingernail
Gypsum 1.5 Fingernail
Talc 1.0 Fingernail
(b) Drilling Rate Index for Various Rocks
Comparative

Characteristics Drilling Speed® Rock Material
Hardness—1-2 =1.5 Shales
Texture—loose Schist
Breakage—shatters Ohio sandstone

Indiana limestone
Hardness—3-4 1.0-1.5 Limestone
Texture—Iloose grained to granitoid Dolomites
Breakage—brittle to shaving Marbles

Porphyries
Hardness—4-5 0.6-1.0 Granite
Texture—granitoid to fine grained Trap rock
Breakage—strong Most fine-grained igneous

Most quartzite

Gneliss
Hardness—6-8 =0.5 Hematite (fine-grained, gray)

Texture—fine grain to dense
Breakage-—malleable

Kimberly chert
Taconite

“ Barre granite is used as the standard for determining a comparative drilling speed of 1.0

because of even texture, hardness, and consistent drilling.
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(c) Effect of Rock Mass Structures on Drilling Rates

Rock Mass Nature of Fractures Drill Rate
Massive — Fast
Stratified Perpendicular to drili rod; >1.2 m Fast-medium
apart, clean
Laminated Perpendicular to drill rod; <1.2 m Medium
apart, clean
Steeply dipped Small angle to drili rod, 1.2 m apart, Siow—
clean medium
Seamy Various inclinations to drill rod; Slow

close, open fractures

From Van Ormer (1974).

erably be introduced with reverse circulation because of the health hazard
of dust particles.

Water flushing improves generally ground conditions, and is best used in
sticky clayey soil. Its sweeping action cleans the sides of the hole for a
stronger bond at the grout—ground interface. In soft rock such as marls,
chalk, and fissured shales, water should be used with caution and under
competent advice because of possible softening effects. Water is also the
common flushing medium below the natural water table and for diamond
drilling. Bentonite slurry flushing is not very common, but is used success-
fully in certain countries including France for open hole drilling through silts
and sand overlying rock. Its suspending power keeps individual earth par-
ticles in its volume and facilitates their removal, while its sealing action keeps
the hole from collapsing.

Regardless of the expected efficiency of the flushing process, it is usual
to provide a sump length of 1-2 ft (0.3-0.7 m) at the bottom of the borehole
for collecting debris, beyond the design length. After the hole is drilled and
flushed out, it should be sounded to detect the presence of any foreign ma-
terials. If the probe is satisfactory, the top of the hole is plugged in order
to be protected and remain free of falling debris. The flushing medium may
be introduced through the drill rods and the drill bit, and then return to the
surface between the rods and the walls of the hole, a process called ‘‘normal
circulation.”” Alternatively, the flushing medium may follow the opposite
way in a process called reverse circulation.

Local variations in the ground conditions, sometimes occurring within
meters, can have considerable effect on anchor performance, and in this
respect it is recommended to keep records regarding the groundwater and
flushing medium. Additional qualitative data on ground conditions can be
obtained by recording drilling rates and extent of bit blocking, and by ob-
serving changes in the amount and composition of flush return.
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Hole Deviation and Tolerance

With anchor hole spacing relatively wide (>2 m or >7 ft), deviations in hole
alignment are not very serious and may be tolerated. With closer spacing,
or in difficult ground where considerable deviation can occur (e.g., steeply
inclined bedding planes, extensively fractured rock, or presence of boul-
ders), hole alignment should be monitored.

Misalignment usually originates from two sources: (a) initial incorrect
setting of the drill and (b) deviations of the hole from the correct initial line
and angle during drilling. The condition in (a) is avoided and checked by the
use of a spirit level and profile, or by the use of special mats. Deviation
during drilling usually does not begin from a single cause; hence it is more
difficult to control. It may be caused by the use of rods that are too thin,
from excessive thrust, presence of fissures, and rock discontinuities. These
problems are less serious with short-to-medium-length anchors, and they are
noticed more frequently in vertical downward holes. With inclined horizontal
holes, the rods are apt to lie on the lower side under their own gravity,
causing the bit to upturn slightly. Hence, inclined angle holes sometimes
tend to follow the configuration of a shallow curve with its chord the true
inclined direction.

Quoted tolerances among various authors and codes reveal considerable
differences of opinion, and provide little guidance on maximum permitted
variations. These tolerances (measured as deviation of anchor hole from the
specified center divided by the length, or by the angle of deviation) range
from 0° 28’ to a maximum of 2° 30" permitted by the South African Code.

In order to rectify this matter, the following angular tolerance is rec-
ommended:

2° for widely spaced anchors (spacing >2 m)
1° (or 1-50) for closely spaced anchors (spacing <2 m)

Furthermore, where ground conditions dictate these tolerances may be mod-
ified, but this should be mutually agreed with the designer.

2-8  WATER TESTING AND WATERPROOFING BY PREGROUTING

In rock formations, on completion of drilling the borehole is tested for wa-
tertightness by measuring the rate of water loss or gain. The test is intended
to disclose the possibility of probable grout loss during injection into for-
mations where fractures have been encountered or suspected. This loss of
grout material from around the tendon in the fixed anchor zone can be det-
rimental to the load transfer and aggrevate corrosion attack. Prior to testing
the finished hole is thoroughly flushed with clean water until the water out-
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flow emerges clear. The water test is then carried out while adjacent holes
are observed to detect possible interhole interaction.

The test must provide reasonable data for water loss or gain to justify the
need for waterproofing by pregrouting. A criterion generally accepted is that
for normal cement particles to be lost to a fissure, the latter must be larger
than 250 pm, although experimental studies suggest a value closer to 160
pm (Littlejohn and Bruce, 1977). A single 160-pm fissure under an excess
head of one atmosphere produces a flow rate 3.2 liters/min/atm (Littlejohn,
1975), whereas a lower fissure width of 100 wm gives rise to a flow rate 0.6
liters/min/atm. The same author considers these values a reasonable thresh-
old for water loss for ordinary Portland cements and for fine-grained ce-
ments, respectively.

Water tests can be carried out over sections, for example, the fixed anchor
zone, with the help of packer injection techniques, and this method is pre-
ferred to falling head tests since it provides more detailed information. In
many instances, however, falling head tests are cheaper and quicker. If the
water loss exceeds the limiting values, pregrouting is necessary to water-
proof the hole. Where a measured water gain is associated with artesian
conditions, it must be counteracted by back pressure prior to grouting. If
the flow cannnot be established in this manner, pregrouting should be carried
out irrespective of the magnitude of the water gain.

In the context of design requirements water testing is not standard practice
or routine procedure. Furthermore, there is an acknowledged variation in
the limiting flow rates used as criteria for pregrouting requirements. Thus,
judgment and caution should be exercised, based on the recommendations
by Littlejohn and Bruce (1977), summarized as follows:

1. For a better understanding of the relationship between flow rate and
single fissure, reference is made to Fig. 2-13 expressing in graphical
form the theory of flow in fissured formations (Baker, 1955).

2. If the water loss disclosed by the test in the borehole exceeds 3.0 liters/
min/atm for a test duration not less than 10 min, pregrouting should
be considered necessary.

3. The flow rates shown are minimum values since they apply to single
fissures. Thus, larger limiting values are acceptable if several fissures
exist (thickness <160 wm), provided this is confirmed at the site.

4. Since permissible flow rates are related to excess head, the location
of the water table in relation to the section under investigation must
be known in order to make appropriate allowance for the driving or
excess head inducing flow at the section.

5. In fine fissures high applied pressures are likely to induce turbulent
flow, create high pressure gradients, and open up natural fissures, all
causing deterioration of the ground. These changes in the local ground

65
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Fig. 2-13 Variation in flow rate through a single fissure as function of fissure width.
(After Baker, 1955.)

environment must stay within the limits of an inconsequential range
by keeping the applied pressure-inducing flow as small as possible.

Waterproofing by pregrouting is done with cement grout tremied into the
hole from the base upward. Redrilling usually takes place within 24 h, and
the water test is repeated. If pregrouting is not successful in waterproofing
the hole, pressure grouting may be necessary in order to force the grout into
the rock fissures. The composition of the cement grout should be essentially
similar to that for the subsequent anchor grouting, since this process has a
consolidating effect on the rock mass. Chemical grouting should not be used
without the consent of the engineer because of possible deleterious effects
on the anchorage and the corrosion protection.

Waterproofing by pregrouting, irrespective of the magnitude of the water
loss or gain, may be avoided if an appropriate grouting method is used for
the fixed anchor length. For example, multistage high-pressure grouted an-
chors achieve the waterproofing of the surrounding rock and the grouting
of the fixed anchor length in the same operation, provided the corrosion
protection requirements are satisfied (Matt, 1981).

2-9 TENDON PREPARATION AND INSTALLATION

Anchors are fabricated in a workshop or in the field by trained personnel
and under competent supervision. During manufacture, handling, and in-
stallation, anchors and their components should remain clean and free of
any mechanical or structural defect, and also be continuously protected
against corrosion.
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Storage and Handling

Local codes and standards give guidelines and recommendations on the sub-
ject of storage and handling. In general, steel for anchor tendons is stored
indoors in clean and dry conditions. If tendons must be left outdoors, they
should be stacked off the ground and completely covered by a waterproof
tarpaulin, fastened so as to permit air circulation through the stack. If the
relative humidity exceeds 85 percent, as in marine tropical areas, the steel
is protected by wrappings impregnated with a vapor-phase inhibitor powder
preventing air flow. Severe corrosion is known to occur under humidity
exceeding the 85 percent level. On the other hand, a uniform normal rusting
can actually improve bond at the tendon-grout interface, but all loose rust
should be completely removed. Severely pitted tendons, an indication of
serious localized corrosion, should be rejected, particularly if they consist
of small-diameter multiwire strands or threaded sections of bars.

Bars usually are stored in straight lengths, and wires and strands in coils
of diameter at least 200 times the diameter of the prestressing steel. Tendons
should not be dragged across abrasive surfaces or through deleterious ma-
terials; nor should they be accessible to weld splash. Kinked or twisted wire
should be rejected.

After a tendon is cut to proper length, its ends are treated to remove or
smoothen sharp edges that can damage the protective sheathing. Minor dam-
age to the threaded section of a bar often is repaired by the use of a file,
but extremely damaged threads should be rejected.

Anchor Fabrication and Assembiy

After cleaning, bar tendons are lightly oiled. Subsequently, they are checked
to ensure that the bars are properly screwed into couplers and that the full
thread engagement is obtained in nuts and tapped plates. Multistrand or
multiwire tendons normally require longer fabrication time, and may have
to be unravelled to facilitate cleaning and degreasing the bond length, and
then return the wires to the correct way.

Centralizers and Spacers. A typical detail of a centralizer for a single bar
tendon is shown in Fig. 2-14(a). In this case, the centralizer keeps the bar
centrally located in the borehole and thus ensures a uniform grout cover in
the fixed anchor zone. With flexible bars, properly spaced centralizers help
minimize the sagging effect of the steel between support points. The ar-
rangement of centralizers should also take into consideration the shape of
the hole (e.g., the location of underreamed bells) and the extent to which
the ground may be prone to disturbance during insertion of the anchor.
Besides these foregoing factors, centralizer spacing will depend mainly on
the bar stiffness. Centralizers should be fixed firmly to the anchor tendon
in order to avoid displacement or distortion during homing operations.
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Fig. 2-14 (a) Bar centralizer details for anchor fixed to rock using resin as bonding
medium; (b) spacer detail for an anchor in soil.

Spacers, usually made of steel or plastic, are used in both the free and
fixed sections of multicomponent tendons, that is, systems consisting of
multiple bar combinations, wires and strands. A typical spacer detail for a
strand anchor in soil is shown in Fig. 2-14(b). Like centralizers, spacers help
to maintain anchor components parallel and in their correct alignment, and
thus prevent contact friction from generating between them. This is partic-
ularly important in the free length of long anchors where tangling or rubbing
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of individual bars, wires, or strands resulting from a distorted design ge-
ometry and initial alignment can cause the loads to dissipate during stressing.
Furthermore, extremely high stress concentrations may be generated, es-
pecially under the top anchor head, and rupture of individual elements can
thus occur (Littlejohn and Bruce, 1977). These problems are avoided by the
use of spacers, usually placed 4-8 m apart.

In the fixed anchor zone spacers serve three primary purposes: (a) to
centralize the tendon system in the borehole for an adequate and uniform
grout cover, which enhances corrosion protection and provides good grout
bond at the borehole interface; (b) to provide a positive grip for the tendon
and the grout without restricting the flow of the latter in the hole in order
to completely penetrate the space between tendon units for full cover, a
condition ensuring efficient transmission of bond stress; and (c) to help pre-
vent contamination of the tendon parts such as clay smear. Spacers in this
zone can also be used in conjunction with intermediate fastenings to form
nodes and waves, intended to provide a more positive mechanical interlock
between tendon and surrounding grout.

There remains some uncertainty with respect to the exact effect of spacers
and centralizers on the load-transfer and efficiency characteristics of the
fixed anchor zone, and much will be learned on this subject from ongoing
experimental work. Thus far, experience suggests that these devices facil-
itate the load transfer process mainly in two ways, initially by ensuring a
continuous compact grout cover over the fixed length, and they by creating
a chain of compression rings along the tendon axis, which cause it to act as
one unit and thus mobilize shear resistance along the entire fixed zone. On
the other hand, while the method of forming nodes and waves ensures the
geometry necessary for adequate grout cover, the practice of unraveling
strands followed by bushing of the wires creates a random geometry that
may not always guarantee efficient load transfer.

In many instances, it is feasible and practical to combine the character-
istics of spacers and centralizers into one unit, and this trend reflects the
relatively large number of design and construction details for the fixed an-
chor length available in the industry. These details, however, are not stan-
dardized, and they may depend on the method of grout placement and on
whether the strands are arranged parallel or waisted at suitable intervals.

The considerable variance in anchor practice is evident in Table 2-8, which
provides data on the pitch of spacers along the fixed anchor length. The
apparent variation in the actual pitch dimension (0.5-2.0 m) suggests that
only limited work has been carried out to study the effect of pitch or spacer
design on load transfer in the fixed zone.

Anchor Installation (Homing)

Homing should be done as soon as possible, since it is advantageous to
complete drilling, anchor installation, and grouting on the same day. A delay
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TABLE 2-8 Pitch of Tendon Spacers in the Grouted Fixed Anchor Length
Pitch of Tendon

Spacers (m) Remarks Source
0.5 Cheurias dam USA—Zienkiewicz and
Gerstner (1961)
0.5 3-m fixed anchor Czechoslovakia—Hobst
(1965)
0.8 Multiwire tendons France—Cambefort
(1966)
0.6 VSL anchors Switzerland—Losinger
SA (1966)
0.8-1.6 Multistrand tendons Britain—L.ittlejohn (1972)
2.0 Multistrand tendons Italy—Mascardi (1972)
0.5-2.0 Dependent on Germany—Stocker (1973)
“stiffness’” of tendon
system
1.5-2.0 Conenco (Freyssinet) Canada—Golder Brawner
anchors Assocs. (1973)
1.8 7.3-m fixed anchor USA—Chen and
MacMulian (1974)
2.0 8-m fixed anchor (12 No. Britain—Littlejohn and
15.2-mm strands) Truman-Davies (1974)
0.5 Multiwire tendons USSR-—Shchetinin (1974)

From Littlejohn and Bruce (1977).

from drilling to grouting with the hole open can be cause for ground dete-
rioration, particularly in overconsolidated fissured clays and soft rock.

Immediately prior to its installation the anchor is inspected and checked
for possible damage to its components and protective system. The homing
will largely depend on anchor length and weight. In practice, any method
can be used provided the tendon is lowered at a steady controlled rate. With
very flexible tendons, a drum is used from which the tendon is unreeled into
the hole.

For tendons weighing in excess of 200 kg, mechanical handling equipment
is recommended as manual handling tends to be difficult and hazardous. For
cased holes, it is recommended to use a funnel or a circular entry pipe at
the top of the hole to guide the tendon as it passes the sharp edge at the top
of the casing, and avoid possible damage. At the beginning of construction
one tendon should be withdrawn after homing to check the efficiency and
integrity of spacers and centralizers, and also detect possible damage. Lit-
tlejohn and Bruce (1977) also note that if pregrouting is done below the water
table, grout dilution can occur if the tendon is lowered too quickly.

Inasmuch as it is seldom practical to introduce time restrictions, it is
always essential to coordinate drilling and tendon installation with the sub-
sequent grouting operation in order to minimize construction effects. As
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already mentioned, some ground types are prone to time dependent changes
of their properties, and this can be avoided by minimizing the time between
drilling, tendon homing, and grouting. If a delay is unavoidable, the thole
should be plugged to prevent entry of foreign materials, and where the
ground is prone to swelling tendon homing and grouting should follow drilling
as quickly as possible.

2-10 GROUTING

General Requirements.

The choice and design of a suitable grout system first depends on the ground
conditions in which it is to be placed, and then on the setting time, strength,
and intended functions of the grout. Low-cost materials chosen for this ap-
plication include a wide range of conventional hydraulic cements, often of
a special variety. The general requirements are defined in approriate spec-
ifications or in local codes and standards. Predesigned and ready-mixed grout
materials delivered bagged to the site are becoming increasingly popular
since they help avoid delays and produce a consistent mix.

Grouts in general will perform any or all of the following functions: (a)
holding the anchor tendon to the ground by forming a load-transfer zone,
which is the fixed anchor length—in this case the grout may be injected
before or after tendon homing, but prior to stressing (primary grout); (b)
bonding the tendon to a capsule, which can be done simultaneously with
bonding to the ground, or subsequent to the bonding of a capsule to the
ground; (c) filling the void space within and around the tendon to augment
protection against corrosion, which can be done simultaneously with (a) or
as a second stage after stressing (secondary grout)—however, with the de-
velopment of restressable anchors that have the free length decoupled
(greased or sheathed), the complete injection may be carried out in a single-
stage grouting operation; and (d) filling voids or fissures in the ground prior
to tendon installation where pregrouting is necessary.

Durability. The choice of grout should further consider the aggresivity of
the ground toward the grout, and the aggresivity of the cement toward the
tendon steel. Similar emphasis is placed on the selection of a grout that can
function as a metal proofing agent.

Under normal conditions most cement grouts are durable. However, in
the long and short term severe and quick deterioration can occur in adverse
environmental conditions, such as chemical attack in the presence of dis-
solved sulfates or acids contained in groundwater, and under extreme tem-
perature fluctuations (Littlejohn, 1982). These effects are magnified if there
are deficiencies in grout quality, for example, low density and high perme-
ability. Whereas no positive guidelines exist on grout design for durability,
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it is evident that a minimum cement content is essential to ensure reasonable
durability under the expected conditions of exposure. Grout defense against
chemical attack is further improved by the use of rapid hardening, sulfate-
resisting cements, and especially low-heat varieties.

From these brief remarks it follows that grout performance should be
assessed first in the context of load transfer and then in terms of resistance
to corrosion attack.

Composition and Materials

Cement. It is essential to specify only fresh cement and insist on ideal
storage conditions. Partial dehydration or carbonation can lead to particle
agglomeration and reduction in postmix hydration, observed with old age
cement or poor storage. In order to avoid stress corrosion on the steel ten-
don, the cement should have a chlorine content from chlorides not exceeding
0.02 percent by weight, or sulfur from sulfides not exceeding 0.10 percent
by weight.

Ordinary Portland cement (type 1) may suffice in certain cases, but it has
low resistance to chemical attack. If this is anticipated, a sulfate-resisting
(type II), or a rapid-hardening variety (type III) will be required. The use
of high alumina cement appears now more restricted worldwide, and is con-
fined mainly to test anchors and temporary anchors with service life less
than six months because of the high heat of hydration and problems of re-
version.

For most common cements the maximum practical size (99 percent pass-
ing) ranges from 44 to 100 um. These particle sizes limit penetration of
cement grouts to soils with permeability less than 5 x 108 cm/s, or fissures
in rock of width less than 160 um unless fracturing pressures are used.

Water. Any water suitable for drinking, except for the presence of bacteria,
is generally acceptable for cement grout formulation. Water containing sul-
fate (>0.1 percent), chloride (>0.5 percent), sugars, or suspended matter is
dangerous and techically unsuitable, especially for applications involving
high-strength prestressing steel, or where the steel tendon is in contact with
the grout. Where doubt exists as to the quality of the water, appropriate
tests should be carried out to assess the water suitability.

The water/cement ratio, unlike any other factor, is the most important
single item influencing grout properties and characteristics. Initially, the
water/cement ratio must be sufficiently high to give workability and fluidity
(flowability) as the grout is pumped into the borehole, yet low enough to
prevent bleeding and shrinkage. Low ratio is also essential for high strength,
structural continuity, and where the grout must perform as waterproofing
and anticorrosion medium. The extent to which some of these effects are
related to the water/cement (W/C) ratio is shown graphically in Fig. 2-15.
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Fig. 2-15 Effect of water content on grout properties.

Based on an international survey, quoted W/C ratios cover the range from
0.35 to 0.55, and evidently the higher values are used in sandy alluvium
deposits. The consensus of opinion is that a suitable W/C ratio is between
0.40 and 0.45. This range will ensure sufficient pumpability for grout place-
ment in small-diameter boreholes, and it will also impart to the grout con-
tinuity and strength.

Admixtures. These are occasionally recommended to produce a grout mix
with low bleeding characteristics (<0.5 percent), to ensure fluidity, and to
control shrinkage and setting time.

In Europe, inert fillers such as ground quartz, limestone dust, fine sand,
and sawdust have been added to mixes used primarily to waterproof or
consolidate boreholes (pregrouting) prior to redrilling. The main reason is
economy. These fillers are hardly suitable in grouts used for tendon bonding.

With respect to anchor grouts, chemical admixtures may offer certain
advantages, but their compatibility with the cement type must be checked
prior to use preferably by trial mixes. Different types of admixtures should
not be included in the same grout. For example, admixture of calcium chlo-
ride should not be used in sulfate resisting or high alumina cement. Table
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2-9 shows admixtures commonly added to cement grouts for anchor work.
Besides these chemicals and their action on grout properties, work by
Geddes and Soroka (1964) shows that aluminum-based expanding agents
improve grout workability while increasing the confined strength. This effect
increases the bonding capacity of the grout, confirmed by a reduction in
bond transmission length. Whereas other investigators have also favored the
use of aluminum powder, caution is clearly indicated because of the great
sensitivity of grout properties to the percentage of admixture added.

Some contractors, for example, Nicholson et al. (1982), caution that ex-
pansive agents can reduce grout strength through unrestrained expansion in
open boreholes, and also question the effect of released hydrogen upon the
brittleness of the tendon steel.

It is evident that broad agreement exists on the potential effects of chem-
ical admixtures. For example, chloride bearing compounds are prohibited
in anchor grout work in most European countries and in the United States.
Furthermore, most codes stipulate admixture use only when it can be dem-
onstrated that it will enhance the quality of grout (B.S. CP 110; Mascardi,
1973; Hilf, 1973; White, 1973; ACI, 1971). From these remarks, it can be
concluded that the use of admixtures in anchor grouts still remains an art.
If a new mix is introduced containing admixtures, a complete set of technical
data should be established and become available to designers.

Grout Crushing Strength. Sufficient grout strength must be attained for
bond at the grout—-tendon and grout-ground interfaces. A usual measure is
the unconfined compressive strength F, at 7 days and at 28 days. Variables
affecting grout strength are, in the sequence of their importance, the W/C
ratio, the pore ratio of set grout, the type of cement, and the presence of
admixtures.

Considering only the parameter w (W/C ratio) and disregarding all other
factors, the unconfined compressive strength may be approximated from
Abram’s equation

A
F, = Biow -1
where F,, = unconfined compressive strength of grout
A = strength constant = 14,000 Ib/in>
B = dimensionless constant depending on cement type at age of test
w = W/C ratio

For type I cement at 28 days, B = 5. Full strength is manifested under
complete hydration; hence Eq. (2-1) is valid for w > 0.3 and for grout subject
to minimum bleeding, specifically, w < 0.7.

Under normal curing conditions and excluding chemical attack, a set grout
continues to gain strength, and does not reach the ultimate until approxi-
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TABLE 2-9 Common Cement Admixtures for Anchor Grouts

Optimum Dosage
(% of Cement by

Admixture Chemical Weight) Remarks
Accelerator Calcium 1-2 Accelerates set and
chloride hardening
Retarder Calcium 0.2-0.5 Also increases fluidity
lignosulfonate
Tartaric acid 0.1-0.5 May affect set
Sugar 0.1-0.5 strengths
Fluidifier Calcium 0.2-0.3
lignosulfonate
Detergent 0.5 Entrains air
Expander Aluminum 0.005-0.02 =15% expansion
powder
Antibleed Cellulose ether 0.2-0.3 Equivalent to 0.5% of
mixing water
Aluminum =20 Entrains air
sulfate

From Littlejohn and Bruce (1977).

mately one year from placement, as shown in Fig. 2-16. Cements with low
hardening rate have a tendency to reach a higher ultimate strength because
of slower formation of denser gel during initial setting (Littlejohn, 1982).
Type I grout attains a 28-day strength of approximately 60-70 percent the
ultimate, but for type III grout the same proportion of ultimate strength is
reached in only 7 days. Strength development curves as function of the W/
C ratio are shown in Fig. 2-17 for types I and III grout. It is interesting to
note that for W/C ratios exceeding 0.6, the two curves almost coincide,
meaning that types I and III both attain equivalent strength development.
Considerble disparity exists with regard to specified grout strengths. Min-
imum code requirements stipulate a compressive strength in excess of 17
N/mm? (about 2500 psi), but with prestressing steel quoted 7-day strength
values are as high as 30 N/mm? (or 4350 psi). The PCI (1974) recommends
a 7-day strength 24 N/mm? (about 3500 psi). Where rapid controlled accel-
eration in strength development is an important requirement, it can be
achieved by mixing finely ground cement and calcium chloride. This grout,
however, has low tensile strength and exhibits brittle characteristics.

Mixing. This operation influences the quality of the set grout, particularly
its strength. For good mixing, the following guidelines should be followed:

1. The cement and admixtures should be measured accurately by weight.
2. Water and admixtures should be added to the mixer before the cement.
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Fig. 2-16 Strength increase with time for set grouts. (From Littlejohn, 1982.)

3. Mixing time for each batch should be long enough to produce a mix
of uniform composition. Mixing time varies according to the type of
mixer, but it usually is 2--3 min.

4. Mixing by hand should not be attempted.

5. All mixing equipment and pumps should be clean and well maintained.

Grouting Methods

Modes of Grouting Application. Grouting can be accomplished by two
distinct modes: two-stage and single-stage injection.

Two-Stage Grouting. This process, mentioned briefly in previous sections,
involves first the injection of a primary grout to create the bond zone in the
fixed anchor length, and after tendon stressing a secondary grout is intro-
duced in the free length zone mainly for corrosion protection of the tendon.
For anchors in rock, the primary grout may be preplaced or postplaced with
respect to tendon homing. Postplacing is advantageous with large tendons
and poor rock, and probably the only choice for very shallow holes or an-
chors inclined upwards.

The primary grout extends usually 2 m (7 ft) beyond the designated fixed
anchor length in order to inhibit crack formation in the proximal end of the
anchorage during stressing. If the primary grout is preplaced, the tendon
should be homed no later than 30 min after injection. There is a difference
of opinion as to whether the tendon should be left static after homing, in
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Fig. 2-17 Strength development curves as function of the water/cement ratio for
types [ and III grouts. (From Littlejohn, 1982.)

view of some problems with grout—tendon bond development experienced
even in cases where the tendon has been correctly inserted.

Secondary grouting is better accomplished with a mix of the primary
composition. However, some investigators (Mitchell, 1974) recommend the
use of sand, gravel, or weak grout in backfilling the free length in order to
ensure complete freedom of tendon movement, a practice favored in North
America.

Two-stage grouting offers construction convenience, but has the following
disadvantages:

1. An additional interface is created at the top of the fixed zone where
the two grouted sections meet as construction joint, and becomes a
prime target for corrosion attack.
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2. Because of the potential of grout escaping to the ground, it is difficult
to estimate and check the grout quantity required in the fixed zone.

3. The process is time-consuming and laborious.

Single-Stage Grouting. In this process the borehole is filled in a single
continuous operation; hence the functions of the grout are achieved simul-
taneously. However, unless the free anchor length is carefully greased before
sheathing, the final load applied to the head as prestressing may not be
entirely transmitted to the intended fixed zone because of possible friction
in the free anchor length.

Injection Methods. Grouting always begins at the lower end of the section
to be grouted. If the anchor slopes upward, provisions should be made for
venting the hole during the operation. For proper filling, air and water should
be allowed to escape. The grout should never reach and maintain contact
with the structure being anchored, since the anchor force will not be com-
pletely transferred to the ground but instead a prestressed column will be
produced.

Before starting grout placement, all pipes and their joints should be
cleaned and checked for airtightness. Each stage of injection should be per-
formed in one continuous operation, and at no stage should the end of the
grout pipe be lifted above the surface of the grout, or a cold joint will be
produced. If grouting is interrupted or delayed beyond the setting period,
the tendon should be withdrawn, the grout removed by flushing or redrilling,
and the grouting stage repeated. Grout should be tremied at a steady rate,
and the pipe withdrawn slowly and at frequent intervals during the operation.
Where casing is used, further coordination is necessary between grout in-
jection and withdrawal of the casing.

Grouting Pressures. In general, grouting pressures are recommended by
the specialist contractors, and may be followed with the stipulation that,
where necessary, test trials will be carried out before a construction pro-
cedure is accepted. The concensus of opinion is that high grout pressures
are not necessary for anchors in intact rock, but very useful in badly fissured
rock or in soil. The quoted range is 0.30-0.70 N/mm? (45-100 psi). Practical
and economic considerations often set the maximum grouting pressure at 3
N/mm? (about 435 psi), and there is no evidence at present that higher pres-
sures will produce any real benefits.

Figure 2-18 shows the relationship of ultimate anchor capacity to grout
pressure suggested for the Soletanche-~Tamanchu high-tensile steel tendon,
sealed by grouting at high pressures from a central ‘*tube-a-manchette,’’ also
known as the “‘IRP’’ (acronym derived from the French phrase ‘‘injection
repeteés en pression’’) system. From these graphs, it appears that pullout
resistance is closely dependent on the grouting pressure, and this depen-
dence becomes greater for loose or soft soil (see also Section 3-4).
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Fig. 2-18 Proposed relationship between ultimate anchor resistance and grouting
pressure. (From Soletanche, 1970.)

Grouting pressures, however, considered appropriate for a given project
are largely a matter of conjecture. Excessive pressure must be avoided to
prevent distress in the ground or disturbance causing damage to adjacent
facilities. Grouting pressures depend also, besides site geology, on the
method of load transfer in the fixed anchor zone. Thus, rules of thumb do
not have much significance, but it is customary to consider a pressure in
the region of 0.02 N/mm? per meter of overburden.

Quality Control. In general, when a new mix is introduced, its adequacy
for the intended purpose is established through various tests carried out to
determine and record its properties. The following information is obtained:
(a) W/C ratio and type of cement; (b) admixture type and concentration; (c)
flow reading or viscosity (through flowmeter, flow cone, or viscometer); (d)
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crushing strength (obtained by testing two tubes at 3, 7, 14, and 28 days);
and (¢) data on expansion, shrinkage, bleed, and final setting time.

At any time the quality of grout depends on several factors, and variations
in the specified properties can occur because of (a) inadequate mixing and
improper grouting, (b) variations in the quality and quantity of grout con-
stituent materials, and (c) variations from inconsistencies in the testing pro-
cedures and the recording of measurements. Useful information on the effect
of these factors is given by Littlejohn and Bruce (1977).

Quality controls include fluidity and specific gravity tests during the fluid
stage, setting time and bleed measurements during the curing stage, and
cube crushing strengths at 7, 14, and 28 days. Chemical contamination of
the grout is detected by measurement of pH values. The number and fre-
quency of these tests is not standardized and may vary according to site
conditions and job requirements, but it is good practice to carry out the tests
on a daily basis. Emphasis should be placed on procedures allowing the
grout to be assessed prior to injection. The quality control program is sup-
plemented by recording the quantity of grout injected, injection time, and
grouting pressure.

Resins

Synthetic resins develop considerable strength, often several times the
strength of cement grouts, and exhibit structural continuity that makes them
suitable for use as bonding materials. Varieties of polyester or epoxy-based
resins have been tried as bonding media in rock bolting and conventional
anchoring, particularly where quick holding ability is intended. Experimental
work (Pearson, 1970) shows that a resin-bonded bolt system forms an an-
chorage zone, as with cement-base grout, transferring the load to the ground
along the contact area. The cured resin composition develops an ultimate
strength of the order of 110 MN/m? in compression, 60 MN/m? in tension,
and about 500 MN/m? in shear, combined with a quick curing time. Likewise,
steel tendon anchors may be surrounded by resins for the transfer of load.
Whereas a hardening period is required with cement grouts before a load
can be applied, with resin the hardening process is a matter of minutes.

An important characteristic of resin-bonded bolts is their plastic behavior
and yield under stressing beyond the failure point. Pullout in this case does
not lead to sudden rupture of the system, but the member begins to yield
slowly. On tension release a permanent elongation remains, but the bolt can
be reloaded to almost the original failure value, as shown in Fig. 2-19, This
cycle can be repeated several times with more extension but without any
significant loss of initial strength.

Where it is necessary to avoid direct transfer of stress in the upper zone
close to the surface and create a free anchor length in this area because of
weak ground or friable material, common practice is to coat this length of
the fully resin-grouted bolt to break adhesion of the steel to the resin. As
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Fig. 2-19 Load extension curves and reloading of resin-bonded boit.

anticorrosion materials, resins are favored in the sense that they bond and
yet expand with the anchor, a behavior that inhibits formation of cracks.

Resins are manufactured in cartridges, consisting of a pack containing a
reinforced polyester resin component and a catalyst, isolated from each other
by a skin interface to prevent reaction between the two components until
required. The cartridge can be inserted in a wide range of borehole sizes,
where it may be readily pushed to the extremity at any angle above or below
the horizontal. Reactions does not take place until the anchor bolt is rotated
through the cartridge, breaking the skin and mixing the two components to
start the curing process. The mixed resin fills the area around the bolt and
bonds the member to the ground within 10-20 min. Stressing can be intro-
duced within one day from installation.

In anchor works resins have been used mainly for short applications. In
the absence of relevant standards and owing to the present limited knowledge
with respect to long term performance, their use should be considered with
caution and under competent supervision. Tests should be mandatory to
study and assess the following characteristics: (a) resin strength for the per-
manent transfer of stress, (b) suitability of the bonding medium and its inertia
to ground conditions, (c) the degree of ductibility necessary to ensure com-
patible response with the load-extension characteristics of the tendon, (d)
non-shrinking characteristics of the material on setting, (e) the extent of
fluidity prior to setting, necessary for the material to fill the void completely,
and (f) creep response under service load conditions.

2-11  ANCHOR STRESSING AND JACKING

Stressing an anchor after installation by jacking is carried out to confirm its
competence and test its capacity to carry the prescribed load (see also Chap-
ter 7). This is mandatory to ensure satisfactory service performance, and it
is equally true for both prestressed (active) and dead (passive) anchors. The
conditions during stressing should be fairly representative of the actual field
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conditions; for example, complete debonding should exist along the free
anchor length. During the test, a load-extension curve is obtained and used
to interpret the expected behavior of the anchor.

A standard approach to load testing procedures and scope is presented
in the following sections, together with available records and published data.
It includes, but is not limited to, tests and quality controls for (a) precontract
component testing (test anchors), (b) acceptance tests of production anchors,
(c) long-term monitoring of selected production anchors, (d) special test
anchors, and (e) testing and monitoring of the overall anchor—ground-struc-
ture system.

Proof loading immediately following the installation provides a satisfac-
tory check of the design load, and establishes a measured factor of safety.
Any significant errors made either in the design or introduced in the con-
struction stage are disclosed, and potentially dangerous and costly problems
are avoided. It is common practice to proof load each anchor to 1.25 and
1.50 the working load for temporary and permanent anchors, respectively.

The most common, suitable, and frequently used stressing method is by
direct pull. Since strand is more common in anchor tendon, multistrand and
monostrand direct-pull jacks are available on the market on a commercial
basis and in a wide variety of operational characteristics and load capacities.
Monojacking performs single strand stressing whereby individual tendon
units are tensioned separately. Multistrand units stress all strands simul-
taneously, but the strands can be locked off individually by wedges in the
conical holes of the anchor head. This can be done in one operation, which
facilitates cyclic loading tests. Where the maximum force in the bar unit
does not exceed about one third the characteristic strength, stressing by
torque is usually allowed.

Specialty anchor contractors normally maintain standard stressing an-
chorage units, that can be easily modified to meet special design require-
ments. Thus, stressing devices are available for surveillance anchors, an-
chors that may have to be restressed at a later time, and for anchors that
must be detensioned and restressed (see also Chapter 7).

2-12 CONSTRUCTION LIMITATIONS

General Overview

The construction procedures and stages reviewed in Sections 2-7 through
2-11 suggest that it is possible, at least in a theoretical context, to install
ground anchors in almost any ground type, and that the anchors will perform
satisfactorily. However, load capacity and high installation costs often will
preclude construction in soft and organic clays or other materials of similar
characteristics, and in severely decomposed or fissured rocks. In some in-
stances, it may be difficult to form anchors unless a particular anchor system
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has been previously used successfully under the same conditions. Anchor
hole construction will encounter difficuities in very fine sands and silts, clay
shales, marls, and chalks susceptible to rapid softening during borehole drill-
ing. In these conditions, the borehole forming method should produce max-
imum roughness along the walls of the hole, and the flushing technique
should not cause the surrounding materials to become loose or soft. Oc-
casionally, it will be necessary to resort to special chemical grouts to per-
meate finely grained soil in the fixed anchor length, or combine chemical
and cement grouts in stage grouting, but limited knowledge or field work is
presently available on this process. An alternate approach is the use of mul-
tistage controlled grouting in the fixed anchor zone using a tube-a-manchette
for soft rock and aluvial deposits. These techniques combined with con-
trolled grout pressures may result in a greater range of anchor capacities
than can normally be achieved.

Exceptionally long boreholes can be very expensive even when the driling
machine has extra torque capacity. Furthermore, tendon homing becomes
more difficult, and extra care is necessary to provide the correct alignment
of the borehole.

Site access is not necessarily a major obstacle to anchoring, but where
space and access are limited they add considerably to the cost. Site access
is important when anchoring in very steep slopes or in very congested areas,
and in this case use of small drills is mandatory.

Contingent Factors

Engineers should be cautioned that it is not always possible to proceed with
and implement construction methods and details envisaged at design and
tender stages. In this context, the following comments are a useful supple-
ment to the principles and procedures reviewed in the foregoing sections.

Tendon Preparation and Assembly. Many contractors agree on having
the completed tendon factory-prepared and delivered to the site ready for
homing. They caution, however, that this is not practical where flexibility
to cope with changing ground conditions is desired. For example, if some
anchors must be extended, it will be difficult to ensure complete corrosion
protection along the free length where the coupling is located, and this prob-
lem will be more serious for a multistrand tendon.

The alternative of using factory prepared components assembled at the
site is satisfactory provided adequate covered facilities are available for final
assembly. For site assembly, the polyvinyl chloride (PVC) sheating and
grease must be completely removed from the bonded anchor length, and the
method used can have marked effect on the bond at the tendon-grout in-
terface. To overcome this problem, some contractors have expedited the
use of noding effects, thereby creating mechanical interlocks. During tendon
handling and lifting for the homing operation, the possibility of undetected
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damage to protective sheathing or to the tendon itself is strong, especially
when dragging the tendon and when attaching the assembly to cranes. Any
encapsulations at the site should be protected from frost during curing
period.

All materials used in the anchor should ideally have compatible elasticity
characteristics. Complete similarity in elastic modulus under service loads
is seldom possible, but it is important to consider and investigate favorable
combinations of steel and grout systems. Contractors have reported high
incident rate of failures (debonding) with the use of epoxy resins.

Grouts and Grouting. Cost-saving incentives prompt manufacturers and
contractors to consider new combinations of materials. For example, ce-
ment-base grouts and corrugated plastic sheath are continuously marketed
for use in the fixed anchor zone and as double corrosion protection. These
combinations usually are tested and fully documented, but for immediate
applications it is seldom feasible to assess their long-term behavior.

Many contractors consider grout specifications too rigid and single-scope-
oriented, since they do not cover the contingency of consistency changes
to cope with changing ground conditions. More criticism is directed toward
the absence of a generalized and conclusive procedure to assess the effect
of grout pressure on ultimate crushing strength. The suggestion is that a
difference should exist in a particular grout mix of the same composition
between a normal cube and a sample of grout injected into a borehole under
pressure. It has been pointed out that pressurized anchors have successfully
been tested when cube results were very low.

More demand for higher-capacity anchors places more requirements on
drilling procedures, since the increase in tendon size means a larger borehole
if the recommended grout cover is to be maintained. Whereas these aspects
are discussed in subsequent sections in terms of load transfer and corrosion
protection, it is interesting to mention in the context of this critique that
minimum grout cover requirements are from 5 to 20 mm. In alluvium deposits
the thickness of grout cover is mostly unpredictable, whereas in rock it is
a function of the competence and strength of all rock materials and grout.
Thus, where doubt exists, the practical solution is to drill larger holes for a
greater grout cover, hence more strength in the grout column, but with larger
holes problems may arise where weak overburden must be drilled and cased
before competent zones are reached. In view of possible local limitations in
drilling capability, the selection of a greater number of anchors with lower
load capacity may in some instances be economically more attractive.

Drilling. Some contractors suggest that deviation and tolerance in borehole
drilling should be considered on the basis of actual soil conditions rather
than fixed rules. The contention is that checking for correct alignment is
expensive, and correcting misalignment is even more expensive.
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If the design specifies close anchor spacing, hole deviation due to ground
conditions (e.g., obstacles and bedding planes) should be investigated with
test anchor installation. If the specified tolerance is found to be unattainable,
one solution is to modify the design by varying anchor inclination. It appears,
at least at present, that there is no commercial instrument available that
allows borehole checking without inducing considerable cost and delay to
the construction process.

Some contractors contend that ramming methods are not suitable where
ground conditions vary excessively, and they recommend drilling techniques
that return spoil and cuttings to the surface. Whereas this should not replace
normal site investigations, it can nonetheless detect and disclose major varia-
tions in ground conditions.

Flushing. Most contractors favor water and air with open return to the
surface to prevent hydrofracturing effects. The use of bentonite and other
supporting fluids appears to be loosing popularity, the contention being that
the borehole cannot be adequately cleaned (as is the case with, e.g., large
bored piles annd slurry walls); hence there may be loss of frictional resistance
along the bonding interface. Little is known, however, on this subject either
from laboratory or from full-scale tests.

In installations where the anchor entrance level is below the water table,
a situation occurring frequently in practice, drilling at this level may cause
sufficient ingress of water and fines to create cavities behind the structure,
sometimes of concern. When this condition is anticipated, preventive meth-
ods should be available at the very beginning of construction.

2-13 EXAMPLES OF ANCHOR SYSTEMS USED IN NORTH
AMERICA

Figure 2-20 shows a single corrosion protection anchor in rock. This is suit-
able for temporary installations in fairly aggressive environment where some
protection against corrosion is desired. The maximum ultimate capacity, or
guaranteed limit, of the steel tendon is 2147 kips for the 52-strand anchor.
In sound rock, drilling usually is carried out by percussive methods with air
powered down-the-hole (DTH) hammer. In less competent rock, rotary drills
are more suitable. Core drilling is reportedly used through concrete where
large quantities of reinforcing steel are present. The drill hole diameter
shown may vary according to the exact in situ rock characteristics and drill-
ing equipment available. The prestressing steel has an ultimate tensile
strength 270,000 psi, and is produced and tested according to ASTM A416.
A single, $-in dia., 7-wire strand unit has a guaranteed ultimate strength 41.3
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Fig. 2-20 Typical rock anchor with single corrosion protection. (VSL.)
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kips, a proof load 35.1 kips at 0.1 percent extension, and an approximate
modulus of elasticity 28,000,000 psi.

A double-corrosion-protection anchor in rock is shown in Fig. 2-21, which
is suitable for use in aggressive environment for permanent installations.
Drilling methods are essentially similar to those for the anchor of Fig. 2-20
except that the drill hole diameter is larger to accommodate the double-
protection process. In both cases, the primary and secondary grout is as-
sumed to be carried out in a watertight hole. If pregrouting is necessary, the
hole must be redrilled.

An augered soil anchor is shown in Fig. 2-22. It has a straight shaft; hence
it is a type A anchor in Fig. 2-2. It is suitable in very stiff to hard cohesive
layers where it is possible for the hole to remain open after drilling. The
single protection corrosion suggests a temporary use in aggressive soil en-
vironment, similar to Fig. 2-20, but for permanent use the corrosion pro-
tection shown in Fig. 2-21 is applicable. The lower ground strength usually
limits the normal ultimate capacity of this anchor to 413 kips or 10 strands.
Drilling for this anchor usually involves the use of a continuous-flight auger,
or a kelly bar auger. Diameters may vary from 6 to 24 in for a straight hole
where bond is developed by direct shear at the grout—ground interface.

In unstable ground, a drilled or driven casing is mandatory to the required
depth, usually of a diameter of 3-6 in. When the hole is complete, the casing
is cleaned, the tendon is inserted, and the hole is pressure grouted over the
anchor zone as the casing is withdrawn.
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Applications:

This anchor is used where the environment is
aggressive and protection against corrosion is
necessary. The maximum ultimate capacity of the
standard anchor is 2,147 kips.

Drilling methods:

Drilling methods corresponding to those for a single
corrosion protected rock anchor are employed. in the
case of either the single or the double corrosion
protected anchor, it is very important that the anchor
is installed in a hole that is watertight. if water tests
as described in the guide specification fail. the hole
must be grouted and redrilled.

The following points are suggested for consideration
when selecting a prestressing unit

8 Working force

® Loss of prestress

® Allowable stresses in prestressing steel
n Drill hole diameter

% Bond length

The ' 2", 7-wire strand for prestressing application has
an ultimate strength (£,') of 270.000 psi and is
produced and tested in accordance with the
requirements of ASTM A 416

Physical properties of ' 2" strand are as follows:

Guaranteed ultimate strength 41.300 Ib.

Yield strength {at 0.1° extension} 35.100 ib.

Approx. modulus of elasticity 28.000.000 psi
Min elongation at rupture 3.5 1n 24 inches

Y2 dia. 270 KS) Strands

Max. No.ot

Strands 4 |7 {9 (11113 |17 {21{27 {31152
Driti Hote

Diameter. in}4.5{5.0{5.5/6.0]6.5|7.0|7.5/8.0{8.5{11.0

The diameter of the drill holes is given for information
only. it may vary according to the type of anchor.
characteristics of rock {loading capacity) and drilling
equipment available.

When conditions demand that the drill hole be tined.
then these dimensions correspond to the internal
diameter of the casing.

Intermediate and larger units are available.

Fig. 2-21 Typical rock anchor with double corrosion protection. (VSL.)
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Applications:

This anchor is used where the environment is
aggressive and protection against corrosion is
necessary. The maximum uitimate capacity of the
standard anchor is 2,147 kips.

Drilling methods:

Drilling methods corresponding to those for a single
corrosion protected rock anchor are employed. In the
case of either the single or the double corrosion
protected anchor, it is very important that the anchor
is installed in a hole that is watertight. If water tests
as described in the guide specification fail, the hole
must be grouted and redrilled.

The following points are suggested for consideration
when selecting a prestressing unit:

8 Working force

® Loss of prestress

® Allowable stresses in prestressing steel
& Drill hole diameter

8 Bond length

The '.". 7-wire strand for prestressing application has
an ultimate strength (f,'} of 270.000 psi and is
produced and tested in accordance with the
requirements of ASTM A 416.

Physical properties of * 2" strand are as follows:

Guaranteed ultmate strength 41.300 b.

Yield strength {at 0.1° extension} 35,100 ib.

Approx. modulus of etasticity 28.000.000 pst
Min. elongation at rupture 3.5% in 24 inches

2" dia. 270 KSI Strands

Max. No.of

Strands 4 {7 |9 [11113 17 [21]27]31|52
Drill Hole

Diameter, in{4.5(5.0{5.5|6.06.5]7.0{7.5/8.0/8.5{11.0

The diameter of the drill holes is given for information
only. it may vary according to the type of anchor,
characteristics of rock (loading capacity) and drilling
equipment available.

When conditions demand that the drill hole be hined,
then these dimensions correspond to the internal
diameter of the casing.

Intermediate and larger units are available.

Fig. 2-22 Typical augered soil anchor with single corrosion protection. (VSL.)
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CHAPTER 3

SPECIAL ANCHOR SYSTEMS

3-1 REMOVABLE AND EXTRACTABLE ANCHORS

A frequent problem with temporary installations in built-up areas is the un-
availability of unrestricted land for placing the anchorage zone. This problem
is compounded by local codes often prohibiting any new construction in the
upper 20 ft of public property, presumably to allow installation of future
underground utilities. In this case, a mandatory requirement before granting
permission to install any anchors below private land is that the anchors can
easily be pulled out after use and without disturbance to surroundings. An
alterante option to anchor removal is the use of detensionable anchors. These
meet all the requirements of the restressable head discussed in other sec-
tions, and in addition the tendon can be detensioned in a controllable manner
while the anchorage is in service.

Removal and Extraction Techniques

In general, these are based on the use of mechanical, chemical, physical or
electrical action on the anchor system (Jorge, 1969). Mechanical methods
are used for bar tendons, and include washover with a drill, unscrewing with
special couplings, and sectioning by a predetermined failure where the free
length meets the fixed anchor body, which remains in the ground. Chemical
methods are based on some acidifying process or the involvement of elec-
trolytic corrosion initiated in critical parts of the tendon. In many instances
they have been successful, but the process is still in the experimental stage.
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Rey (1978) distinguishes two basic systems of extraction: (a) anchors
where the bond length is removed and (b) anchors where the bond length
remains in the ground.

Anchors Where the Bond Length Is Removed

Use of Explosives. In this case, the bond between the steel tendon and
the enveloping cement grout is broken by detonating a charge along the fixed
anchor length.

The explosion tube, usually unplasticized polyethylene, is placed along
the center of the anchor and sealed at both ends. The strands around it must
be paraliel and firmly fixed in place. Strand overlaps or sharp bends should
be avoided since they can squash the explosion tube and inhibit the sub-
sequent introduction of the charge. At the stressing end, the tube should
preferably pass through the anchor head. After the tendon is stressed, the
tube is cut off at the anchor head, and the assembly is closed. The entire
arrangement is shown in Fig. 3-1.

A detonating chord containing an appropriate amount of explosive per
unit length is used as the charge. The length of the chord is about 1.5 ft
greater than the bond zone. Rey (1978) reports that in cohesive soils a greater
charge is necessary than in alluvium. The charge also depends on anchor
capacity and tendon size. Success of the operation is better ensured if a low-
sensitivity detonator with sufficiently long wires is used, and couplings are
avoided in the region of the anchor.

Before the detonating chord is inserted, the explosion tube should be
checked for obstructions along its length, and this is done with a thin wire
having a ball attached to its end. The detonating chord usually is lubricated
with soft soap. Water may be present in the explosion tube, but in this case
the charge should be detonated within one hour.

- During blasting, the anchor can remain prestressed if conditions permit.
The momentum from the energy release throws the anchor partly or com-
pletely out of the borehole. If a detensioned anchor is blasted, its extraction
is carried out with pulling equipment.

The main advantage of this method is the high probability of success
provided the preparations for blasting are carefully made. On the other hand,
the requirement to employ a blasting specialist tends to raise the cost. Fur-
thermore, clients and engineers are often biased against this method, because
of possible, and often speculative effects on surroundings. Thus, before
blasting is considered, vibratory effects should be assessed in conjunction
with soil type, geometry, and structural condition of nearby buildings, and
resonance frequency.

Splitting of Anchor Bulb. By fitting a cone to an additional strand, the
latter is pulled to break and disintegrate the grout bulb. The cone with a
compression fitting is within the bond length near the bottom of the borehole,
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Fig. 3-1 Extractable anchor, explosive method. (From Rey, 1978.)

and the strand holding it is placed at the center of the anchor. Alternatively,
small rings are slid onto the center wire of the additional strand. When the
outer wires are in position, a bulge will appear at each ring. The additional
strand is encased in a polyethelene sleeve along the bond length and pro-
tected by insulating tape against bonding to the cement grout. For anchor
extraction, this strand is tightened with a jack until the process bursts the
anchor bulb. The main strands are then pulled out, first with the jack and
then by hand.

Some contractors maintain reservations about this method, and consider
it labor-intensive and risky for the operatives.

Temperature-Dependent Anchor. This is available under a Japanese pat-
ent, whereby the bond produced by a temperature-dependent synthetic resin
is destroyed. The heat necessary along the bond length for this purpose is
provided by closing an electric circuit in the prestressing steel.

Anchors Where the Bond Length Is Not Removed

Induction. With this method, an induction coil fitted at the transition be-
tween fixed length and stressing (free) zone induces heat in the steel when
it is supplied with a high-frequency alternating current. This heat alters the
strength characteristics of the steel tendon and reduces its tensile limit to a
value below the actual applied stress, thus causing the strands to fail and
break.

The coil, usually copper wire, has a diameter of 1.0-1.3 mm and a number
of turns from 200 to 230. For standard electrical insulation, the entire coil
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is impregnated with epoxy resin, which also keeps the moisture out and acts
as mechanical protection. At each end of the coil, an eternite tube about 50
mm long is mounted and the coil is wound with asbestos tape. The entire
assembly is held together with a shrink-on sleeve [see Fig. 3-2(a) and (b)].

During tendon stressing, the electrical conductor is protected from break-
ing by fitting loose within the stressing length. The tendon steel is heated
up by alternating field generated by the high-frequency alternating current
(usual frequency 500 Hz, voltage 280 V, and current 10 A).

Contractors report that the heating time necessary to cut the strands is
3-7 min. However, in field applications success of the method may be in-
hibited if water can enter the induction zone, thereby retarding the heat
process.

Examples of Removable and Extractable Anchors

In North America, bar tendons of low to medium capacity are often removed
by the so-called gripnut-and-plate method. The bar tendon at the low end
is provided with threads while a nut is screwed to it. The nut is welded to
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Fig. 3-2 (a) Anchor assembly with induction coil for extractable system; (b) in-
duction coil details and data. (From Rey, 1978.)
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an end bearing plate used to transfer the pull from the rod to the grout column
by direct compression. The steel rod is greased and wrapped with paper so
that it can be rotated and unscrewed at the end. When the grout has set,
the rod is turned sufficient times to break any bond with the grout. When
the anchor is no longer needed, usually 1-2 years after installation, the steel
rod is completely unscrewed and withdrawn, leaving the nut, bearing plate
and grout in place (White, 1970). Since no effective contact is assumed at
the tendon—grout interface for bond development, the load-carrying capacity
depends on the direct bearing between the end plate and the grout column.

In France, contractors use a melting process initiated with oxygen-gas
cutting. Self-igniting oxygen hoses are lowered through a special tube at-
tached to the tendon until they reach the desired level of sectioning. The
heat transforms the steel into a liquid slag and also melts and disintegrates
the grout locally. The entire anchorage is thus separated and the cut part is
extracted with the use of a block and tackle exerting sufficient pulil.

In Japan, most temporary anchors are extractable. Anchor removal is
carried out by mechanical methods inducing failure to certain parts of the
tendon. According to one method, individual metal gripping pieces are se-
curely attached to the low end of each strand, as shown in Fig. 3-3(a),
whereas a bearing plate transfers the pull to the grout by compression. Like-
wise, the strand is lubricated along its full length to inhibit bond resistance.
The gripping sections are detailed to be stripped from the low end of each
strand merely by failing under pullout exceeding the strength of the con-
nection, but without exceeding the ultimate anchor load. Each strand is thus
overstressed individually, eventually completing the extraction of the anchor
(Yamada, 1978).

Another extractable anchor used in Japan is the so-called sliding-wedge
anchor. This has a wedge-shaped member tapered in the direction of pullout.
The tendon strands are surrounded with sheath, again to prevent bond with
the grout. After homing of the tendon, the hole is grouted using a mix con-
taining, in addition to cement, filler materials of low rigidity in order to affect
formation of an environment similar to voids and air bubbles. These materials
may be foamable polysterene or cork of suitable porosity. The anchor can
be removed by pulling the tension steel tendon with a jack, and as the at-
tached sliding wedge is withdrawn it exerts a disintegrating action on the
grout materials around the tendon, thereby detaching the anchor steel from
the grout body. This arrangement is shown in Fig. 3-3(b). Evidently, this
method works on the condition of a grout system that will fail before the
steel tendon; hence the full capacity of the latter is not utilized.

Assessment of Extraction Techniques

Among the methods currently available and described in the foregoing sec-
tions, many contractors consider blasting a useful and practical solution.
However, the usual response to its use in anchorage sites in built-up areas,
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Fig. 3-3 (a) Arrangement of gripping piece, bearing plate, and strand for extractable
anchor; (b) siding wedge anchor. (From Yamada, 1978.)

particularly from the public and owners of adjoining properties, involves
hesitation, reluctance, and often an element of prejudice, which in some
instances can be dispelled by reasoned arguments. In the general context of
anchor removal, blasting is essentially the application of shock waves elec-
trically released to produce sufficient cracks and fracture within the injection
cavity and thus destroy the adhesive section of the anchor. Competent blast-
ing experts are satisfied with the harmlessness of the detonating fuse claimed
in this case, and agree that it does not denote the dangerous action normally
implied by bursting charges and firing and blasting operations.

A case of successful removal of anchors, each consisting of 6 or 7 strands,
at a building site in Vienna is reported by Straus (1978). The area immediately
surrounding the anchorage site was closed to traffic during the operation,
but vibration and noise levels were nominal. Following detonation, the an-
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chors were removed by manual pulling, hoisting, and jacking. During pre-
stressing of the strands, both ends of the shock wave pipe were carefully
sealed to avoid clamping between strands. It is reported that anchor parts
and chipped wedges poped out as much as 9 m (about 30 ft) from the insertion
point, whereas prestressed anchors were easier to remove than passive ten-
dons. The contractor removed the anchors one at a time in order to keep
vibrations and ground disturbance to a minimum.

3-2 COMPRESSION, COMPRESSED BOND AND COMPRESSED
TUBE ANCHORS

These anchor systems were developed in the late 1970s as an aftractive
alternative to the more conventional types. Whereas the initial cost may in
some instances be higher, they can offer improved economy since they afford
better corrosion protection and thus can last longer.

Compression Anchors

For the anchor types presented in Chapter 2, the applied load transferred
to the fixed length by the stressing mechanism at the anchor head induces
a pulling force starting at the top and progressively moving downards toward
the low end. In this manner shear, and occasionally normal stresses are
developed at the tendon-grout interface and migrate along this length until
they dissipate at the low end after the entire pulling force in the tendon is
absorbed.

In this interaction the grout column is subjected to tension, more near
the top and less near the low end of the fixed zone, with corresponding
tension cracks. Where the long-term effectiveness of the corrosion protec-
tion system is in question, and this in spite of double-protection systems,
the alternative is to consider a compression type anchor.

Figure 3-4 shows the details of a commercially available, standard
compression anchor. A pressure pipe contains the tendon in the fixed zone,
and is fitted with an endplate also attached to the tendon. As the latter is
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Seal ) Endplate
z
L4 {
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Corrosion €a grout y gerSty
protection
compound Fixed
anchor

length

Fig. 3-4 Schematic presentation of compression-type anchor.
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stressed, the force is transmitted from the endplate to the grout in an upward
direction, hence the grout column is subjected to compression with a cor-
responding elimination of tension cracks.

Compressed Bond Anchors

This works on the same principle as the compression anchor shown in Fig.
3-4. The steel tendon is mechanically connected to the lower part of a steel
tube, which is sealed to the ground by pressure grouting, as shown in Fig.
3-5. With this arrangement both the exterior steel tube and the grout column
are subjected to compression, whereas the steel tube protects the tendon
against corrosion.

The outer protective tube comprises two zones: (a) the sealed length (fixed
zone) made of steel and equipped with rubber sleeves for grouting and (b)
the free length made of plastic tubing and connected to the sealed length by
a waterproof coupling. Since the lower 3 or 4 m of the fixed zone of the
tube resist almost the entire pulling force in compression, this part is made
of higher-strength steel because of buckling potential.

The installation is completed in the following sequence: (a) drilling the
borehole and installing the outer tube; (b) sealing the fixed anchor zone
outside the tube using pressure grouting through the sleeves; (c) installing

Free length

Sealed length
(tixed zone)

Plastic tube
\ Free-length Steel tendon
sheath  Steel

Steel tendon tube g Grouting sleeve
protection * Steel .

tendon Presealing tube bond
to the ground
Section 4-4 Steel tendon

protection

Section B-8

Fig. 3-5 Schematic presentation of a compressed bond anchor.
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the steel bar and mechanically attaching it to the lower end of the tube; and
(d) tensioning, testing, and lockoff. The manufacturer of this anchor claims
that complete protection is afforded to the steel bar (Pfister et al., 1982),
but as an additional precaution the annular space between the tube and the
bar is filled after lockoff with a cement-base grout. If necessary, the steel
tendon- may be removed (by unlocking it from the tube) after testing for
additional pressure grouting to increase bond at the ground--grout interface.

This anchor is commercially available in bar diameters of 26 and 32 mm.

Compressed Tube Anchors in Rock

The mobilization of bond along the rock interface of a tube in compression
to transfer forces from the anchor tendon to the rock medium is based on
the principles discussed in the foregoing sections. The concept of the com-
pressed tube anchorage is shown in Fig. 3-6.

Improved bond characteristics of a grouted tube subjected to confined
compression within a rock medium, as compared with a bar or tube in ten-
sion, are related to Poisson’s effect manifested by lateral expansion or con-
traction. This effect becomes significant when the axial stresses in the steel
tube approach the yield limit and Poisson’s ratio increases from 0.3 to 0.5
(Ivering, 1981).

From an elastic analysis of an embedded tube it is known that the trans-
verse deformations of the wall both outside and inside are positive when the
tube is subjected to compression. This is shown in laboratory tests confirm-
ing that failure is approached as the walls begin to bulge, as shown in Fig.
3-7. When the axial compression stress enters the range beyond the yield
limit, a considerable amount of resistance is still offered by the tube. On the
other hand, owing to the lateral expansion of the tube in compression, the
slip between the tube and the enveloping grout is significantly reduced. The
analytical approach to this subject is discussed in subsequent chapters treat-
ing the load transfer of anchors.

A commercial version of compressed tube anchor is shown in Fig. 3-8.
The load transfer to the anchor medium is intended primarily through deep
corrugations on the walls of the tube. The design and presence of grout
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Fig. 3-6 A compressed tube anchor in rock; schematic presentation.
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Fig. 3-7 Plastic failure of a thick-walled tube in compression; (a) local bulging; (b)
failure mechanism and stress-strain diagram showing the range of axial stress. (From
Ivering, 1981.)

injection vents allows the annulus inside the tube to be also grouted simul-
taneously with the grout injection of the outside space, suggesting that part
of the load transfer may take place along the anchor length.

For added protection the tendon can be covered with a paste and inserted
into a plastic sheath. After stressing, the tendon can be removed for in-
spection.

When sound rock is available, the compressed tube anchors offer two
advantages: (a) they require a smaller borehole for the same size and tendon
capacity, whereas the fixed bond (transmission) length can be shorter; and
(b) the appearance of tension cracks in the grout is less likely because of
the inherent compression, which improves protection against corrosion.

3-3 MULTIBELL (UNDERREAMED) ANCHORS

These deviate from conventional anchors in the method of forming the fixed
anchor zone (see type D anchor in Fig. 2-2). The presence of reverse cones
or bells of solid grout alters the mechanism of load transfer by producing a
shear resisting zone along a cylinder projected along the diameter of cones
or bells rather than the nominal borehole diameter. This arrangement is
better attainable in stiff to hard cohesive soil. Single anchors, however, with
underreams have been cut and tested in sound rock, and techniques are also
available for applications in cohesionless materials. Satisfactory resistance
to pullout has been obtained with the use of underreamed anchors in sand-
stone overlain by difficult and varying layers of silt, clay, gravel, and wa-
terbearing ground (Soletanche, 1970). After drilling through the overbur-
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Fig. 3-8 Compressed tube anchor by Stump Duplex system (Weber, 1966); available
for applications in rock.

den, a 5-m penetration into rock with underreams produced a sustained load
capacity 2000 kN (450 kips) in the presence of wet marl.

Borehole drilling and underreaming requires special devices and tools.
For a given soil type and anchor capacity, the underreams should be formed
with complete control of the correct bell spacing, number and dimensions.
The construction shown in Fig. 3-9 begins with borehole drilling using a
rotary drill with continuous-flight auger in clay strata. In the fixed zone, the
underreaming device consists of an expandable cutter tool with several (as
many as eight) hinged blades mounted on a chassis attached to the bottom
end of a drill string. The string is inserted into the borehole, already drilled
to the correct anchor length, and while the tool is slowly rotated, the blades
are forced to open gradually expanding the underreams to the required size.

It is better to have as many underreams formed simultaneously as prac-
ticable in order to avoid delays in the grouting stage and prevent ground
softening or cavitation. The clay cuftings produced in the process are brought
up by circulating flushing water. Prior to grouting, physical tests can confirm
the complete removal of spoil from the underream space. The grout should
fill the annular space continously and completely, since any ungrouted pock-
ets in the hole will reduce load transfer and capacity.

Underream dimensions, spacing and number are chosen with respect to
load capacity as well as practical considerations. The latter include anchor
inclination and depth, soil properties, and availability of equipment at the
site. The spacing, number and size of blades should be consistent with the
optimum combination of underreams. A suitable underreaming device can
be opened and closed mechanically at a controliable rate, sufficiently slow
so that spoil and cuttings do not lodge in excavated space. Figure 3-10 shows
the shape and dimensions of a multibell underreaming device chosen for an
anchorage installation in London clay, with attained working loads up to 800
kN (180 kips).

3-4 REGROUTABLE ANCHORS

In relatively poor soils a single grout injection carried out within the pressure
limits discussed in Section 2-10 will produce anchors of moderate capacity.
This operation can be combined with pregrouting to consolidate the soil and
also avoid loss of sealing material during normal grouting injection. How-
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Fig. 3-9 Mulitibell underreamed anchors: (a) drilling; (b) underreaming; (c) homing
(completed anchor).

ever, in adverse soil conditions involving plastic clays or marls, loose silts,
badly fissured rocks, and soils of poor mechanical properties, problems are
conceivable in the transfer of load as soon as the first prestressing is applied.
These problems will persist if there are no remedial measures and provisions
for additional grouting.

Regroutable anchors are intended to provide this remedy, and thus rec-
oncile poor soil conditions with a higher-capacity system. This application
requires a special grouting technique that allows the anchor to be grouted
in stages, with increasing pressures and controlled grouting lengths at any
time before or after the initial prestressing of the tendon. After the first grout
has set, a second grouting stage follows under much higher pressures, which
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Fig. 3-10 Muitibell underreamed anchor; (a) dimensions, details, and ultimate car-
rying capacity; (b) extracted section of the anchor showing the underreams. (From
Bastable, 1974.)

can be further increased for a third application. Thus, an anchor failing its
first load test can be regrouted to restore its load capacity or increase it.

The concept of a load-to-failure test after initial grouting, to be followed
by regrouting, has the advantage of allowing the factor of safety to become
equivalent to the ultimate factor of safety since the load used to measure
this factor is actually applied to failure. In this context, any small movement
of the anchor can be induced by applying a measurable pull in stages, after
which the anchor regains its capacity by regrouting.

Flexibility in the grout injection process with respect to location of grouted
areas and volume of grout ensures the optimum impregnation of the an-
chorage zone with the correct grout constituents, whereas stage grouting
allows soil consolidation at higher pressures. Reported capacities of re-
grouted anchors are from 50 to 250 tons (100-500 kips), and are attained in
horizontal or angular inclinations.

Apart from the physical and mechanical improvement afforded to the
anchor system, regrouting offers also the following advantages: (a) oppor-
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tunity to inject small fissures that may develop in the grout column during
tensioning, (b) a twofold protection of the steel against corrosion, and (c)
feasibility of sectioning the core for the purpose of extracting the free length.

Figure 3-11 shows a regroutable anchor developed and used by Sole-
tanche, known as the IRP anchor (an abbreviation for ‘‘injection repeteés
en pression’’). The fissures and root formation attained by the injected grout
in the fixed zone show distinct similarity to the type C anchor shown in Fig.
2-2. As in a conventional system, the main parts are the fixed zone, the free
length and the anchor head. The tendon can be made with a bar, wire or
strand, but the details are different for each type as shown in Fig. 3-12.

For the IRP anchor, a centrally located sleeve grout pipe or tube fitted
with perforations and grout valves runs along the entire length. The anchor
head can be positioned outside the supported structure or incorporated in
the concrete wall. Along the free length, wires or strands are held by spacers
around the central grout pipe, and the entire assembly is enclosed in a plastic
casing that allows free steel elongation during stressing. The annular space
inside the plastic casing in the fixed length can be filled with neat grout after
stressing, and if the anchor is permanent cement grout is injected inside and
outside the casing for corrosion protection. If the tension steel must be
withdrawn for inspection, the inside of the casing is filled with anticorrosive
deformable resin.

ho)

A

“

1

S

m
ANNNNNN

VALVE FOR FILLING
ANNULAR SPACE

SLEEVE GROUT PIPE(T.A.M)
GROUT BULE

AN

Fig. 3-11 Schematic presentation of regroutable anchor; the IRP anchor used by
Soletanche.
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Fig. 3-12 Regroutable IRP anchors; details for wire and steel bar tendon. (Sole-
tanche.)

inflatable Packer. A special feature of the anchor shown in Fig. 3-11 is
the inflatable packer bag, which separates the free length from the fixed
bond length. The bag is 1 m long. When in place it is inflated, and thereafter
grouting of the fixed zone is carried out through valves in the inner plastic
grout pipe, which open to expose the perforations through which the liquid
grout flows (Jorge, 1970). The grout pipe is provided with a double-packer
system that allows the grout in the fixed zone to be injected in 1-ft lengths.

After the first grouting, the inner plastic casing is flushed and cleaned so
that the grout pipe can be reinserted at a later time to perform stage grouting
at a higher pressure. In general, two grout injections are sufficient, but it is
feasible to repeat stage grouting up to pressures of 500 psi (3.5 N/mm?) until
the specified anchor capacity is attained. The grout mix consists of cement
and admixtures for early strength development.

Since the main advantage in this case is ability to regrout after installation
and first tensioning and progressively increase anchor capacity, the regrout-
able anchor is adaptable to a wide variety of conditions. However, instal-
lation costs will vary and increase according to the number of grout injec-
tions, grouting pressure, anchor capacity, and soil conditions. Thus,
regroutable anchors should be expected to cost more, but this can be justified
where other solutions are not feasible.
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3-5 PRESSURE BULB SOIL ANCHORS

These are essentially similar to the type B anchor shown in Fig. 2-2. They
are suitable where loose sand or gravel endanger the stability of an open
hole after drilling. The usually attained ultimate load capacity in these soil
conditions is 300 kips. Whereas a bulb anchor is more often considered
temporary, it can be used on a permanent basis by providing double cor-
rosion protection.

Pressure bulb anchors can be installed in two ways. First, a casing is
driven to the required depth by an air track. The tension tendon is inserted
in the casing, and as the latter is retracted the hole is pressure grouted using
pressures generally less than the total overburden pressure. In the second
method, the tension member is attached to the stem of a hollow-stem auger,
and is advanced simultaneously with the hole. The auger is then withdrawn
and the hole likewise grouted.

A commerically available pressure bulb anchor is shown in Fig. 3-13. It
consists of 3-in-dia., 7-wire strand with an ultimate tensile strength 270,000
psi, produced and tested according to ASTM A-416. Each strand has thus
guaranteed ultimate strength 41,300 Ib and a yield strength at 0.1 percent
extension 35,100 Ib. It is available with 4 or 7 strands, with casing or auger
center hole diameter 2§ and 3 in, respectively.

Tubfix Anchors. These combine the features of pressure bulb anchors with
regroutable and compressed bond systems. The construction is carried out
according to the tube-a-manchette technique, and the tube—ground bond is
improved by repeated grout injection (Compte, 1971).

The installation involves the following stages, shown in Fig. 3-14(a):

1. Drill the anchor hole.

2. Insert a steel tub provided with slots and rubber sleeves over the fixed
(bond) length.

3. Backfill the hole with a cement—bentonite mix under gravity to ensure
hole stability for the subsequent stages.

4. Apply multistage cement pressure grouting using a double packer, to
form the fixed zone. The grout will replace the cement—bentonite slurry
in this area by gravity.

5. Allow the cement grout to harden, usually for 4-14 days.

6. Stress the steel tube by pulling, test and lockoff at specified load.
Backfill the steel tube in the free length with a cement mix.

The tubfix method can also be applied with the same steps shown in Fig.
3-14(a}, except that after stage 5 a steel bar is inserted in the tube and sealed
at the lower end. The system in this manner is similar to compressed bond
anchor. This arrangement is shown in Fig. 3-14(b).
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Fig. 3-13 Pressure bulb soil anchor. (VSL-Losinger.)
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(a)

{v)

Fig. 3-14 (a) Tubfix anchor—schematic construction sequence; (b) alternate design
with both a tube and a steel bar. (Soletanche.)

For the anchor shown in Fig. 3-14(a), the tube itself constitutes the anchor
tendon. Its protection against corrosion in the free zone is provided by the
surrounding cement-bentonite mix enveloping the tube as a ring, the thick-
ness of which depends on the borehole diameter. Although full reliance on
this protection is not justified, in normal environment it is considered ad-
equate for long-term service because of the extra thickness of the tube wall
and its low grade of steel (about 40 kg/mm? elastic limit), which reduces the
severity of corrosion attack. With the modified version shown in Fig. 3-
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14(b), the steel bar is fully protected in the tube and covered by a cement
grout filling the steel tube in stage 6.

3-6 ANCHORS FOR SPECIAL CONDITIONS

Remedial Anchors. When an anchor fails to carry the test load, the result
is downgrading of the working load and overstressing the remaining anchors
in the group. This problem can be avoided if one or more additional anchors
are installed to rebalance te load distribution. In these conditions, it becomes
necessary to drill new holes between anchors already in place.

This is feasible if (a) the spacing of anchors already in place allows re-
positioning of equipment and the associated installation activities, (b) a hole
can be cut in the wall to accommodate the drill and anchor head assembly,
and (c) the time for construction and grouting of the new anchor can be kept
to a minimum. A further factor to be considered is the care that can be
reasonably exercised during the operation to avoid disturbance that can dam-
age or distress existing anchors.

Anchoring in Weak Soil. Anchoring techniques in weak or poor soil must
enable the following: (a) drill a hole with minimum ground disturbance and
(b) produce an anchorage zone that can resist the same load as the tendon.
Among the drilling methods available, rotary tools are more versatile since
they can facilitate fully cased holes to almost any desired depth and with
limited access or headroom. These machines also can drill below the water
table, and preserve cuttings for inspection and confirmation of soil strata.

In soils ranging from old river alluvium to loose sand, maris and soft clays,
careful consideration of the anchor types discussed in the foregoing sections
can ensure anchorage zones suitable to resist loads of sufficient intensity to
make the installation cost effective. Anchor assemblies consist of an external
metal tube for the length of the fixed zone, whereas parallel wires and strand
constitute the tendon. The external tube is bonded to the soil by grouting
over its full length in two phases. First, low-pressure grouting is used to seal
the lower part of the anchorage, after which the tube is bonded to the soil
by a second phase grouting. The anchor tendon is introduced either by in-
jection or mechanically.

Buttonhead Anchorages. These are examples of anchor systems suitable
within a specific design context. Buttonhead anchorages are commonly made
up of high-tensile steel wire in standard sizes of 5, 6, and 7 mm dia. (in the
United States § in), witih a minimum ultimate tensile strength of about 1570
N/mm?, and arranged in parallel lengths. There can be several (as many as
30) wires in a tendon. Each wire terminates in a cold-formed buttonhead,
after it passes separately through a machine-finished anchorage fixture.
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When used as a rock anchor, the assembly is provided with a fixed head
anchor at one end, and a stressing head at the other. A leather diaphragm
acts as grout seal, whereas a grout injection pipe is placed between the
diaphragm and the fixed end anchor. The assembly is inserted in the rock
with the fixed end first, and grout is injected to fill the space up to the
diaphragm. After the grout has set the temorary injection pipe is removed,
and the tendon is stressed through the simultaneous stressing of all the wires.
The use of buttonhead in this case allows the simultaneous development of
ultimate force in each wire.

Figure 3-15(a) and (b) shows anchor view and schematic presentation of
the BBRV system. All individual wires have buttonheads bearing against a
special head. The assembly has a supporting ring screwed over it and bearing
against the load distribution plate as shown. During stressing, an extension
part is coupled to the threaded head. After stressing the support ring is
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1 -grout pipe, Z- anchor head, 3- supporting ring, & -load distributing plate,

5 - spiral reinforcement, 6 - sheath of the hollow for the insertion of head

prior to the stressing of the cable, 7- sealing collar, 8- anchor base,

9 - deaerating pipe.
Fig. 3-15 Example of buttonhead anchorage—the BBRYV system; (a) anchor view;
(b) schematic presentation.

screwed up to the bearing plate with minimum slip and sealing loss, which
allows to mobilize maximum potential force in every tendon.

The button head system claims a higher initial cost per unit weight of
tendon, but very often it yields a lower cost per unit of force delivered
because of wire length uniformity and uniform stress distribution in the ten-
don. Where large forces must be attained, this system should be given ample
consideration.

3-7 CAISSON-TYPE ANCHORS

These are large-diameter tiebacks installed in cohesive soil. The method is
quite similar to he caisson procedure, also known as ‘‘bored piles,” com-
monly used in conventional foundation work. Even though large-diameter
anchors do not offer any technical advantages, their choice is often dictated
by regional trends and contractor availability. The hole is drilled with a
conventional digger equipped with a kelly bar with hydraulic crowd, which
is useful in rapid advancing of the hole. Anchor inclination can be as high
as 30° to the horizontal. For deeper holes (=100 ft) telescoping kelly bars
are necessary (White, 1970).
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Anchor hole diameter ranges from 300 to 400 mm. The usual drilling tools
are flight plain augers, hollow-stem augers, and belling buckets for under-
ream work. The latter can enlarge the shaft to two to three times the original
diameter. This configuration is commonly used in cohesive soils, hence it
is very popular in the Los Angeles area, where this soil type prevails.

These anchors are also installed in caving formations. In this case, a large
drill is combined with a continuous flight hollow-stem auger, which has the
advantage of casing the hole. The rod tendons are inserted into the hollow
stem before the auger is withdrawn, and as the latter is pulled out without
rotation the hole is grouted filling the cavity being formed.

A plate with threaded nut attached to it remains at the bottom of the hole
and bears against the hardened grout as shown in Fig. 3-16. In order to keep
the bearing plate from being pullout with the auger, a short length of the
continuous flight auger is also welded to the bearing plate, and in this manner
it acts as screw anchor.

3-8 THE INJECTION BAUER ANCHOR SYSTEM

This anchor is one of the early cement grout injection types to be used in
Europe and subsequently in North America. A special feature is the use of
a single high-strength steel bar that is inserted into a hollow rod. Drilling is
possible by percussive, rotary, or rotary—percussive tools (Bauer, 1966).

Using lost drill bits, hollow drill poles are driven to the required length
while flushing is used to clean the hole and enlarge it for better bond. The
tie bar is then inserted and connected to the drill bit, which forms an integral
part of the anchor. With the entire assembly in place, the poles are pulled
back slightly by the drill bit allowing the cement grout injection process to
begin and fill the annular space between the rod and drill pole. The drill
poles should fit tight against the surrounding soil so that even at high injection
pressures (often 500 psi) injected material does not flow back along the outer
wall of the poles.

As the injection process continues the poles are retracted by a certain
length so that the outlet opening is positioned for the injection of the next
section. Higher pressures are used in the fixed anchor zone where some
cement grout will penetrate the soil. As the drill poles are recovered, the
remaining of the borehole in the free length is filled with lean cement grout
under a low injection pressure as protection against corrosion.

Since the tie bar is not inserted until the drill pole has reached the bottom,
it is possible to assemble the latter in single-tube sections. On the other
hand, the advancing tube is only slightly larger in diameter than the steel
bar itself, and this arrangement results in borehole sizes of relatively small
diameter, usually 8—-14 cm (3-6 in). The structural integration of the tie rod
and the drill bit allows the transfer of load both by bond and by direct bearing
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Fig. 3-16 Caisson-type anchor used in the United States for cohesionless soils.

on the grout column, hence in this respect the Bauer system is similar to
the compression anchor described in the foregoing sections.

Initially, production and application range of this anchor were confined
to loose sand and gravel. For 1-in-dia. bars, the average working load is 30
tons (60 kips) and requires a load-transfer zone length from 10 to 15 ft. The
same anchor has been successfully used in firm cohesive soil, where failure
loads up to 80 tons (160 kips) have been sustained using larger holes (<15
cm) and higher injection pressures. A modified version of the Bauer anchor
used in the construction of the Second Mersey Tunnel in England is sche-
matically shown in Fig. 3-17.

3-3 VERTICAL ANCHORS

Frequently, ground engineering problems rely on solutions that are based
on the use of vertical anchors installed in soil or in rock. Examples are soil
preconsolidation, structures and foundations subjected to uplift or built in
swelling soils, and special classes of structures that must resist overturning
moments.

Most of the anchor systems described in the foregoing sections are suit-
able for this application in conjunction with vertical drilling techniques.
Equally practical and economical, provided suitable ground conditions exist,
is the use of conventional drilling tools to advance a hole to the desired depth
and install a shaft provided with an expanded base. The drilled hole is then
backfilled with cement grout or lean concrete. Anchors installed in this man-
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Fig. 3-17 Schematic presentation of modified Bauer anchor used in the Second
Mersey Tunnel in England.

Grouted zone

ner transfer the load to the ground by shear resistance along the walls of
the borehole and direct bearing on the expanded base.

Burried Expansion Plate and Shaft Anchor in Soil. Figure 3-18 shows
a commercial vertical-type anchor suitable for installations in soil. This an-
chor has a head and a shaft as in conventional anchorages. At the base,
however, it has two plates directly above one another, with a diameter 6 in
or larger. The installation involves drilling a hole of the same diameter or

Compacted
backfill

{a)

(b)

Fig. 3-18 Buried expansion plate and shaft anchor: (a) installation procedure (1—
drill hole, 2—insert anchor, 3—expand anchor and backfill); (b) available types (1—
eccentric plates, 2—expanding screwdown plates).
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slightly larger. After homing, the head and shaft are rotated by 180°, and
this transmits the same rotational movement to the bottom plate relative to
the plate above. This is possible by keeping the bottom plate fixed to the
shaft, and the top plate detached from it. On completion of this rotation,
the initial set of two concentric plates has expanded to a set of two over-
lapping circular plates covering a length approximately 1.5 times their di-
ameter, as shown in Fig. 3-18.

A second type, shown in Fig. 3-18(b) as an expanding screwdown plate,
is likewise installed with similar drilling methods. Once in place, the anchor
rod is twisted, causing the bottom part to expand into undisturbed soil. The
installation is completed by placing and compacting backfill materials or
cement grout.

Expandable Rock Anchor. An example of this anchor type is shown in
Fig. 3-19. In this case, the hole is drilled slightly larger than the assembly
in the closed position, using auger drills or other suitable bits to penetrate
existing rock material. After the hole is cleaned, the anchor assembly is-
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Fig. 3-19 Expandable rock anchor; (a) anchor homing in drilled hole; (b) anchor
with components in expanded position.



122 SPECIAL ANCHOR SYSTEMS

inserted and positioned in the hole. Better results are achieved if the anchor
is centrally located within the hole. The anchor head is then rotated forcing
the two anchor components to slide on each other thereby increasing their
overall diameter. The rotation of the anchor continues until the specified
installation torque is reached and the expandable sections of the anchor bear
and fit tightly against the sides of the hole. The installation is completed by
grouting the borehole.
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CHAPTER 4

THE TRANSFER OF LOAD AND
MODES OF FAILURE

4-1 GENERAL CONSIDERATIONS

From the theoretical and practical standpoint, understanding the mechanism
of load transfer is essential for the design of an anchorage that has adequate
factor of safety and satisfies implicit economic criteria. This topic must be
analyzed in the context of theory, and then confirmed by empirical record.
Caution, however, is necessary to distinguish and identify the limitations of
our present knowledge.

Anchor load transfer theories often are based on idealized assumptions,
and where conditions are different results can be misleading and question-
able, and this is more serious when theory is freely applied to nonhomo-
geneous ground conditions. A different approach is to infer the transfer of
load from the wide variety of design rules available, all claiming origin from
full-scale tests and general field experience. Since no empirical procedure
can claim general applicability, routine reference to these rules can often
lead to crude approximation of safe and economical design.

Several topics are still partly investigated and incompletely understood,
hence they present a deterent to rational design. Such topics inlcude load
transfer mechanisms in nonidealized media, grout pressure limits beyond
which the associated effects are minimal, fixed anchor load-displacement
relationships with parameters including all variable causes, and servicea-
bility safety factors meaningful and consistent with test and actual loads.
The effects of construction techniques and workmanship on anchor pullout
capacity are quite obvious and inhibit our efforts to make accurate predic-
tions for field performance. Thus, anchor design is supplemented by a man-
datory testing program to confirm the load carrying capacity of an anchorage.

Ground Anchors and Anchored Structures. Petros P. Xanthakos 123
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The Concept of Failure. In general, theories and design methods assume
that a mass of soil will fail along slip lines or shear planes, postulating a
failure mechanism, and then engage the relevant forces in a stability analysis.
For the fixed anchor zone configurations presented in the foregoing sections,
two basic load-transfer mechanisms cause ground resistance to be mobilized
as the anchor undergoes displacement under load application. The first is
side shear (adhesion or friction), commonly called ‘‘bond,” to be followed
by end bearing where suitable configurations exist and when sufficient move-
ment occurs. Accordingly, anchors can fail in localized shear as long as the
continuity of the surrounding ground is not disrupted. General failure occurs
when the shear planes are fully mobilized or under significant deformations
progressively reaching the ground surface. The latter, however, is very un-
likely for slenderness ratios exceeding 15, which is commonly the case with
the small anchor diameters required for this work (Littlejohn, 1980).

In general, the analysis of the load resistance of an anchor must consider
the following:

1. Mechanism of failure as load is transferred from one medium to another
in the anchor-soil system.

2. Ground characteristics at failure.
Area roughness and configuration of potential failure interfaces.

4. Stress conditions, namely, type of stress, magnitude, and direction,
occurring along the failure interface when failure is initiated.

w

An anchor can fail or become inoperable in one of the following modes:

1. By structural failure (rupture or sectioning) of the steel tendon and its
component parts.

By bond failure (slippage) at the tendon—grout interface.

By shear failure along the contact surface of grout and ground.

By failure within soil or rock supporting the anchorage.

By crushing or bursting of the grout column around the tendon.

By displacement or excessive slippage of the anchor head.

By gradual long-term deterioration rendering the system inoperative.

A

Under overloading or during pullout tests, any of these failure mechanisms
may prevail or take precedence, hence it is clearly not feasible to design,
proportion, and construct anchors in which all parts, when intensionally
overloaded, will collapse or fail simultaneously. Usual anchor practice dic-
tates selection of anchor components and analysis of potential failure modes
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under an appropriate factor of safety, consistent with the actual known
strength or the associated degree of risk.

The Concept of Anchor. Anchor types to which this section applies are
the standard forms of tendon discussed in Chapter 2: bar, wire, and strand.
Unless otherwise noted, the present analysis is valid for the prestressed
cement grout injection anchor with straight borehole, including multistage
pressure grouted, regroutable, and restressable anchors in soil and rock.

The Concept of Loading. Short-term static loading is considered in the
context of this analysis. Excessive static loading will cause an anchor to fail.
Excessive loads can be induced by pull applied to the anchor during testing
or at lockoff stage. Overloading can also result from wrong excavation se-
quence, additional surcharge from construction materials and equipment, or
adjacent excavation and operations depriving the ground anchorage zone of
strength.

Short-term loading does not imply only loads of short duration. It does
imply, however, that such loads cause failure that is not related to time-
dependent effects. The anchor will fail as soon as excessive load is applied
irrespective of its duration; hence the latter is not a factor in the analysis of
the cause of failure. Time-dependent effects are discussed with creep.

Unlike short-term loading, repetitive or cyclic loading has time-dependent
effects. These can cause decrease in strength or even failure, and are ana-
lyzed under different procedures (see Section 4-11).

The Concept of Anchor Design. For preliminary purposes, the design of
anchorages may be confined to simple determination of an upper limit of
fixed anchor length, and then assume boundary conditions at failure to con-
firm its adequacy. This may be sufficient for determining the suitability of
a proposed anchorage. Final design is much broader and may include the
following objectives:

1. Select anchor inclination.

Identify suitable tendon types, size and configuration.

3. Determine horizontal spacing of anchor heads, and vertical distance
of anchor rows.

Estimate fixed and free anchor length.

Estimate anchor resistance to static or cyclic loading.

Specify a suitable anchor testing program.

Select and detail corrosion protection system.

Check the overall anchor—structure stability.

N
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4-2 STEEL TENDON: FAILURE MECHANISM AND ANALYSIS

Failure of Steel in Tension

When a load is applied, the steel tendon is stressed in tension. If the load
exceeds the strength of the material, failure will occur by excessive yielding
followed by sectioning. A typical stress-strain diagram for normal high-ten-
sion steel is shown in Fig. 4-1. The curve has no definite yield point; however,
there are three characteristic points. One is the ultimate tensile strength f,,,
also called ‘“‘characteristic strength’ in Section 2-5. The elastic limit T
corresponds to a specific permanent elongation, in this case 0.1 percent used
by the French Code. The third point is the elastic limit E,, which defines
the proportionality constant in the linear portion on the stress—strain dia-
gram.

Allowable working load in the steel tendon is determined from charac-
teristic strength f,, or the elastic limit Tz with an appropriate factor of safety.
Where the soil is susceptible to creep, tension in the steel may be further
limited to prevent large creep deformation at anchorage level, and this can
result in allowable load less than the normal working load. Further reduction
in working load is not warranted (for example to control cracking and ensure
crack-free sections). The relatively low modulus of rupture of ordinary grout
(0.7 V/f7) implies that this strength is reached and exceeded quickly and at
fraction of the working load; hence cracking in the grout column is likely to
occur at an early stage of load application.

Certain codes specify allowance for possible reduction in load-carrying
capacity of the steel tendon at the head, end block, and connection points
(couplings) generally associated with some vyielding at these locations.
Smaller working loads are also justified if conditions unusually severe are
anticipated and can cause reduction in the effective cross-sectional area of
the steel with time. These topics are discussed in detail in subsequent sec-
tions.

Analysis Considerations

In spite of the emphasis generally placed on bond failure, yielding and frac-
ture of steel tendons is not uncommon. This will happen especially where
the grouting process attains excellent workmanship, which, combined with
ample soil strength, prevents failure in these media, and where large un-
expected loads can stress the tendon beyond capacity.

Based on a rational prestressing doctrine, it is good practice to limit the
maximum temporary (test) load to a fraction of the guaranteed ultimate ten-
sile strength. The ACI Code, for example, specifies maximum temporary
load at 80 percent f,,, whereas some European codes are more conservative
and limit the test load to 75 percent f,,.. In the United States, prestressing
practice specifies lockoff or transfer load at 70 percent f,,, which, with
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Fig. 4-1 Stress—strain response for normal high-tesnion steel.

nominal allowance of 15 percent for long-term relaxation, results in a final
effective prestress force of 60 percent f,,. This practice apparently should
not be applied to anchors. Indeed, if the design stipulates anchor testing to
150 percent the working load (taken as 60 percent f,,), it follows that the
procedure is clearly inconsistent unless the test tendons are oversized.

Failure incidents of strand tendons have been reported at about 85 percent
fou (Nicholson et al., 1982). By definition, as many as 5 percent in a group
of anchors may have actual ultimate tensile strength 95 percent f,,, and this
is in accordance with most codes. If the deficient anchors in the group are
tested to 80 percent f,, and noting that no procedure is available to identify
the deficient anchors, it is obvious that the tests will induce a high risk of
failure. It is safer, therefore, to specify test loads that do not exceed 75
percent f,,. A similar inconsistency arises where test programs of produc-
tion anchors call for their stressing to 150 percent the design load but without
preselection of test anchors. In this case, the working load should be not
more than 50 percent f,,.

It is always necessary to estimate beforehand the actual maximum re-
sultant load that may act on the anchorage during service. However, it is
poor practice, and often unsafe, to group these loads according to a particular
category and increase the allowable stress according to the probability of
occurrence of each group. Loads that must be included in the resultant force
are pressures from the wall and soil response, potential surcharge, seismic
forces, pressure from water-level fluctuations, and loads of various origins.

In certain anchored structures, for example, retaining walls, anchor loads
increase considerably as excavation reaches final depth, particularly in the
upper row of multitiered supports. In this case, the stipulated working load
may be much greater than the resultant earth load in the initial stages. If
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the initially applied prestress force is quoted in terms of the working load
(equal to or greater than this load), it will cause the wall to move toward
the ground excessively, particularly where the ground is soft and the re-
taining system flexible. This problem can be avoided by a lockoff force
consistent with the earth load at this stage.

However, final lockoff of anchors at a load less than the design working
load is not advantageous, since the wall may move excessively toward the
excavation. If this problem arises, it can be remedied by restressing the
anchors involved at a subsequent excavation stage. Equipment that can
apply prestressing in stages offers, therefore, practical advantages.

Similar design requirements will determine whether the lockoff force will
be greater or smaller than the final expected load. In practice, the lockoff
force is decided after the anchor design has been verified by testing (see
also Chapter 5).

Working Stresses

In the past, the majority of codes recommended working stresses of the
order of 62.5 percent f,,,,, with a corresponding factor of safety 1.6. Recently,
however, engineers recognized the necessity for more conservative design.
Thus, according to current recommendations, 0.625f,, is the working stress
for steel tendons in temporary installations, whereas for permanent anchors
a working stress 0.50 f,, is now accepted for design purposes. Thus, the
factor of safety against ultimate tensile failure of the steel tendon is 1.6 for
temporary and 2.0 for permanent anchors.

These working stresses are accepted under normal conditions, and are
related to the potential failure mechanism of the steel tendon and its con-
stituent materials. They should not be used to estimate working loads in
terms of failure values determined from in situ tests or from soil creep char-
acteristics. On the other hand, caution is appropriate under special condi-
tions, and if necessary the associated factors of safety should be increased.

Procedures for Selecting Tendons

If F, is the maximum estimated tensile force in the direction of anchor,
suitable anchor units are selected by correlating this force with the guar-
anteed limit f,, or the elastic limit T, under the appropriate factor of safety.
This correlation is provided by the following expressions.
For permanent anchors

fpu = Tz (4'1)

o
i
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or

=L 4-2
Ts 06 4-2)

F,
Equation (4-1) is based on U.S. practice and most foreign codes. Equation
{4-2) relates the design load with the 0.1 percent elastic limit T, and is used
by the French Code.

Likewise for temporary anchors

F,
= ——— 4'
fou = G625 (4-1a)
or
F,
To = 5= (4-22)

All symbols and notations designate forces rather than stresses. With values
of f,. or T calculated from the foregoing equations, anchor units are se-
lected by reference to design tables and technical aids available from man-
ufacturers and suppliers for bar, wire, and strand tendons in standard units
and combinations. These aids also include data on tendon characteristics,
cross-sectional area, commercial lengths, couplings, anchor-head details,
and stressing equipment.

The simple diagram shown in Fig. 4-2 is an example of technical aid that
allows preliminary anchor selection by direct reference. The use of the dia-
gram is self-explanatory. Characteristic data, tendon properties, and anchor
capacity should be confirmed and guaranteed by the tendon manufacturer
or supplier. Figure 4-2 supplements the data shown in Fig. 2-7 (VSL-Los-
singer, 1978).

Likewise, anchor selection can be made by reference to a table such as
Table 4-1, if the design load is known. This table conforms to anchor design
requirements contained in the French Code (Pfister et al., 1982). For ex-
ample, for a design load F, 90 tons (metric), or 200 kips, Table 4-1 offers
two selections, strand unit 10T13 (10 strands, 13 mm dia.) and 7T15 (7
strands, 15 mm dia.)

Table 4-1 also shows that the elastic limit T at 0.1 percent elongation is
81, 88, and 89 percent f,,, for bar, strand, and wire, respectively. The elastic
limit (point E; on the stress—strain diagram of Fig. 4-1) is 71 percent f,, for
bar and strand, and 67 percent f,, for wire, for steel conforming to French
standards. Considering the three types of steel tendon, the average T value
is about 85 percent f,,,. Thus, the average working load according to French
practice is 0.6 x 0.85 f,, = 0.51 f,,, practically the same as for U.S. and
other European codes (see also Section 2-5).
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Fig. 4-2 Use of diagram for preliminary selection of suitable steel tendon unit.
Strand diameter 13 and 15 mm (0.5 and 0.6 in). (From VSL-Losinger, 1978.)

4-3 FAILURE OF GROUT-TENDON BOND AND SAFE BOND
LENGTH

General Bond Considerations

In conventional reinforced concrete, for plain bars bond resistance is caused
by maximum bond stress over a short length where adhesion is about to fail
and a lower friction drag over the length where adhesion has failed. Initially
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TABLE 4-1 Mechanical Characteristics and Cross-Sectional Area of Bars, Strands,
and Wires”

Fr

Class of Steel (tons) for

A E; Tc  F,. (French Standards) Permanent

Type (mm?) %iton (ton) (ton) (ton) (kg/mm?) Anchors
. | #26DY® 551 0.086 41 47 58 85-105 28
§ 932DY 804 0.059 60 68 84 41
#36DY 1.018 0.047 76 87 107 52
1T13¢ 93 0.525 12 IS 17 9
2T13 186 0.262 24 30 34 18
4T13 372 0.131 48 60 68 36
6T13 558 0.087 72 90 102 54
7T13 651 0.075 84 105 119 163-185 63
8T13 744 0.065 9 120 136 72
9T13 837 0.058 108 135§ 153 81
10T13 930 0.052 120 150 170 90
11T13  1.023 0.048 132 165 187 99
12T13  1.116 0.044 144 180 204 108
1T15 139 0351 18 22 24 13
2 6T15 834 0.058 108 132 148 79
£ 7T15 973 0.050 126 154 173 92
% 8T15 1.112 0.044 144 176 198 105
9T15 1.251 0.039 162 198 222 118
10T1S  1.390 0.035 180 220 247 153-175 132
11T15 1.529 0.032 198 242 272 145
12T15 1.668 0.029 216 264 296 158
13T15  1.807 0.027 234 286 321 171
14T15 1.946 0.025 252 308 346 184
15Ti1S 2.085 0.023 270 330 371 198
16T15 2.224 0.022 288 352 395 211
17T15  2.363 0.021 306 374 420 224
18T15 2.502 0.019 324 396 445 237
9TI8 2.007 0.019 266 297 349 178
12T18 2.676 0.014 354 396 465 148-194 237
6W8? 301 0.165 30 39.6 444 23
§ 8WS8 401 0.124 40 528 59.2 31
'§ 10W8 502 0.099 50 66 74 131-148 40
\ 12W8 604 0.083 60 79.2 88.8 47

ton = 1000 kg = 2205 1b

2 Direct selection of suitable tendon unit fromt he design load Fr. Data conform to French
Code. Key to notation: F,, = ultimate tensile load; Tg = 0.1 percent elastic limit; Es = elastic
limit (proportionality constant); Fr = design load.

& Dywidag bars.

© Strands: 8T13 = 8 strands #13 mm.

4 Wires.

From Pfister et al. (1982).
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the bond strength depends on adhesion, but even after adhesion is broken
friction between the steel and concrete continues to provide bond resistance.

With deformed bars this mechanism is changed. Adhesion and friction
still assist the interaction of steel bars and concrete, but most of bond re-
sistance is provided by the interlocks. The bond strength is provided pri-
marily by bearing of the lugs on concrete and by shear strength of concrete
along a column between the lugs. An idealized representation of bond in
terms of its components is shown in Fig. 4-3.

For reinforced concrete the bond stress u is computed, assuming uniform
distribution along the bond length, from the following expression

Sy

A P
S, L 3S,L @3)

u =

where f; = tensile stress in the steel bar
nominal cross-sectional area
nominal bar perimeter
embedded bar (bond) length
fsA; = force acting on the bar

~ =M
1l

Slabs, beams, walls, and other structural members properly designed for
flexure and tension generally are considered satisfactory in bond. Occa-
sionally, however, bond is checked for compliance with maximum allowable
values. American Association of State Highway and Transportation Officials
(AASHTO), for example, stipulates that the maximum bond stress should
not exceed the value given by the following expression

_ 4.8VT! -

umax d

but with an upper limit 500 psi (3.45 N/mm?). According to Eq. (4-4), the
allowable bond stress is proportional to the square root of the ultimate con-
crete strength f. and inversely proportioned to the nominal bar diameter d.
For f. = 4350 psi or 30 N/mm?, which is normal grout strength, and d =
1 in, the allowable bond stress from Eq. (4-4) is 317 psi or 2.2 N/mm?.

In anchor work, the development of grout—tendon bond is often consid-
ered adequate for the load transfer, as emphasis is placed on the ground-
grout interface. Relating tendon-grout response to conventional bond mech-
anisms, it is often assumed that any embedment length sufficient for the
ground—grout interface load transfer also ensures sufficient bond length at
the grout—tendon contact. However, the mode of failure of a tendon bonded
into grout of in situ ground anchors is markedly different from the bond
failure caused in pullout tests for conventional concrete work. Since in most
ground anchors the grout is usually in tension, as is the steel, the mechanism
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Fig. 4-3 Idealized representation of bond in reinforced concrete; (a) plain bars; (b)
deformed bars.

of bond action greatly depends on the respective elastic properties of the
steel and grout.

Guidelines and standards for permissible grout—tendon bond are, there-
fore, based on experimental data that relate specifically to known field con-
ditions of anchorage installations. For preliminary analyses and rule of
thumb estimates, recommended allowable bond stresses under proof load
should not exceed the following values, based on grout strength 30 N/mm?
(Littlejohn, 1980).

1.0 N/mm? (145 psi) for clean plain wire or plain bar tendon
1.5 N/mm? (220 psi) for clean crimped wire tendon
2.0 N/mm? (290 psi) for clean strand or deformed bar

These recommendations apply also to parallel multiple-unit tendons with
clear spacing not less than 5 mm. For noded tendons that mobilize me-
chanical interlock or grout shear strength, the minimum spacing criterion
does not apply. More guidelines are given in subsequent sections and in
Table 4-3.

The Mechanism of Bond between Cement Grout and Tendon,
Experimental Investigation

Figure 4-4 shows an enlarged view of grout—-tendon interface. The surface
irregularities are shown magnified, but in reality they are assumed large
enough to cause all three bond interactions: adhesion, friction, and interlock.

Adhesion. This is developed as physical attraction that attaches the mi-
croscopically rough steel surface and the surrounding grout. The two media
stick together, and the process is further promoted by molecular association.
Breakdown of adhesion is assumed to occur over those portions of the tendon
where bar slip corresponding to steel indentations dislodges the two mate-
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Fig. 4-4 Magnified view of grout-tendon interface showing normal microregulari-
ties on the steel surface.

rials and causes their detachment. This, however, occurs at a microscopic
scale.

Friction. This mechanism depends on the lateral confining stress, the surface
roughness of the steel, and the magnitude of slip. Friction decreases with
increasing lateral tension, whereas the longitudinal tendon pull has no in-
fluence on the magnitude of friction. Longitudinal pull is, however, nec-
essary for the condition of bar slip. There is also evidence that dilatancy
and wedge action contribute to increased frictional resistance.

Mechanical Interlock. Deformed bar tendons resist pullout as the same
bars in concrete. With plain tendons (bar, wire, or strand) mechanical in-
terlock is manifested at all major irregularities such as ribs, twists, and cou-
plings. Bearing failure against these projections can lead to splitting of the
grout column or local crushing of the grout.

The three components of bond are shown graphically in Fig. 4-5 as func-
tion of slip. In this context, bond is a mechanism progressively compounded.
For short embedment lengths and very small tendon slip adhesion prevails,
but with increasing embedment and larger slip all three modes will be
present.

Distribution of Bond

Figure 4-6 shows the progressive course of bond distribution at successive
stages of pullout test (Gilkey et al., 1956). The curves in (a) represent bond
stress intensities between steel and concrete. The curves in (b) show stresses
in the bar at successive points along the bond length; hence they are stress
distribution curves. Stress transfer is possible only by bond, which is present
only in the region of changing stresses in the steel or the grout.
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Fig. 4-5 Idealized representation of the three components of bond at grout-tendon

interface.

The distribution of bond is developed under the following mechanism:

1. Bond resistance is first developed as cohesion at the proximal end.
Only as slight slip occurs are tension and bond stresses progressively
transferred distally.

2. As the pull increases, the bulk of bond resistance begins to move to-
ward the distal end. Between the proximal end and the region of max-
imum bond concentration there is a fairly uniform friction drag of mod-
erate intensity.

>
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Fig. 4-6 Progressive course of bond distribution during pullout test: (a) variation
of bond stress and migration with increased load; (b) variation of total tensile stress.

(From Gilkey et al.,

1956.)
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3. “‘First slip’” occurs only after the bulk of bond resistance has migrated
along almost the entire bond length and is near the distal end.

4. After appreciable slip the primary adhesion disappears, and the force
is counteracted solely by friction or drag resistance, which is roughly
one half the ultimate resistance obtained (see Fig. 4.6).

Research work by Hawkes and Evans (1951) and later by Phillips (1970)
has provided a theoretical basis for bond distribution expressed by the ex-
ponential function

Uy = Upe d 4-5)

where u, = bond stress at distance x from the proximal end

u, = bond stress at proximal end
d = nominal bar diameter
A = empirical constant relating axial stress to bond stress in the

anchorage material

Philips (1970) has shown that if P is the total tension force (equal to the sum
of the total bond stresses acting on the bond area of the tendon), then

&u,
P= E-A—“- 4-6)

Combining Eqgs. (4-5) and (4-6) we obtain

AX

%(ndz) = Ae 7 4-7)

Equations (4-5) and (4-7) are plotted in Figs. 4-7 and 4-8, respectively, which
show the variation of shear stresses along the bond zone and its dependence
on the constant A. For greater values of A, the stress concentration is at
the free or proximal end, whereas for smaller values bond stresses are more
evenly distributed along the bond length.

Values of A have been estimated for steel anchorages in concrete (A =
0.28) by Hawkes and Evans (1951), but more meaningful and relevant values
for A should be forthcoming applicable to ground anchors. The factor A may
relate to the physical tendon characteristics and vary with the tendon type
(bar, wire, or strand).
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Fig. 4-7 Theoretical bond stress distribution along fixed anchor length under pullout
load. (From Hawkes and Evans, 1951.)
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Fig. 4-8 Load distribution along fixed anchor length for various values of empirical
constant A; valid for relatively large AL/d ratios. (From Phillips, 1970.)
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Factors Affecting Magnitude of Bond

Littlejohn and Bruce (1977) offer the following comments on bond and the
factors affecting its magnitude, applicable mainly to bar tendons.

1. Bond resistance, contrary to accepted belief, is not linearly propor-
tional to the compressive strength of grout. Bond continues to increase with
increasing grout strength, but in the upper grout strength range this increase
occurs at smaller ratio. Specifically, for grout strength less than 21 N/mm?
(or 3000 psi) bond appears to increase linearly with grout strength. The rate
of increase is reduced and is almost zero at high values of grout strength.
Thus, in the upper grout strength range (UCS > 42 N/mm? (or 6000 psi) no
increase in bond should be accepted for additional grout strength.

2. If a given embedment is increased, the resulting additional bond is not
proportional to the additional length. The average unit bond stress that can
be sustained by a plain bar tendon is greater for shorter bond length. Hence,
double bond length should not be expected to double bond resistance, but
the increase may justify the extra length.

3. Variations in age and curing conditions alter bond resistance to a lesser
degree compared to the same effects on compressive grout strength.

4. Information on the effect of bar spacing is limited, but for clear spacing
between 1d and 3d the difference in bond is insignificant.

For wire and strand, bond is affected by the following factors:

1. The helical arrangement of exterior wires causes strand to rotate while
undergoing slip through a grout channel, but the corresponding bond
increase is not significant. A strand rotation of 15° has been observed
after pullout tests (Anderson et al., 1964).

2. The magnitude of bond increases by about 10 percent for every 7-
N/mm? (1000-psi) increase in grout strength in the strength range from
16 to 52 N/mm? (2300-7500 psi). Wire and strand, therefore, respond
more favorably than bar to grout strength increase.

3. Results from pullout tests where wire or strand tendon was subjected
to lateral pressure from zero to 17 kN/m?, mechanically applied, show
linear increase in bond strength. Tendon confinement in the grout is
therefore essential, and grout shrinkage detrimental.

Effect of Rust and Coating. The effect of steel surface condition on bond
has been studied in tests, and useful information has been disseminated by
Kemp et al. (1968) for bars and Armstrong (1948), Base (1961), and Hanson
(1969) for wire and strand.

Tendons are exposed first to the aggressivity of the air environment while
they are stored prior to construction, and then to the aggressivity of the
ground and its effects on the steel-grout interaction.
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The appearance of deep flakey rust on bars, occurring usually after 6-8
months of exposure, blocks the contact surface and inhibits bond devel-
opment to the same degree as in the unrusted tendon. This problem is pre-
vented if all loose rust is wiped off from the tendon surface prior to homing.
However, slightly rusted bars with exposure up to three months can develop
bond resistance better than unrusted or wiped rusted bars. Loose powdery
rust that appears on bars the first few weeks of ordinary exposure should
cause no concern since it has no significant effect on bond.

Tendons should be kept clean, but caution is necessary in selecting clean-
ing methods since certain protective waxes and films from degreasing agents
have deleterious effect on bond. A light, thin uniform surface rusting pro-
vides useful visual quality control.

Epoxy coated bars develop strength essentially similar to uncoated bars
for film thickness less than 10 mils. Both liquid and powder epoxies perform
equally well, and the application method does not significantly affect bond
surface. Where bentonite slurry is used as the flushing medium, its effect
on bond strength should be explicitly understood. This can be more serious
for tendons where adhesion is the predominant bond mechanism. Bentonite
can also be trapped around and against bar projections and irregularities
with a subsequent effect on bond development.

Corrosion (see also subsequent sections), as it relates to cracking, can
become prime deterent to the transfer of load. Corrosion is likely to start
where the bar intersects a crack, and in the short term it will have significant
influence on crack width. If cracking occurs around a ribbed deformed bar,
at the end the force is primarily transferred from steel to concrete by me-
chanical action of the ribs as adhesion is largely lost.

Allowable Bond and Transmission Length

The allowable bond values and stresses recommended in this section will
provide safe and conservative transmission lengths. A transmission length
is the minimum length required to transfer initial prestressing to the grout
column by bond.

More refined procedures allow estimation of embedment lengths in terms
of bar diameter, but experimental evidence suggests that for small diameter
ordinary strand the transmission length is not proportional to strand diam-
eter. This is evident from Table 4-2, which gives transmission lengths for
strand for loads 70 percent ultimate and for grout strength of 35-48 N/mm?
(Littlejohn and Bruce, 1977).

Tests on Dyform compact strand embedded in grout with strength of 41—
48 N/mm? have established average transmission lengths of 30-36 diameters
at 70 percent ultimate load. Further variance in transmission length for strand
is also shown in FIP (1974b) survey of codes and specifications worldwide.
According to this survey, compact strand has transmission lengths 25 percent
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TABLE 4-2 Transmission Lengths for
Smali Diameter Strand

. issi th®
Diameter of Transmission Leng

Strand (mm) (mm) (Diameters)
9.3 200 (x£25) 19-24
12.5 330 (£25) 25-28
18.0 500 (+£50) 25-31

¢ Range of results given in parentheses.
From Littlejohn and Bruce (1977).

higher than the normal 7-wire strand, and a sudden release of load will
increase the transmission length by an additional 25 percent.

Feor single plain and deformed bars used as tendons, maximum allowable
bond stresses are shown in Table 4-3, based on British standards. For a
group of bars in the same unit a reduction factor is applied but without regard
to group geometry and minimum spacing. This factor is 0.8, 0.6, and 0.4 for
2, 3, and 4 bars in the same group, respectively. From Table 4-3 it is seen
that the allowable bond stress for deformed bars and grout strength of 30
N/mm? is 2.2 N/mm?, which is the same value estimated from Eq. (4-4) for
concrete of the same strength and bar diameter 1 in.

Bright or rusted, plain, or indented wire with small offset crimp (0.3 mm)
may require transmission length of 100 diameters and for grout strength not
less than 35 N/mm?2. With larger crimp (1.0 mm), the bond length may be
reduced to 60 diameters. In the same context, about 80 percent the maximum
stress is developed in lengths of 70 and 54 diameters for the small and large
crimp wire, respectively. Galvanized treatment can reduce bond to less than
half. Furthermore, tests on 5-mm-dia. wires (Morris and Garret, 1956) have
shown that the minimum necessary embedment is slightly over 1 m (about
3.5 ft).

Although the grout—-strand bond is higher than the bond on single wires
due to spiral interlock, the bond drops rapidly if the embedment is less than
0.6 m (2 ft). Tests on Freyssinet anchors with spacers have shown that each

TABLE 4-3 Maximum Allowable Bond Stress for Bar Tendons, Stipulated by the
British Code, for Neat Cement Grout

Characteric Strength of Grout (f., N/mm?)

20 25 30 40+
Type of -
Bar Maximum Bond Stress (N/mm?)
Plain 1.2 1.4 1.5 1.9

Deformed 1.7 1.9 2.2 2.6
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strand withstands from 156 to 178 kN (35-39 kips) at 0.6-m embedment
(strand capacity 178-270 kN). From this, investigators have concluded that
strand anchors do not need embedment lengths greater than 1.5 m (Golder
Brawner Assocs., 1973).

In general, higher uniformity is evident for strand—grout working bond
values than for bar and wire. The average bond developed by bars, partic-
ularly deformed types, is significantly higher than strand and wire bond
values. However, under the guidelines and recommendations of most current
codes, the actual factor of safety against bond failure is well in excess of 2.

More useful data on bond values for the three types of tendon are given
by Littlejohn and Bruce (1977).

Selection of Tendon Bond Length. For cement grout anchors, the min-
imum tendon embedment lengths recommended by a majority of codes are
(a) for tendons homed and bonded in situ, bond length = 3 m (10 ft); and
(b) for tendons bonded under factory-controlled conditions, bond length =
2 m (6.5 ft).

For shorter bond lengths, or where doubt exists regarding the actual factor
of safety, bond should be confirmed by full scale tests. A minimum grout
cover 20 mm (% in) should be maintained, usually with the use of centralizers,
and the cross-sectional area of the steel tendon should not exceed 15 percent
of the borehole area (Littlejohn et al., 1978).

Debonding

Debonding occurs mostly with high-capacity anchors (those with design
loads in excess of 200 tons metric (or 450 kips), and is manifested as the
ductile tendon transfers shear to the brittle cement grout over a relatively
long transmission length. As the load increases, cracking of the grout at the
interface begins to dominate, and causes loss of adhesion and friction over
a critical portion of the tendon embedment. Along this length tendon ex-
tension appears erratic, and tends to complicate interpretation of load—ex-
tension data, especially where acceptance criteria are based on extension
limits. Cracking of the grout also creates zones of unprotected tendon that
can initiate corrosion attack. Tendon density within the borehole appears
to affect the degree of debonding; hence it dictates the limits in tendon cross-
sectional area specified in the foregoing section.

Tests conducted by Muller (1966) on BBRV anchors stressed to 220 tons
(metric) indicate an unusual pattern of bond distribution along the fixed
length of the anchor (8 m long). This is shown in Fig. 4-9, and evidently the
stress distribution along the fixed zone is essentially nonuniform. At a load
of 50 tons, the force is by large transmitted over 75 percent the proximal
section, about 5.5 m, and almost dissipates at the distal quarter section,
giving average bond value 0.22 N/mm?. At 185 tons most of the load is
recorded at the lower half (4 m) of the fixed length, and debonding of the
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Fig. 4-9 Stress—strain distribution along tendon in fixed anchor zone; anchor
stressed to 220 tons. (From Muller, 1966.)

tendon is apparent along the upper half. About 30 tons are resisted at the
bottom, with a corresponding stress concentration there. Between points A
and C, the average bond stress is 0.98 N/mm?, and bond is inactive above
this zone. At 280 tons (not shown in Fig. 4-9), complete debonding of the
tendon occurred, and the entire load was resisted by the wedge at the end
of the anchor. Based on uniform distribution, the average bond stress would
be 0.65 N/mm?, or well below the allowable and the actual at 180 tons.

Decoupling equivalent to an extension of 2 m in the free length has been
reported by Eberhardt and Veltrop (1965) during stressing of a test anchor
installed in basalt, with capacity 1300 tons, fixed anchor length 11.5 m, and
diameter 406 mm. In some instances, spacers can cause decoupling, but
these effects are uncertain and cannot be quantified.

4-4 FAILURE OF GROUND-GROUT BOND

Basic Assumptions and Considerations

For most anchored structures the fixed anchor length is located beyond the
zone of influence of the potentially unstable area. Anchors are long and deep
enough so that bond at the anchor-ground interface is likely to fail before
shear failure occurs in the ground mass. For straight-shaft, cylindrically
shaped anchors, a convenient assumption is that shear resistance is mobi-
lized at the interface of the borehole, and is uniformly distributed along the
fixed length. The entire load is resisted in this fashion, whereas the free
length is not engaged in this interaction. Under these conditions, the total
shear resistance developed at the interface is a function of fixed anchor
dimensions and applied load. Where the anchorage diameter is larger than
the shaft diameter, the bearing capacity of the transfer area is added to the
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total ultimate capacity, which is thus derived from a compatibility of dis-
placements necessary to mobilize these reactions.

However, experimental and theoretical work has shown that shear resis-
tance between ground and grout column (whether soil or rock) is more com-
plex than the foregoing idealized model, and this complexity gives rise to
essentially nonuniform bond distribution. Whereas in many instances an
assumed mechanism of load transfer may result in designs that are grossly
inaccurate, it is reassuring to know that where certain sections of the fixed
zone are overloaded and shear failure is imminent, other sections begin to
receive and resist load so that equilibrium is reestablished. It is conceivable,
for example, that as a high-capacity anchor is loaded to its limit, the bond
stress at the proximal end will be extremely high and possibly approach the
condition of failure whereas the most distal parts may remain inactive and
in effect redundant.

For relatively shallow anchorages failure originating in the soil mass be-
fore the anchor itself fails is quite likely. However, this occurrence becomes
very remote as the fixed length becomes embedded in deeper strata since
in this case much higher load will be required to cause failure in the soil
mass. Eventually the bond between ground and grout may be exceeded along
the fixed length, and the anchor may pull out but without faiture of the ground
mass. If this failure is limited to a slip only, the regroutable anchor discussed
in the foregoing sections can restore anchor function and balance initial load
capacity lost in this fashion.

Bond resistance (adhesion or friction) is also known to depend on the soil
properties. An increase in the relative density of sand generally increases
the angle of internal friction, which in turn increases the frictional resistance
at the interface. For cohesive soils, increase in stiffness or decrease in plas-
ticity usually implies higher shear strength, with a corresponding improve-
ment in bond capacity.

Other factors that have considerable effect on bond resistance relate to
field operations. For example, the use of rotary percussive hammers to ad-
vance a casing in sand increases the normal stress, and this improves friction.
In cohesive soil drilling without casing or with casing using flushing water
tends to have softening effects and thus reduce shear. Postgrouting generally
improves load capacity in proportion to the magnitude of postgrouting pres-
sure (see also Section 4-9).

A Simple Theoretical Expression for Bond

For straight-shaft fixed length, the average (in this case uniform) shear (also
referred to as “*bond’’) stress 7 along the ground-grout interface can be
related to the applied load P by the simple expression

P = wDL+t (4-8)
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where D is the effective grout column diameter and L is the fixed anchor
length. This simplified approach is generally acceptable by many codes of
practice and investigators (Fargeot, 1972; Mascardi, 1973; Coates, 1970;
White, 1973). It is valid under the following assumptions:

1. The transfer of load from the grout to the ground occurs uniformly
over the fixed length.

2. The borehole and the fixed length have the same diameter.

3. Failure occurs by sliding at the ground—grout interface for a smooth
borehole, or by shearing along a zone adjacent to the interface for a
rough borehole (failure is thus manifested along the weaker shear zone,
which may be at the interface or away from it).

4. Debonding does not occur at the ground-grout contact area.

5. There are no discontinuities or weak planes that can alter the process
of failure.

The total shear resistance, or bond, at the interface is, consistent with
Eq. (4-8), the summation of two components: adhesion and friction. Thus,
the shear stress T is expressed as

T=c¢Cy+ 0, tand 4-9)
where ¢, = adhesion between ground and grout
o, = normal effective stress on the anchor zone
d = friction angle between the soil and the grout

Where shear strength tests are carried out on representative rock and soil
samples, all the factors in Eq. (4-9) are lumped into a single parameter. In
this case, the allowable bond stress is estimated from shear strength test
values with an appropriate factor of safety, normally not less than 2. In most
instances, however, the magnitude and actual distribution of bond is more
complex than the simple expression of Eq. (4-9). This subject warrants con-
sideration of all factors affecting bond, reviewed in the following sections
for various types of soil and rock.

4-5 FAILURE OF ANCHORS IN ROCK—STRAIGHT SHAFT

Among the four anchor types shown in Fig. 2-2, the straight-shaft tremie-
grouted type A is considered most suitable and applicable to rock because
of low cost and simplicity of construction. A straight-shaft anchor generally
is adequate for the transfer of load, and because of its frequent use it has
provided the basis for most theoretical and experimental work on rock an-
chorages.
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For preliminary estimates and feasibility studies of proposed anchorages
in rock, the bond length can be established from direct pullout tests. This
procedure consists of placing a core sample vertical in the center of a steel
form and filling the annular space with cement grout. After curing, the sample
is pressed out and the bond strength is estimated from the pullout force over
the contact area.

Ultimate bond strength values from various sources are available for nor-
mal conditions of loading and various types of rock. Table 4-4 gives such a
summary within typical ranges for the materials indicated. An excellent sur-
vey on rock-—grout bond values recommended for design or employed in
practice has also been compiled by Littlejohn and Bruce (1977).

Theoretical Data

Stress distribution around a cylindrical anchorage in triaxial stress field has
been investigated by Coates and Yu (1970) using finite-element methods.
Parts (a) and (b) of Fig. 4-10 show the basic geometry and finite-element
mesh, respectively, for the anchor model, which allowed load in tension or
in compression with stresses calculated for either loading.

The results show dependence of the shear (bond) stress distribution on
the ratio of the elastic moduli of the anchor material E, and the rock E,.
This variation is plotted in Fig. 4-11 for a fixed anchor length six times the
radius, and for E,/E, ratios 0.1, 1.0, and 10. The smaller this ratio (meaning
stronger rock and weaker grout) the larger the stress concentration at the
proximal end, whereas higher ratios (meaning softer rock and stronger grout)
result in bond that is more evenly distributed. For E,/E, close to or exceeding
10, which means anchorages in soft rock, uniform stress distribution is ac-
ceptable for all practical purposes. In this case anchor design can assume
bond resistance equal to the shear strength of the weaker medium (rock).

Tension in rock anchors will cause shear stresses at the interface, which
will in turn induce tensile stresses in the rock, with maximum value at the

TABLE 4-4 Ultimate Bond Strength Values for Various
Types of Rock

Ultimate Bond Strength

Rock Type (psi) (N/mm?)
Granite and basalt 250-450 1.72-3.10
Dolomite limestone 200-300 1.38-2.07
Soft limestone 150-200 1.03-1.38
Slates and hard shales 120-200 0.83-1.38
Soft shales 30-120 0.21-0.83
Sandstone 120-150 0.83-1.03

Weathered marl 25-36 0.17-0.25
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Fig. 4-10 Stress distribution around cylindrical anchorage in triaxial stress field:
(a) geometry of rock anchor; (b) finite-element mesh. (From Coates and Yu, 1970.)

proximal end. These stresses follow rapid dissipation radially at the distal
end as shown in Fig. 4-12. For a load of 1500 kN (337 kips) in a 75-mm-dia.
hole, the estimated average maximum tensile stress at the proximal end is
145 N/mm?, whereas at the distal end this stress is 48 N/mm?. It is incon-
ceivable, however, that rock will sustain these high-tensile stresses; hence
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Fig. 4-11 Variation of shear stress with depth along rock-grout interface; model
study. (From Coates and Yu, 1970.)
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Fig. 4-12 Variation of tensile stress o, in rock adjacent to the end of tension anchor.
(From Coates and Yu, 1970.)

cracking is likely to occur in the direction of the anchor and will dissipate
radially outwards reaching an equilibrium position. These cracks possibly
account for anchor creep often observed for some time after stressing.

Littlejohn (1982) quotes E, values for normal grout in the range 20-70
kN/mm?, whereas other investigators quote values from 10 to 20 kN/mm?
for cement composition and water/cement (W/C) ratios commonly used in
practice. Accepting average E, values for grout of about 15 KN/mm?, or
1.5 x 10* N/mm?, it follows that the rock must have E, values below 0.15
x 10* N/mm? before uniform bond distribution can be assumed. Relating
rock compressive strength and elastic modulus as proposed by Judd and
Huber (1961), whereby UCS = E,/350, it appears that the rock strength in
this case should be less than 1500/350 or 4.5 N/mm? (about 650 psi), which
excludes the majority of anchors installed in rock. Indeed, the usual E_/E,
ratio is between 0.1 and 1.0, and for this range bond distribution is markedly
nonuniform. In this case, stress concentration at the proximal end is very
likely, with stress values probably 5-10 times the average stress level.

1t appears that the mechanics of anchors in strong rock is not as yet fully
explained, although their construction and performance becomes less of a
problem because of the adequacy of the installation procedures available in
current practice. However, with high-capacity anchors, the subject of high
stresses at the proximal end as well as the effect of debonding on stress
distribution deserves further analytical treatment. As an initial approach to
better understanding, Phillips (1970) suggests the following pattern (see Fig.
4-13):

1. Following debonding, the restraint imposed by the rock on the uneven
rock—grout interface causes dilation. Additional anchor movement is
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Fig. 4-13 Hypothetical stress distribution around partly debonded fixed anchor
length in rock. (From Phillips, 1970.)

possible only through further shear failure of the grout, with a possible
stress distribution as shown in Fig. 4-13(a) and (b).

2. Residual bond stresses not affected by dilation will essentially depend
on the magnitude of normal pressure acting on the interface. This pres-
sure will vary along the debonded length, and if it is less than the grout
shear strength, the stress distribution will be as shown in Fig. 4-13(c).
If it is greater than the grout shear strength, the stress distribution will
revert to that of parts (a) and (b).

3. Under applied load, the stress distribution diagrams are likely to be
as shown in parts (d), (e), and (f) of Fig. 4-13. At large loads, the entire
anchor is practically debonded. At this stage the stress is distributed
according to the amount of relative movement and the degree of di-
lation or frictional shear strength mobilized, represented by part (f).
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Empirical Record on Bond Distribution

Tests by Berardi (1967) confirm the theoretical predictions of Coates and
Yu discussed in the foregoing section. These tests suggest an active zone
independent of the total fixed length, and dependent on anchor diameter and
strength characteristics of the supporting rock, especially its modulus of
elasticity.

The tests involved two anchors installed in marly limestone, with modulus
of elasticity 3 x 10* N/mm?, or about twice the E, value of normal grout,
and uniaxial compressive strength 100 N/mm? (about three times the strength
of normal grout). Both anchors had straight shaft 120 mm in diameter.

The diagrams of Fig. 4-14 are plotted using data from strain gauge mea-
surements, and clearly show uneven bond distribution. Further results show
that bond tends to be uniform for high E,/E, ratios, and becomes markedly
nonuniform for low ratios, that is, for rock with high strength.

Selection of Bond Values and Fixed Anchor Length

Where shear strength tests are performed on representative rock samples,
Littlejohn (1980) recommends maximum average working bond stress (as-
suming uniform bond distribution) not greater than the minimum shear
strength divided by the factor of safety (=2 and probably =3). This approach
is valid for soft rocks with uniaxial compressive strength less than 7 N/mm?
(1000 psi), and where the holes have been drilled using rotary—percussive
techniques. If shear strength data and pullout tests are not available, the
ultimate bond stress is often taken as one-tenth the uniaxial compressive
strength of massive rock (100 percent recovery) up to a maximum value 4.2
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Fig. 4-14 Distribution of bond along fixed anchor length in rock. Data obtained
from load tests. (From Berardi, 1967.)
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N/mm? (600 psi). For rocks classified as granular weathered variations the
one-tenth value may be unnecessarily low, and in this case the ultimate bond
stress can be taken as 20-35 percent UCS.

Recommended design bond values are summarized in Table 4-5 for a wide
range of igneous, metamorphic, and sedimentary rocks. Where shown, the
factor of safety correlates ultimate and working bond stress based on uniform
bond distribution. The average working bond stress ranges from 0.35to 1.4
N/mm? (50-200 psi).

Fixed anchor lengths used or recommended in practice for cement grouted
rock anchors are presented in Table 4-6, and cover Europe, North America,
and South Africa. Fixed lengths longer than those indicated are justified
where nonhomogeneous conditions prevail and the design cannot be con-
firmed by tests. However, there is no evidence to indicate that fixed anchor
lengths greater than 10 m (30 ft) can have any real effect on anchor capacity;
hence this value is accepted as the upper limit. Fixed lengths shorter than
those indicated may be sufficient, especially under a generous factor of safety
and in certain controllable conditions. For short anchors, however, a sudden
change .in rock quality or discontinuities along the fixed length combined
with construction inefficiency can amplify the effect on anchor capacity.
Thus, the specified minimun length for the fixed anchor zone is 3 m (10 ft).

In general, estimation of fixed anchor length should be supplemented by
relevant geologic and geotechnical data. Among these, groundwater con-
ditions are important, especially water table, rate of flow, pressure, and
aggressivity. Site investigations (discussed in detail in subsequent sections)
should also address the potential of construction difficulties.

In soft rocks, weatherability and durability should be assessed from sam-
ples obtained at the depth of the proposed fixed zone. The degree of rock
weathering will affect not only ultimate bond but also load-deflection be-
havior. A fairly accurate value of the modulus of elasticity can only be
obtained at high cost, but is very useful considering its effect on bond dis-
tribution,

4-6 FAILURE OF UNDERREAMED ANCHORS IN ROCK

The type D anchor with a series of enlargements shown in Fig. 2-2 is common
in stiff to hard cohesive deposits. Many contractors, however, use it in
relatively soft rock in a similar configuration, specifically as shown in Fig.
4-15. In this case, ultimate capacity is not only governed by the shear failure
mechanism that applies to the straight shaft anchor, but also depends on the
crushing strength of both rock and grout material.

In solid massive rock with few bedding planes, it is reasonable to assume
that each underream will exert forces on the rock mass that tend to be
dissipated at an angle of 45° from the direction of the pull. The conical stress
fields thus produced will overlap and form one large cone expanding upwards
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TABLE 4-6 Fixed Anchor Lengths for Cement Grouted Rock Anchors
Recommended in Practice

Fixed Anchor Length (meters)

Minimum Range Source
3.0 Sweden—Nordin (1968)
3.0 Italy—Berardi (1967)
4.0-6.5 Canada—Hanna and Seeton (1967)
3.0 3.0-10.0 Britain—Littlejohn (1972)

3.0-10.0 France—Fenoux and Portier (1972)
3.0-8.0 Italy—Conti (1972)

4.0 South Africa—Code of Practice (1972)
(very hard rock)
6.0 . South Africa—Code of Practice (1972)
(soft rock)
5.0 France—Bureau Securitas (1972)
5.0 USA—White (1973)
3.0 3.0~-6.0 Germany-—Stocker (1973)
3.0 Italy—Mascardi (1973)
3.0 Britain—Universal Anchorage Co. Ltd. (1972)
3.0 Britain—Ground Anchors Ltd. (1974)
3.5 Britain—Associated Tunnelling Co. Ltd. (1973)
(chalk)

From Littlejohn (1980).

in the direction of the top of the borehole, as shown in Fig. 4-15. Pullout
resistance is provided by this large inverted cone, so that the deeper the
penetration of the anchor in rock material the larger the ultimate load that
can be resisted by the anchor-rock interaction. In bedded or fractured rock,
cone size and shape will vary with the distribution of bedding and cleavage
planes and also with the grout take in the fissures, whereas in badly decom-
posed and broken material the stress distribution pattern will approach an
underreamed anchor in clay.

It is documented from field experience that the mode of failure of shallow
anchors in rock (total length <10 ft) follows the conical form described,
although there is difference of opinion regarding the angle of the cone (see
also subsequent sections). High-capacity anchors should not be constructed
with the fixed zone in close proximity to the surface, since their capacity is
governed by cone failure.

An important factor relevant to underreamed anchors is the mechanism
of load transfer from the steel tendon to the grout and then to the rock.
Stress distribution should be as even as possible, and local concentration
should not occur. In this context, a plain smooth bar terminating in end-
bearing plate is unsuitable since it will cause premature failure of the grout
or rock by crushing in the end zone due to intense stresses concentrated at
this location.
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Fig. 4-15 Diagrammatic presentation of underreamed anchor in rock. Assumed fail-
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For rock anchors with average borehole diameter about 115 mm (or 4}
in), underreams are usually formed with 12-in (300-mm) diameter. Either
two or four underreams are provided per anchor. The advantages of un-
derreams diminish as rock strength increases, and with hard massive rock
underreaming is not necessary. Provided the tendon layout is designed to
ensure uniform bond distribution (e.g., basketed and bonded strand tendon),
the cone effect is approximated by the following empirical expression re-
lating fixed length L, applied load P, underream diameter D,, and working
(allowable) shear stress 7, (Nicholson et al., 1982):

P
L= ixD,v “19)
3 utw

Equation (4-10) replaces the cone effect by an equivalent columnar shear
resistance. The working (allowable) stress 1, is derived from the ultimate
shear resistance of the grout or rock (whichever is smaller) with an appro-
priate factor of safety, not less than 2 and preferably 3.

4-7 FAILURE OF COMPRESSED TUBE ANCHORS IN ROCK

The response of compressed tube anchors to load was discussed in Section
3-2 in conjunction with the behavior shown in Fig. 3-7. The transfer of force
from the tendon to the anchorage medium through a tube subjected to
compression is accomplished under increased bond resistance along the in-
terface as the walls of the tube undergo bulging. This process also eliminates
the disking normally observed around a grouted bar or strand in tension.
The shifting of the shear resistance zone along the tendon shown in Fig. 4-
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6 for tension-type anchors as the tensile force increases is essentially absent
in compressed tubes. Indeed, results of tests carried out by Ivering (1981)
confirm that there is no significant movement of the bond wave along a
grouted steel tube subjected to compression until the axial compressive
stress in the tube exceeds the elastic limit.

This conclusion is consistent with test results reported by Schwarz (1972)
showing that in compressed tube anchorages the effects of friction drag,
commonly manifested with grouted bars in tension, do not appear. These
anchors were loaded first to the plastic limit and then beyond this limit, but
the resulting extension of the reaction length caused no appreciable increase
in load-carrying capacity.

Lateral expansion of the tube in compression reduces slip between the
tube and surrounding grout considerably. Figure 4-16 shows stress/strain
diagram obtained from loading and unloading a 10-m-long tube anchor. The
system consists of a steel tendon 32 mm in diameter, and a steel tube, 52
mm OD. The stress—strain characteristics lead to the conclusion that friction
and slip at the end of the compressed tube anchorage can be disregarded
{(Weber, 1966).

Problems in the Transfer of Load. Improved and modified versions of
compressed tube anchors have appeared on the market. For example, the
new type of Stump Duplex anchor shown in Fig. 3-8 incorporates a seal that
prevents entry of grout into the annulus between the tendon and the inside
wall of the tube, and also includes a mechanism for destressing and removing
the tendon from the tube.

However, irrespective of improvements, certain problems associated with
the transfer of load have been experienced and reported by several inves-
tigators, and these problems are yet to be solved. For example, several
anchor failures have been documented, and it is interesting to note that most
of them actually occurred while the compression on the tube was very low,
in some instances of the order of 10 percent the design load. These surprising
failure incidents are clearly inconsistent with the expected ultimate load,
and in most cases they occurred suddenly. Ivering (1981) reports similar
failures in laboratory tests on compressed tubes. Inasmuch as the space
inside the tube was not grouted, failure was caused by lack of sufficient bond
between the outside face of the tube and the surrounding grout rather than
along the rock—grout interface. The implicit conclusion is that in a tube of
relatively smooth outside surface, compressive stresses of considerable in-
tensity must be developed and cause the tube to bulge as shown in Fig. 3-
7(a) before adequate bond resistance becomes available by the process of
lateral expansion and radial compression. Until the latter becomes effective,
failure in early loading stages is always likely but can be prevented by in-
creasing the initial grip of the compressed tube. This can be accomplished
by the following means: (a) increasing the length of tube, (b) increasing
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Fig. 4-16 Stress—strain diagram for 10-m-long compressed tube anchor. (From
Weber, 1966.)

surface roughness, (¢) welding steel spacers to the tube, and (d) forming the
tube in the shape of wedge.

Results from Pushout Tests. Table 4-7 shows results from pushout tests
on compressed tubes carried out at the New South Wales Institute of Tech-
nology. The tests involved four steel tube specimens embedded in concrete
blocks. The tubes were mild steel, with outside and inside diameters of 40
and 25 mm, respectively.

The higher ultimate load for the shorter tubes is explained by the increased
surface roughness on these specimens (indentation depth 0.05-0.10 mm).
These tubes also incurred greater slip at both the loaded and the free ends.
Data from a short tube specimen with 90 mm OD and 900-mm embedded
length are plotted in Fig. 4-17. One of the most significant results is that
load capacity in terms of bond resistance reaches its maximum when the

TABLE 4-7 Results on Pushout Tests on Compressed Tube Anchors (Outside
Diameter 40 mm; Inside Diameter 25 mm)

Ultimate Slip at Slip at
Specimen Length Load Loaded End Free End
No. {mm) (kN) (mm) (mm)
1 1100 250 0.290 0.0005
2 1100 350 0.738 0.004
3 900 275 0.745 0.005
4 900 350 1.495 0.009

From Ivering (1981).
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Fig. 4-17 Axial compression and bond stresses. Compressed tube specimen: 90 mm
outside diameter; 900 mm embedded length. (From Ivering, 1981.)

compressive stress at the point of load application exceeds the elastic limit.
Thus, with compressive stress 400 MPa (clearly beyond the elastic range),
the bond stress reaches a maximum 7 MPa on the bond resistance wave.
With compressive stress 260 MPa (in this case the yield stress), the maximum
bond stress on the wave curve is 4 MPa. Under maximum compression
(applied load 308 kN) the calculated average bond stress over the embedded
length is 3.17 MPa, which is well in excess of the average grout—tendon bond
stress for tension tendons.

Contrary to the foregoing experimental results, elastic analysis shows only
a minor effect of developed lateral stresses and induced radial compression.
Inasmuch as this discrepancy is yet to be explained, at present the design
of compressed tube anchorages should be approached with caution in weak
foundation media where developed lateral compression is limited.
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4-8 FAILURE OF ANCHORS IN SAND

Basic Principles

In many instances, anchors in cohesionless soil can sustain loads in excess
of 300 kips over a fixed length of 4-8 m (13-26 ft) and with shaft diameter
10-15 cm. These reported loads cannot be explained by the classic laws and
theories of soil mechanics. However, this load capacity has been explained
by backanalysis of field tests data whereby the effect of soil conditions,
anchor dimensions, construction techniques, and miscellaneous factors that
are not numerically assessed is quantitatively measured and included in the
analysis. Thus, experience demonstrates that ultimate load of anchors in
sand depends on the following: (a) relative density and degree of uniformity
of the soil; (b) fixed anchor geometry and dimensions (mainly the length and
to a lesser degree the diameter); (c) method of grout injection and grout
pressure used; (d) dilatancy in the soil, which can result in higher normal
stresses, hence greater friction at the grout—soil interface; and (e) to a lesser
degree, the drilling methods and equipment.

In the context of design priorities, before the loads and fixed anchor zones
are established it is necessary to obtain accurate soil data, including, sieve
analysis, grading curves, angles of internal friction, and sand strata thick-
ness, all discussed in detail in subsequent sections.

Anchors in sand can have their fixed length formed in the configuration
of type A, B or C in Fig. 2-2. Each type is suitable and feasible for a given
set of ground conditions, namely, soil density, porosity, and particle size.
Furthermore, the use of pressure grouting techniques implies that increased
anchor capacity can be attained since greater penetration of cement grout
into surrounding soil medium causes consolidation and densification,
whereas a residual ‘‘locked-in’’ grout pressure remains in the fixed zone
after completion of pressure grouting.

In relatively fine but dense compact sand, cement grout tremied into a
borehole will most likely produce a straight shaft in the fixed zone. Cement
grout injected under pressure of 10-40 psi (0.069-0.28 N/mm?) in sand with
permeability between 10" and 1072 cm/s will penetrate the soil pores and
most likely produce type B anchor zone, normally of nonuniform diameter.
Likewise, in coarse sand with relatively nonuniform characteristics, grout
injection under pressure is likely to produce type C fixed zone. Examination
of grouted bodies extracted from fixed anchor zones confirms the effect of
soil density and grouting pressure on anchor load capacity and configuration.
The zone immediately adjacent to the borehole is recompressed, and the
accompanying densification results in increased skin friction.

From the foregoing it follows that several interaction modes are possible.
For a straight shaft to be produced, the cement particles of the grout mix
must be blocked at the interface although some water from the mix is filtered



160 THE TRANSFER OF LOAD AND MODES OF FAILURE

toward the soil. Enlarged cylinder (type B), with either uniform or variable
diameter, is obtained where grout mix penetrates into soil pores through
deep filtration extended beyond the borehole interface under higher pres-
sure. The irregular form of type C is created in fairly nonuniform soil varieties
and in conjunction with high injection pressure whereby fissures and grout
roots are formed erratically until further penetration is restrained by the
shear strength of the cement grout.

Empirical Estimation of Load Capacity (Straight Shaft and Enlarged
Cylinder)

Enlarged Cylinder. For low pressure grouted type B anchor in sand, field
trials have provided the following empirical rule for estimating ultimate load:

T; = LN’ tan ¢ 4-11)
where T; = ultimate load capacity (kN)
L = fixed anchor length (m)
N’ = a constant factor
¢ = angle of internal friction of sand

The constant parameter N’ includes the effect of overburden pressure, fixed
anchor diameter, in situ stress field, and dilation characteristics. The drilling
techniques assume rotary-percussive tools with water flushing. Grouting
pressures are up to 1 N/mm? (145 psi).

Where the fixed anchor length is quoted in meters (m), N' values range
from 400 to 600 kN/m. If the fixed anchor length is expressed in feet (ft),
N' values range from 27 to 41 kips/ft. Equation (4-11) takes into account soil
permeability from 10~ ! to 10~2 cm/s, overburden depth to the top of the
fixed anchor 20-45 ft (6-14 m), effective average diameter of the enlarged
cylinder in the fixed zone 15-24 in (380-610 mm), and range of anchor lengths
within the limits normally employed in practice.

Straight Shaft. Equation (4-11) is also valid for straight-shaft fixed anchor
zone. In this case, soil permeability is likely to be from 1072 to 10~ * cm/s,
which will inhibit permeation of sand by cement grout so that an essentially
smooth and straight shaft will result. The N’ values range from 130 to 165
kN/m if the fixed length is quoted in meters, and from 9 to 12 kips/ft if this
length is given in feet. Likewise, Eq. (4-11) is valid for overburden depth to
the top of the fixed anchor 18-30 ft (5.5-9 m), and effective average shaft
diameter 7-8 in (280-310 mm).

Equation (4-11) provides simple but crude estimation of fixed anchor
lengths and load capacity with probably upper and lower limits, but tends
to be conservative since it does not consider important ground parameters.
Deviation between estimated and actual load capacity is more significant if
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this rule is applied to dense overconsolidated alluvium where N' values were
initially established in normally consolidated materials (Littlejohn, 1980).

Effect of Pressure Grouting. This is known to increase anchor load ca-
pacity since greater penetration of cement grout into soil is achieved. As a
rule of thumb, permeability of the order 10~! to 10~2 ¢cm/s will allow soil
infiltration by the grout, and permeability of the order 1073 to 10~ % cm/s
will cause soil densification local to the borehole. In conjunction with pres-
sure grouting, a further empirical formula is derived from field trials, and
relates ultimate load as follows:

Ty = p'wDL tan ¢ 4-12)

where D and L are again effective anchor diameter and fixed length, re-
spectively, and p’ is the grout pressure taken as 2 psi (0.014 N/mm?) for
every foot of overburden above the top of fixed anchor. This value of p' is
used as average over the fixed length. The intent of Eq (4-12) is to express
the increase in grout—~soil friction due to pressure grouting, but it also relates
to known dimensions. It is interesting to note that actual grout pressures
different from p’ as given above have been used to check anchor capacity
determined in this manner, but deviations have been found to be subject to
variability in site conditions (Nicholson et al., 1982). For example, the in-
sertion into Eq. (4-12) of the very high postgrouting pressure associated with
the tube-a-manchette technique will give results unrealistic and unsafe.
Thus, the foregoing empirical rule is recommended if used in conjunction
with actual grout pressures which are compatible with the definition of the
p' parameter.

Theoretical Analysis (Straight Shaft and Enlarged Cylinder)

The ultimate load capacity T in sand is derived in a more general form from
bearing capacity theories as follows:

T; = Ac/mDL tan & + Byh TZT (D* — &) @-13)
where A = ratio of constant pressure at the fixed grout-soil interface to the
average effective overburden stress
vy = unit weight of soil (effective weight below the water table)
h = depth of overburden to top of fixed anchor
L = fixed anchor length

o, = average effective overburden pressure adjacent to fixed length
(taken at midpoint)
D = effective fixed anchor diameter
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¢ = angle of internal friction
B = bearing capacity factor
d = nominal anchor diameter above fixed zone

Equation (4-13) includes the effect of side shear and end bearing, and is
applied under the following guidelines:

1. The dimension D usually is estimated from grout intake and in con-
junction with ground porosity. In coarse sand and gravel and for bore-
hole nominal diameter 100-150 mm (4-6 in), values of D attained range
from 400 to 500 mm (16-20 in), or from 3d to 4d. Grout pressure is
relatively low and less than 1 N/mm? (145 psi).

2. In medium dense sand grout permeation is limited and can cause local
compaction only. For the same borehole diameters (100-150 mm) and
grouting pressure up to 1 N/mm?, D values may be from 200 to 250
mm or 1.5d to 2d.

3. For very dense sand D is further reduced, in the range 180-200 mm
or 1.2d-1.5d.

The parameter B is generally smaller than N, (conventional bearing ca-
pacity factor). For the slenderness ratio of ground anchors N,/B = 1.3-1.4
(Trofimenkov and Mariupolskii, 1965). The factor N, is related to ¢ as shown
in Fig. 4-18 for h/D = 25. The influence of slenderness ratio /D on N, is
shown in Table 4-8, and clearly this effect diminishes for #/D > 25 so that
N, is reasonably estimated from Fig. 4-18. For compact sandy gravel (¢ =
40°) and compact sand (¢ = 35°), in situ measured values of B are 101 and
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Fig. 4-18 Relationship between bearing capacity factor N, and angle of internal
friction ¢° for slenderness ratio 25. (From Littlejohn, 1980.)
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TABLE 4-8 Approximate Relationship between Bearing Capacity Factor N, and
Slenderness Ratio of the Anchor

¢
hiD 26° 30° 34° 37° 40°
15 11 20 43 75 143
20 9 19 41 74 140
25 8 18 40 73 139

From Littlejohn (1980).

31, respectively (Littlejohn, 1980). For the same friction angles, values de-
rived from Fig. 4-18 are about 100 and 35, respectively, and in good agree-
ment with in situ values.

Values of A for enlarged cylinder (type B anchor) and for grout pressures
of up to 1 N/mm? (145 psi) have been measured in situ. For compact sandy
gravel with ' = 40°, A = 1.7. For compact sand with ¢ = 35°, A = 1.4,

Considerable doubt exists with respect to the real value of the end-bearing
component of Eq. (4-13) in anchor design. Because side shear is mobilized
at smaller axial displacement than end bearing, the entire shaft resistance
must be developed before any load can be transferred by end bearing. For
very dense compact soil the end bearing surface is small, hence end bearing
is a very small component of the total resistance. In loose material, on the
other hand, end-bearing surface is large, but before any bearing resistance
is mobilized there anchor yielding may be excessive and equivalent to failure.

Ignoring end bearing, Eq. (4-13) reduces to the following

Ty = KywDLo, tan ¢ 4-14)

where all parameters are the same, and K is an appropriate coefficient of
earth pressure. Equation (4-14) has been used regionally for grouted bar
anchors in medium to dense sandy gravel with cobbles (¢ = 35°-42°). Prob-
able K, values are shown in Table 4-9. The value 1.4 for dense sand was
obtained from field tests in Boston for the Bauer anchor (Oosterbaan and
Gifford, 1972).

Where the effective fixed anchor diameter D is in question, Eq. (4-14)
may yield misleading results. In such cases, the following expression is sug-
gested, relating ultimate load to effective borehole diameter d

T; = KywdLo, tan ¢ (4-15)

where K, is empirically estimated to range from 4 in coarse silt and fine
sand, to 9 for dense sand and gravel, with an average value of 6 for injection
pressures 0.3-0.6 N/mm?. Comparison of K; and K values, and also noting
the approximate relation between D and d, suggests that the products K, D
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TABLE 4-9 Recommended Values for Earth Pressure Coefficient K for Use in Eq.
(4-14)

K, ‘ Soil Type Injection Pressure
0.5-1.0 Fine sand and silt for low and high Low grout pressure
relative density, respectively
1.4 Dense sand Low pressure
1.4-2.3 Medium to dense sandy gravel with No grout injection
cobbles pressure

and K,d are largely equivalent; hence Eq. (4-14) and (4-15) involve the same
uncertainties and approximations.

Effect of Grouting Pressure. If the soil is not compacted or displaced
during casing installation, and if no residual grout pressure is left at the fixed
length grout-soil interface on completion of the injection phase, the factor
A in Eq. (4-13), estimated in the range 1-2, may reduce to the K, value.
This reduction is, however, unnecessarily severe, and even if the grout is
tremied, A is not likely to be less than 1. For most soils, especially with
fine-grained materials, A depends on the residual grout pressure at the fixed
zone, which is considered function of the injection pressure. During injec-
tion, cement particles form a filter cake at the interface through which only
water escapes; hence part of the injection pressure is transmitted to the soil.
When grouting is completed, the shear strength of the cement mix combines
with ground restraint to cause a residual pressure to be locked into the
system. This mechanism provided the basis for developing Eq. (4-12), which
relates ultimate load to injection pressure.

In this context, several contractors use a modified version of Eq. (4-12)
as follows

Ty = penDL tan ¢ (4-12a)

where p, is the grout injection pressure. Equation (4-12a), however, tends
to overestimate pullout capacity, even if § of p, is actually used in estimating
T, (Littlejohn, 1980). As the in situ permeability increases, filter cake for-
mation is replaced by rheological blocking whereby more grout escapes,
hence more injection pressure tends to dissipate until further flow of grout
is restrained by its own plastic stiffening. It is not surprising, therefore, that
in soil with higher permeability such as gravelly sand a lower injection pres-
sure remains locked in. This important difference should be recognized in
interpreting ultimate capacity values, for example the data from Fig. 2-18.
Essentially, such data are valid for type C anchors where erratic permeation
of the grout into soil occurs under injection pressures normally exceeding
2 N/mm? (290 psi).
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Load Capacity of Type C Anchors

In view of the random geometry of the fixed zone in type C anchors, theo-
retical predictions of load capacity are not reliable. Ultimate load estimates
usually are based on design curves derived from field tests for a particular
range of soil and ground parameters.

In alluvium, limited data are available from tests in medium sand, and
also in variable deposits of sand and gravel, for effective borehole diameters
of 100-150 mm. Estimated ultimate load capacity at the fixed anchor length
is 90~130 kN/m for injection pressure 1 N/mm?, and 190-240 kN/m for in-
jection pressure 2.5 N/mm? (Littlejohn, 1980).

Tests on Anchors in Sand

Comprehensive tests on anchors in sand have been carried out by Werner
(1972), Ostermayer (1974), Wernick (1977), Ostermayer and Scheele (1978),
Fujita et al. (1978), Shields et al. (1978), and Somerville (1981). These tests,
in addition to details on the mode of load transfer, have also provided em-
pirical design rules for type C anchors.

Figure 4-19(a) shows the effect of soil type, density, and fixed anchor
length on ultimate load. The graphs represent results of tests on 30 anchors
loaded to failure. Fixed anchor length is seen to vary from 2 to 10 m, and
the injection pressure has an average value of 0.5 N/mm?.

The results confirm the conclusions earlier reported by Ostermayer
(1974). For a given soil, ultimate load capacity increases rapidly with higher
soil density, and for the same relative density the load capacity increases
with higher coefficient of uniformity. The increase in load-carrying capacity
observed with length tapers off and diminishes for fixed length exceeding
10 m. The load capacity appears to increase with fixed anchor diameter up
to 10 cm dia., but in the range 10-15 cm this effect becomes rather uncertain,
as shown in Fig. 2-19(b). Compared with these factors, increase in grouting
pressure over the range 0.5-5.0 N/mm? was found to have a less marked
effect on pullout capacity.

The calculated skin friction from these tests is as high as 500 kN/m? {10
ksf (kilopounds per square foot)] for sand, and almost 1000 kN/m? (20 ksf)
for sandy gravel. Inasmuch as these values are considerably higher than
those predicted by conventional soil mechanics, a possible explanation is
the locking-in and wedging effect caused by dilatancy as the anchor is given
a pull. Soil dilatancy is manifested by the relocation of soil particles within
a soil continuum under stress, the relocation causing expansion of the soil.
If it is restricted laterally, the result can be increase of the in situ active
stress by as much as 2-10 times the effective overburden stress. In situ
density measurements by standard or dynamic penetration tests are related
to ultimate load capacity in Fig. 4-20 for the three fixed anchor lengths used
in the tests—namely, 3, 6, and 9 m. The capacities shown include the effect
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Fig. 4-19 (a) Ultimate load capacity of anchors in sandy gravel and gravelly sand
showing the effect of soil type, density, and fixed anchor length; (b) effect of diameter
and fixed length on skin friction. (From Ostermayer and Scheele, 1978.)

of dilatancy. Fluctuations in test results are thus possible due to soil inho-
mogeneity. Direct correlation between maximum skin friction and N values
from standard penetration tests is given in Fig. 4-21 (Fujita et al., 1978),
derived by an analytical model in conjunction with field tests.

Dilatancy has been theoretically investigated by Somerville (1981) as-
suming that the soil above an anchor behaves in a manner appropriate to
solid material, and the soil continuum is extensive in the lateral direction.
For a given anchor inclination and depth, the stress conditions during anchor
pullout are expressed in terms of total overburden stress by an appropriate
factor M, which is the soil dilatancy factor. It is then possible to correlate
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Fig. 4-20 Relationship between ultimate load capacity, fixed anchor length, and
dynamic penetration resistance: sandy gravel and gravelly sand. (From Ostermayer

and Scheele, 1978.)

ultimate load and fixed anchor length from an analysis of the failure mode,
whereas results therefrom are verified and modified by backanalysis of in
situ tests. The soil dilatancy factor is directly related to the soil relative
density at the point of anchor failure. Values of M between 3.9 and 4.6 are
theoretically possible with soil of high relative density, especially when the
anchor is at a critical inclination (estimated between 40° and 44° from the
horizontal). Dilatancy tests on various soils and relative densities have been
carried out by Rowe (1962).

2)

T max {kg/cm

NO.2
['b i,
—
.. L Y 4 L[]
3F g
» /.
2k . ”*
oo, Tmax=00584N+0546
5 ERNTY
0 1 1 1 1 A I I A .
10 20 30 4L - 50
N

Fig. 4-21 Correlation of maximum skin friction and average (mean) value. (From

Fujita et al., 1978.)
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Somerville (1981) has produced Table 4-10, which shows values for var-
ious soil relative densities, anchor inclinations, and pullout loads. Two fixed
anchor diameters have been used in the backanalysis, with the larger applied
to pressure grouting,

Unusually high magnitude of load transfer was experienced with anchors
in very dense fine to coarse gravelly sand in Washington, D.C. (Shields et
al., 1978). Since the diameter of the extracted grouted body was only slightly
greater than the borehole, these investigators conciuded that at ultimate load
as much as 25 ksf (1200 kN/m?) skin friction was mobilized at the interface,
corresponding to a radial stress 36 ksf, which cannot be accounted for by
classic theories. Dilatancy was again suggested, in conjunction with in-
creased density and uniformity coefficient. This effect was assumed to have
been achieved by the construction characteristics, namely the driving of
closed-end casing followed by pressure grouting, which served to increase
relative density.

Evaluation of Test Results. Estimation of ultimate load capacity based on
the assumption of average uniform friction still remains a good practical
choice, although actual field values are rare since contractors are often re-
luctant to report anchor failures. Actual distribution of friction from instru-
mental field tests is shown in Fig. 4-22 for fixed anchor lengths from 2 to
4.5 m, and for loose, medium dense, and very dense sand.

The apparent effect of soil density is clearly demonstrated by the maxi-
mum friction values 150, 300, and 800 kN/m? for loose, medium dense, and
very dense gravelly sand, respectively. The 4.5-m-long anchor in loose and
medium dense gravelly sand has near uniform friction distribution along the
ground-grout interface. However, for dense and very dense materials, max-

TABLE 4-10 Correlation between Dilatency Factor M and Pertinent Soil-Anchor
Parameters”

Fixed M M
Anchor Inclination Length Force T RD D = 1.33d D=d
No. B (m) (kN) ¢ (B =152mm = 114mm
1 35 7.0 765 38° 88 2.37 3.16
2 35 7.0 730 38° 88 2.26 3.01
3 35 7.0 510 38° 88 1.59 2.12
4 35 7.0 612 38° 88 1.90 2.53
S 35 7.0 635 38° 88 1.97 2.63
6 30 7.0 384 36° 85 1.52 2.03
7 30 7.0 720 36° 85 2.83 3.80
8 32 7.0 720 37° 85 2.56 3.41

Key to notation: M = dilatancy factor; RD = relative density; D = diameter of grouted body;
d = casing diameter; 8 = anchor inclination with horizontal; ¢’ = effective friction angle.

From Somerville (1981).
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Fig. 4-22 Distribution of long-term friction v, at ultimate load in relation to fixed
anchor length and soil density; anchor diameter 91-126 mm in gravelly sand. (From
Ostermayer and Scheele, 1978.)

imum friction values occur along a relatively short length, which begins at
the proximal end and shifts distally as the load increases. It is interesting to
note that displacements of the order of 2-3 mm only are sufficient to mobilize
high load resistance values.

Pressure grouting may restress the soil medium and thus restore it to its
initial in situ relative density, but it appears from backanalysis results that
the extent of this effect is not always certain. A disturbed soil continuum
should not be expected to be replaced in its particle interlocking by pressure
grouting once this interlocking has been disturbed by the installation process.

If the limit value or maximum friction can be assumed to be the same for
different fixed anchor lengths, it follows that the mean value of friction for
long anchors is smaller than for short anchors, and this is apparent in Fig.
4-19(a). Stated otherwise, there is a critical limit to the effective fixed anchor
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length beyond which there is no significant increase in load capacity. As
shown in Fig. 4-23, for dense sand the load capacity increases by insignificant
amounts for fixed anchor lengths greater than 6.7 m. The 6-7-m fixed-length
limit suggested by Ostermayer is thus meaningful and economically prac-
tical.

Load Capacily by Correlation and Regression Analysis. Kramer (1978)
has proposed to estimate anchor load capacity in sand using statistical meth-
ods, and specifically linear multiple regression analysis (Littlejohn, 1980).
This procedure represents a refined attempt to include all relevant regression
constants, boundaries of grain size distribution, depth of overburden, and
other pertinent fixed anchor and ground parameters. However, even with
the analytical precision inherent in mathematical analysis, the effect of dif-
ferent construction techniques still remains unquantified, and thus no
method is entirely complete without recourse to in situ testing.

Distinction between Types B and C. It appears from the foregoing dis-
cussion that the design of pressure-grouted type B or type C anchors is best
approached from two distinct directions. Type B anchors are reasonably
assessed from empirical equations, whereas type C is better analyzed by
reference to design envelopes. The distinction between the two types is in
the physical configuration of the anchor body, which, in addition to its de-
pendence on the soil characteristics, also relates to the grout injection pres-
sure. Thus, more data and guidelines should be forthcoming on injection
pressure limits if it can be determined when the ground is to be permeated
and when it will be hydrofractured.

4-9 FAILURE OF ANCHORS IN CLAY

General Considerations

Load capacity of anchors in clay generally is low, unless it can be improved
by special procedures, because of the low adhesion. More problems in the
load transfer will arise if long-term creep occurs and if the anchor hole is
allowed to soften. Load capacity can be improved by (a) injecting irregular
gravel into the augered hole over the fixed anchor length, together with the
cement grout; (b) using high-pressure grouting; and (c) using bells or un-
derreams in the fixed anchor zone. Each of these types responds to joad
differently.

Tremie-Grouted Straight Shaft

As a first approximation, pullout capacity for tremie-grouted straight shaft
anchor is derived theoretically as
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(From Fujita et al., 1978.)
T; = nDLas, (4-16)

where s, = average undrained shear strength over fixed length
a = adhesion factor

I

For stiff London clay (s, > 90 kN/m?) values of a range from 0.30 to 0.35,
which is also consistent with the dilute nature of cement grout. This range
is considered conservative compared to a values close to 0.45 often used
by piling contractors. Values of a close to 0.45 have been confirmed for stiff
clayey silt (s, > 95 kKN/m? or 2 ksf) in South Africa. However, a values for
straight-shaft anchors in stiff overconsolidated clay in Taranta, Southern
Italy, were found to be between 0.28 and 0.36. In general, the adhesion
factor a decreases with increasing shear strength of clay.

Resuits from tests carried out by Ostermayer (1974) show that the boring
technique has decisive effect on load capacity. Boring without casing or with
casing combined with flushing water will probably lower the ultimate load,
since it tends to have a softening action along the walls of the hole. The use
of flushwater is however, economically expedient, hence after boring is com-
pleted the tendon should be expediently inserted and grouted. The inter-
action between clay and grout during setting of the latter is uncertain and
incompletely documented. Tests indicate that during this process a complex
migration of fluids across the interface takes place (Tanaka, 1980), and in
stiff clays this has resulted in reduced average shear bond during quick
loading in the order of one-third the undrained shear strength (Evangelista
and Sapio, 1978).
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The effect of fixed length and diameter is yet to be systematicaily inves-
tigated. Results thus far indicate that average bond resistance (adhesion) is
independent of measured diameter in the range 80-160 mm; in other words,
within this range total load capacity increases linearly with diameter. Bond
resistance is also independent of fixed length up to a value 100 kN/m? (about
2 ksf). For higher values, slight decrease is likely with increase in bond
length. Bond at the interface tends to increase with increasing consistency
and decreasing plasticity of clay. Useful data demonstrating the foregoing
effects on bond are shown in Fig. 4-24.

Ostermayer (1974) also reports tests carried out to investigate the feasi-
bility of increasing ultimate load capacity in adverse soil conditions by in-
creasing the fixed anchor length. In relevant tests, bond resistance was mea-
sured over a fixed length of 18 m in stiff to very stiff highly plastic clay.
Except for peaks at the proximal end, bond resistance was nearly constant
along the fixed length, with values ranging between 40 and 80 kN/m?. An
interesting anchor behavior in these soil conditions is that tension-type an-
chors had lower bond resistance than did the equivalent compression type.

The load-transfer characteristics between tension and compression-type
anchors have been studied in full scale tests by Mastrantuono and Tomiolo
(1977). Figure 4-25 shows layout and load distribution diagrams for two
anchors. One is the TPT, a compression-type anchor, whereas the IRP is a
conventional tension anchor. The load distribution in both anchors along
their fixed length was measured with the use of strain gauges. For the
compression anchor load distribution begins at the distal end, where the load
transfer is greater, and dissipates toward the proximal end. For the tension
anchor, the load distribution begins at the proximal end and is absorbed
almost entirely before it reaches the distal end. For the tension anchor, as
the load increases its transfer peaks at half-point along the fixed length, and
dissipates toward the distal end.

Distribution of Bond. The behavior of anchors in stiff clay is characterized
by nonlinear variation and distribution of shear bond at the clay—grout in-
terface both at low stress levels and at failure, which is also the observed
performance of anchors in strong rock and in dense sand.

This is clearly confirmed in Fig. 4-26, which shows the distribution of
bond stresses in stiff overconsolidated clay for two anchors loaded to failure
(Evangelista and Sapio, 1978). The soil in this case has an estimated E =
6.9 x 10* kN/m?, and average undrained shear strength 270 kN/m?. Noting
that E values for normal grout mixes are from 1 to 2 x 107 kN/m?, it is
evident that nonuniformity in stress distribution in stiff clay exists even at
modular ratios exceeding 100. The mechanism of load transfer in relation
to anchor and soil parameters that normally affect load distribution warrants
therefore further studies and investigation. At present, the optimum upper
limit 10 m in fixed anchor length appears practical and reasonable for design
purposes.
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Fig. 4-24 Bond resistance in cohesive soil for various fixed anchor lengths with or
without postgrouting. (From Ostermayer, 1974.)
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anchor. (From Mastrantuono and Tomiolo, 1977.)

Underreamed Anchors in Clay

For the configuration of underreamed anchor shown in Fig. 4-27, ultimate

load capacity is

i

where T,
T,
T,

I

i

Assuming that failure occurs in an ideal elastic medium, T, T., and 7, are

as follows:

Tp=T.,+ T, + T,

T.

wDLs.a,

side shear in underream length
end bearing on clay
side shear along shaft length

(4-18a)
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Fig. 4-26 Estimated bond stresses at failure for two anchors of different fixed length.
Field tests in overconsolidated clay. (From Evangelista and Sapio, 1978.)

I

T, g(D2 — &®)N.s, (4-18b)

T, = wndls,a, (4-18c)

where D = diameter of underream

L = length of underreamed section
s. = average undrained shear strength of clay
a, = efficiency coefficient, usually in the range 0.75-0.95 reflecting

soil disturbance
d = diameter of shaft

N, = bearing capacity factor
| = shaft length (part of fixed length)
a; = shaft adhesion factor

Bearing capacity N, values for stiff to hard clays range from 6 to 13, but a
value close to 9 is often used, particularly in London clay, and confirmed
in practice. Typical range for underream diameter D is 350-400 mm, although
much larger values have been used, of the order of 550 mm. Typical values
for d are 130-150 mm, but larger values, of the order of 175 mm, are common
and in conjunction with larger underream diameters. The underream length
L usually is from 3 to 7.5 m, with common values 6 m. The shaft length /
ranges from 1.5 to 3 m. The shaft adhesion factor a, can be assumed to have
the same values as for straight-shaft anchors. Further reduction in the ef-
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Fig. 4-27 Schematic presentation of underreamed anchor showing mobilization of
anchor resistance at failure, specifically, shear and direct bearing.

ficiency factors for both underream shear and end-bearing components is
recommended where there is strong possibility of soil disturbance and soft-
ening during construction, or where the clay adjacent to the fixed anchor
zone contains open or sand-filled fissures.

Optimum underream spacing is achieved when shear plug and end bearing
failure occur simultaneously. For this condition to exist T, = T, or

wDLs,a, = E(D2 — &@)N.s, 4-19)

Rearranging Eq. (4-19) we obtain the following expression, giving the max-
imum underream spacing A L necessary for plug failure to prevail

(D* ~ &)
AL < “iDa. N. (4-20)
or
AL _(D* - &)
—— < —_— -
5 < apma Ne (4-20a)

Assuming that (D? — d?)/D? = 1, and using a,, = 0.75 and N, = 9, Eq. (4-
20a) is reduced to AL < 3D; thus, for optimum design underream spacing
should be less than three times the underream diazmeter.
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The foregoing analysis combines the recommendations introduced in two
independent design approaches by Littlejohn (1970b) and Bassett (1970). For
the analysis of anchors in London clay at Oxford Ness, Bassett (1970) also
suggested to include the effective stress normal to the proximal end in the
end bearing component (See also Nicholson et al., 1982).

Experimental Investigations. Direct comparison between straight shaft
and underreamed anchor in the same soil conditions is shown in Fig. 4-28(a)
(Wroth, 1975). Both types have 150 mm diameter. The straight shaft with
fixed anchor length 10.7 m failed by yielding at 1000 kN (225 kips), whereas
the underreamed anchor with underream length 3 m withstood load close to
1500 kN without indication of failure. For this example, Truman Davies
(1977) has quantified the associated advantages by field measurements in
London clay and backanalysis showing overall improvement more than five
times the efficiency of straight shaft anchors.

Bastable (1974) has evaluated results of tests on underreamed anchors
used in the construction of a highway underpass in North London, and in-
stalled in clay with undrained shear strength 175 kN/m? (3.7 ksf). The un-
derreams are spaced at 1.15 m center to center, and have diameter 540 mm.
Several anchors were tested, each with different number of underreams from
2 to 7 in order to study the effect on ultimate load. After completing the
loading cycle to the test load, the anchors were loaded to ultimate failure,
defined as the load at which increase in strain does not produce an increase
in load. Both test and ultimate loads are shown in Table 4-11. Overall anchor
movement is between 7 and 15 mm at test load, and 40-50 mm at failure.
Figure 4-28(b) shows the ultimate load as function of the number of under-
reams. By extrapolating an ultimate load 325 kN to one underream and in
conjunction with Eq. (4-18b), N, has a value of 9. On the other hand, con-

TABLE 4-11 Ultimate Loads for Test Anchors in London Clay
(Undrained Shear Strength = 175 kN/m?)

Test Load Underream Ultimate Load
Test Anchor kN) No. (kN)
1 445 2 650
2 840 4 1160
3 1310 6 1540
4 415 2 650
5 1050 5 1300
6 1550 7 —_
7 675 3 —
8 630 3 790
9 940 5 —
10 1510 7 —_

From Bastable (1974).
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1974.)
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sidering the slope of the curve between one and two underreams in con-
junction with Eq. (4-18a), the value of a, is computed as 0.75. The diagram
shows clearly an increase in ultimate load-carrying capacity with increasing
number of underreams, but with distinct degradation of one of the load
components at ultimate load compared with its peak value reached at lower
movement. This agrees with plate loading tests in London clay showing
reduction in bearing capacity as much as 10-20 percent following full mo-
bilization of end-bearing resistance.

This complex behavior has been also investigated by Bassett (1977). Be-
ginning with the total stress approach of Eq. (4-17), the theoretical predic-
tions are compared with results from laboratory tests. Theoretical and test
data are shown in graphical form in Fig. 4-29. Part (a) represents the changes
in load capacity as function of underream spacing for an anchor with three
underreams, and evidently the most efficient performance is achieved with
underream spacing about 3D. For a typical underream spacing 1.5D, the
effect of the number of underreams on ultimate load capacity is shown in
part (b), and this load is clearly seen to increase with increasing number of
underreams. This increase is essentially linear, but reverts to a nonlinear
form if consistent displacement criteria are imposed on the definition of
failure load. The value of a, is estimated at 0.63-0.79.

The observed rapid migration of pore water pressure around the under-
reams and the associated softening of clay has been investigated by Tanaka
(1980) using finite-difference and finite-element methods applied to a single
underream model. The study concentrated on the pore water pressure during
undrained loading, and on the subsequent consolidation. Theoretical pre-
dictions were correlated with laboratory tests, which show good agreement
with the consolidation rate. The consolidation mechanism for a load incre-
ment is diagrammatically presented in Fig. 4-30. An important observation
is that large pore pressures develop above the underream with negative
values below, resulting in large hydraulic gradients at the edge of the un-
derream. This manifestation becomes quite significant when extended to an
anchor with several underreams.

Contrary to the experience gained in Germany where underreamed an-
chors did not produce the expected results probably because of large plastic
deformations and creep displacement, the underreaming method can provide
safe working loads from 500 to 1000 kN (110-225 kips) in stiff to hard clay.
This represents 50—80 percent improvement over the capacity attained by
straight shaft anchors, and reflects an average load safety factor of 3. In
view of the limited data available on softening effects around the underreams,
careful assessment of the proposed construction techniques and drilling
methods is necessary during design. Of equal importance is the time taken
for drilling, underreaming and grouting, and although practical limits cannot
be imposed this time should be kept to a minimum. According to current
experience, underreaming is ideally feasible in clays with undrained shear
strength greater than 90 kN/mm? (2 ksf). Difficulties have been encountered
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in the form of local collapse or breakdown of the neck portion between
underreams where s, values are in the range 60-70 kN/m”. Underreaming
is considered impractical and should not be attempted if s, is less that 50
kN/m?, or 1 ksf.

Anchor Load Resistance with Postgrouting

Postgrouting was first tried in West Germany, where considerable work has
been carried out and reported by Ostermayer (1974). With this method, high
injection pressure is used to cause hydraulic fracture in the clay locally and
simultaneously lock in the normal effective stresses acting on the anchor.
Reported successful applications show increase in shear resistance along the
interface from 120 kN/m? to almost 300 kN/m? for stiff clay of medium to
high plasticity.

The data shown in Fig. 4-24 represent a relatively large number of tests
in a variety of soil conditions; hence they are useful as design aid for borehole
diameters from 80 to 160 mm. The lowest values of shear resistance are 30—
80 kN/m?, recorded in clay with medium to high plasticity (I. = 0.8-1.0)
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without postgrouting. The highest values (>400 kN/m?) are shown in sandy
silts of medium plasticity and very stiff to hard consistency (I, = 1.25) with
postgrouting. The method has also been shown to be effective in increasing
shear resistance in very stiff clays by about 25~50 percent, but better resuits
are claimed in stiff clays of medium to high plasticity.

Figure 4-31 shows the effect of postgrouting in quantified form for clays
of medium to high plasticity. The diagrams indicate linear increase in shear
resistance with increasing postgrouting pressure until the latter attains values
of 3 N/mm? (about 450 psi). Postgrouting pressures should be well below
the values at which bursting of the grout can occur.

Whereas the distinction between postgrouting and regrouting is not en-
tirely clear, both mechanisms appear to have the same effect on the devel-
opment of shear resistance. An example of load transfer by regroutable
anchor, in this case the IRP system described in Section 3-4, is from trial
tests at Bagnolet east of Paris carried out to assess anchorage feasibility in

400 T

19 test anchors in medium
to high plastic clay
w, = 48-58%

‘ ; 15 (450] A
I = 25-35% 12 (770)/ )
lo=1.1-12 N 7~ 81z (8001

L d
A
200 115(1000) j¢/ 15 (910)
/A12 (700}

Bore diameter 9.2—15.0cm
o With casing, dry
A Without casing, dry
A Without casing, flushwater
A 15 (420) Bore diameter 15cm
420kg cement post-grouted

Theoretical skin friction r,, kN/m*

100 J >
1000 2000 3000 4000
o
g Post-grouting pressure, kN/m?
£3
8
[=3

Fig. 4-31 Effect of postgrouting pressure on shear bond for anchors in clay. (From
Ostermayer, 1974.)
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gypsum bearing marl formations (Jorge, 1969). The in situ undrained shear
strength of marls ranges from 27 to 76 kN/m?. The fixed anchor zone length
was 13, 20, and 26 ft, in borehole diameters 114 and 122 mm. Initially, the
holes were grouted at a relatively low pressure (70-130 psi), and thereafter
the anchors were tensioned to failure (excessive displacement). The re-
grouting and tensioning-to-failure step was repeated twice and each time
under much higher pressure. Ultimate load capacity, fixed anchor length
and grout pressure range are correlated in Fig. 4-32. The ultimate load ap-
pears to be linearly proportional to the fixed anchor length, and this linear
dependence is true for all three grouting stages. However, the ultimate load
capacity increases rapidly with each regrouting stage, and for the 20-ft fixed
length the same load at the third grouting stage is almost three times larger
than the ultimate load at first grouting.

For the same in situ conditions Jorge (1969) investigated also the effect
of the drilling fluid on ultimate load capacity in view of the softening effect
that flushwater can have on cohesive soil. The results are shown in Fig. 4-
33, which correlates ultimate load capacity and grout pressure in conjunction
with two different drilling fluids, namely, water and cement slurry. In the
low range of grouting pressure (100 psi or 0.7 N/mm?) both fluids perform
in the same manner, probably because the associated soil disturbance is
inconsequential with respect to soil strength. In the upper pressure range,
however, the diagrams show almost 30 percent increase in ultimate load
capacity when the cement slurry is the drilling fluid. This is probably ex-
plained by the lesser extent of soil disturbance and softening during high-
pressure grouting due to the previously afforded better protection of the
borehole by the cement slurry.
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Fig. 4-32 Correlation of ultimate load, fixed anchor length, and grouting pressure
in regroutable anchor. (From Jorge, 1969.)
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The Rationale of Analysis

The effect of soil disturbance during anchor hole drilling is widely accepted,
yet incompletely understood. Short term behavior, in particular, is affected
by mechanical disturbance and soil wetting around the borehole. Flushing
with water and grouting with liquid cement mix are further sources of mois-
ture changes prompting pore fluid migration across the anchor~soil interface.
Most of this disturbance appears to be confined to a relatively narrow zone
around the drilled hole, although its exact extent depends on construction
conditions.

Several investigators have carried out triaxial tests on undisturbed, soft-
ened, remolded, and reconsolidated samples of London clay (Chandler,
1968). In these tests, the effective angle of friction ¢’ remained almost un-
changed, but remolding reduced the effective cohesion ¢’. Although this
evidence is limited, it may suggest that the clay will revert to its original
properties with time; hence long-term loading in the anchor is not affected
by initial construction disturbance. Thus, the design hypothesis emerges that
during anchor hole drilling the in situ lateral earth pressures around the shaft
are relieved, but with time they will increase again although they may not
reach the original in situ values. In these conditions, ultimate load predic-
tions can be based on effective stress analysis, and several investigators
have followed this approach (Burland, 1973).

Assuming that the horizontal effective earth pressures on the anchor shaft
will increase following construction and initial disturbance, the ultimate load
capacity will also increase under quick or slow loading in a process known
as ‘“‘ageing.’’ Since the rate of ageing is important in determining the duration
of a slow anchor test, it inhibits the investigation of the increase of ultimate
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anchor load if it is carried out under slow loading. Whitaker and Cooke
(1966) report a 12 percent increase in short-term uplift capacity of straight
tension piles in London clay for the period from 15 to 62 weeks.

Ultimate Anchor Resistance. In the analysis presented in the foregoing
sections, shaft resistance is correlated to undrained shear strength s, by an
adhesion factor a. Agreement with measured values generally is good, but
the scattered range of individual results suggests inherent empirical limita-
tions and sensitivity to variable construction factors.

Interpreting test results by total stress analysis is meaningful if the test
duration is short so that significant drainage of the clay around the stressed
zone does not take place. However, this claim is not accepted in its entirety,
and it is instead suggested that because the zone of distortion around an
anchor shaft is thin some drainage will always occur during anchor testing
(Burland, 1973), The same investigator proposed a relationship involving the
coefficient 8, which is the ratio of mean effective overburden pressure to
the mean mobilized shaft resistance. This approach resulted in good agree-
ment between theory and test results in London clay and narrowed the
scattered range of individual results, although it did not amplify the corre-
lation of analysis with construction effects.

A third approach supports the view that the normal testing procedures
of anchorage installations produce neither an entirely drained nor entirely
undrained loading condition (Rice and Hanna, 1981). It is interesting to note
that variations in ultimate pullout capacity of large-diameter shallow anchor
footings have been reported when the test duration was changed. According
to this view, therefore, a factor that limits the relevance of test results to
actual field loading conditions (usually long sustained loads) is the relatively
short duration of load tests. Conclusions are drawn from short-term load
tests when the anchor is expected to be stressed by long-term loads and
after the ageing process has ended.

Anchor Displacement. From the foregoing sections, it appears that anchor
displacement is not a critical factor where resistance to pullout is primarily
derived from shear bond at the interface. Indeed, a relative displacement
always occurs, and is of such magnitude that shear resistance will be mo-
bilized at the interface. However, when a bearing capacity factor is included
in pullout resistance anchor displacement must be considered, since much
longer movement is necessary to develop the bearing load component. This
is the case with underreamed anchors. In these conditions the development
of load resistance must be considered from the compatibility of displacement
necessary to mobilize each component load.

Experimental Documentation. The adequacy of load-transfer theories is
yet to be tested and confirmed. There are further interrelated factors that
must be isolated and analyzed, including pore water pressure changes, com-
parison of ultimate capacity for quick and slow loading after completion of
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the ageing process, comparison of anchor displacement under quick and slow
loading, and effect of clay stress history.

Tests to analyze and study these factors have been carried out by Rice
and Hanna (1981) for straight-shaft and underreamed anchors under field
and laboratory conditions. These investigators have concluded the following:

1. Considerable increase in shaft resistance under quick loading occurs
during the first months after construction, but the rate of increase is
slower with larger shaft. If this observation is extrapolated to large-
diameter shafts (such as bored piles), it shows the significance of ageing
process which may continue for many years after construction.

2. Loss of strength due to remolding may not be observed during the
initial load tests. In particular, a shaft was tested several times before
such a loss was recorded.

3. Ultimate shaft resistance measured at great age for quick loading
showed poor agreement with predictions from total and effective stress
analysis.

4. Significant negative pore pressures occur around the anchor during
quick tests lasting a few hours. Effective stress analysis is, therefore,
not applicable where the soil is subjected to load variations over short
time periods.

5. Ultimate shaft resistance during slow tests at great age has values
equivalent to an earth pressure coefficient of about unity, but signif-
icant load loss occurs in a quick load test.

6. For underreamed anchors the bearing capacity factor was less than
the theoretical values. This is probably because as the test proceeds
tension cracks in the clay develop near the underream.

4-10 CREEP AND LONG-TERM LOADING

“Creep’’ is the time-dependent effect of static loading on the anchor. Long
term static loading can cause displacement of the anchor, which changes
with time. This cumulative effect represents creep in (a) the soil and (b) the
anchor components—namely, creep of the grout, steel relaxation, partial
debonding of the steel-grout interface, and creep of the tendon connections
with the wall and the anchorage. Anchors, therefore, must be designed and
installed considering these effects so that creep displacements during the
service life of structure will not constitute objectionable movement.

Creep in Soil

Before a failure load is reached, large creep displacements under constant
load can take place in cohesive soils and also in uniform grained cohesionless
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soils, implying a time-dependent stability. In such soils the average size of
the interconnecting pores is very small so that pore water flow is retarded
by viscosity action. Resistance to flow is measured in terms of flow rate and
expressed as soil permeability. The latter is a significant quantitative dif-
ference that distinguishes soil behavior under constant load. For example,
sand and normally consolidated clay can conceivably have similar effective
stress shear strength parameters, but the permeability of the clay is much
lower. This difference makes the stability of clay time dependent under static
load, whereas the sand responds to loading changes almost immediately.

When saturated clay is loaded, the effective stress undergoes only minor
immediate changes, and the pore water takes most of the load. With time,
however, the excess pore water pressure is dissipated by drainage away
from the zone of increased pressure and into an adjacent zone of lower
pressure. The net result is increase in effective stress and a time dependent
reduction of soil volume within the zone of influence, a process known as
*‘consolidation.”” The soil structure stiffens with an associated decrease in
settlement and higher strength.

With short term loading the stressed clay does not undergo quick changes
in water content or in volume, but the load increment generally will cause
some distortion of the stressed zone. With time, significant changes in the
effective stress together with changes in soil configuration no longer con-
stitute stable conditions, and the clay enters a state of plastic flow.

Thus, time dependent soils can experience creep displacements under
constant load and before structural failure of the anchor occurs. Therefore,
in the design of permanent anchors the creep behavior of the soil must be
considered and information should be obtained about creep displacement as
a function of time. Current theories express the relationship between dis-
placement and time in the form of an exponential mathematical function;
thus, a straight line is obtained when this function is plotted to a semilog-
arithmic scale (Ostermayer, 1974). The slope of this line is defined as the
creep coefficient, and it increases for every subsequent loading step. The
ultimate load is assumed to have been reached when the displacement does
not decrease with time but continuous under load. This condition provides
the definition of anchor failure and serves as basis for establishing working
loads.

Ostermayer (1974) and the German Code recommend that the creep coef-
ficient K, can be calculated from the expression

A, - A

™ loglin) *20

Ka

where all symbols correspond to the notation of Fig. 4-34. Values of Ka can
be estimated at different stages of loading and then recorded as shown. In
the above expression, the contribution to creep associated with the com-
ponents of the anchor is not separated. Creep displacement contributed by
partial debonding in the steel-grout interface, creep of cement grout and
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relaxation of the steel tendon can amount to a creep coefficient 0.4 mm.
Increase beyond this value is the resuit of creep in the grout—soil interface.
Creep in the anchor itself is discussed in the following section.

Figure 4-35 shows creep coefficients plotted as function of the mobilized
carrying capacity (ratio of test load to failure load).
Creep values at the beginning of load application are relatively small but
increase rapidly (creep coefficient >1) as follows:

« For medium to highly plastic clay of stiff consistency at 40 percent of
the failure load.

» For medium to highly plastic clay of stiff to very stiff consistency at
55 percent the failure load.

» For medium to highly plastic clay of very stiff to hard consistency at
80 percent the failure load.

» For uniform grained sand at 80 percent the failure load.

It is evident that these limits indicate the beginning of plastic flow around
the grouted shaft, and this stage should be avoided in permanent anchors.
Furthermore, these results are for straight shaft anchors only. Ostermayer
(1974) reports larger creep displacements with underreamed anchors, prob-
ably associated with local stress concentrations resulting in consolidation
and plastic deformation.

Inasmuch as the creep phenomenon and the associated anchor response
are not fully understood, construction of permanent anchors is not recom-
mended where a soil has large organic content, where it consists of loose
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load to failure load) and maximum working load. Results from 56 tests on permanent
anchors. (From Ostermayer, 1974.)

sand, or where it consists of cohesive materials with consistency smaller
than 0.9 or liquid limit less than 50 percent.

Creep in Anchor Components

Creep in the Grout. In certain cases, anchorage grouts may be susceptible
to creep, especially where admixtures are added to improve the antibleeding
characteristics. Most cement-base grouts do not experience any significant
creep under sustained loads. However, some chemical grouts will introduce
time-dependent deformations, but these are used primarily for stabilization
and strengthening of sand deposits.

Relaxation of Steel Tendon. Relaxation and creep represent the behavior
of steel with time, and result in approximately equal loss of prestress. These
mechanical characteristics are generally assessed under controlled labora-
tory test conditions. Properly devised and performed tests relate the type
of steel tendon to both relaxation and creep in a precise manner, and allow
the prediction of prestress loss during service. Useful data on relaxation
were presented in Section 2-5.

Relaxation behavior is shown diagrammatically in Fig. 4-36. With in-
creasing stress, the strain also increases (elastic deformation). At some point
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Fig. 4-36 Diagrammatic presentation of relaxation in steel tendon.

of stress value F relaxation occurs; that is, the stress drops with a loss of
load but without changes in strain. The amount A is the steel relaxation
representing the net loss of prestress, and the quantity Ae along the strain
axis is the relaxation contribution to creep. Thus, in the elastic range and
under identical conditions creep and relaxation are related by the simple
form

o, = Ec, (4-22)

where o, = relaxation rate
¢, = creep rate of the steel tendon
E = elastic Modulus of steel

I

Littlejohn and Bruce (1977) draw the following important conclusions on
relaxation:

1. The initial conception that relaxation values peak at 1000 h approaching
ultimate values is grossly misleading (see also Section 2-5).

2. The use of stabilized wire can reduce prestress loss from 5 to 10 percent
to about 1.5 percent at 75 percent f,,,.

3. Relaxation rate varies with initial stress, and is a function of the type
of steel. For initial stress up to 50 percent f,,, relaxation is very small.
For initial stress greater than 0.55 f,,, relaxation can be estimated

from
fi log ¢ (f i )
—=1—-——|{= - 0.55 4-23
7 10 \f, @23
where f, = residual stress at time ¢

f: = initial stress

fy = 0.1 percent proof stress at working conditions and tem-
perature

time in hours after application of initial stress

i

t
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4. With initial stress at 70 percent f,,, restressing at 1000 h reduces total
relaxation to almost one-quarter of its value. For initial stress at 80
percent f,,, the reduction is one-half. A high degree of accuracy in
estimating relaxation loss is not warranted in practice since the sig-
nificant parameter is the residual stress in the tendon.

5. Important practical feature is the effect of strand jacks on the relaxation
of prestressed strand, in relation to the tendency of the latter to unwind.
The presence of a torsional component in the jacking force can con-
tribute markedly to relaxation loss.

Creep in the Steel. Creep in the steel, like creep in the soil, is difficult to
rationalize theoretically or measure experimentally. Present understanding
of the subject is based mainly on the work carried out by Fenoux and Portier
(1972).

A diagrammatic presentation of creep in steel is shown in Fig. 4-37(a),
where creep strain rate is plotted versus sustained load. Apparently creep
starts from the lowest stress values. The creep rate ¢, increases over the
range 0-30 percent f,,, it becomes constant up to the proportional Jimit (in
this case 0.68 f,.), and thereafter it increases rapidly with higher loads.
Continuous strain increase appears beyond the 0.2 percent elastic limit (proof
stress). Fenoux and Portier (1972) have reported that the creep for a test
stress near the proportional limit in 2 min is 0.2 mm/m of free anchor length.
It appears that creep does not terminate with time in spite of an apparent
stabilization, although no accurate practical indication can be given with
respect to the time after which creep becomes insignificant.

Creep rates can be assumed to be independent of the steel type for stresses
below the proportional limit. In this range, creep can be estimated from the
following:

Creep at time ¢ after lockoff = ¢, log ¢ (4-24)

The linear proportionality between creep and relaxation rates in the lower
stress range is also shown in Fig. 4-37(b). The curve is essentially similar
to that of Fig. 4-37(a) in form and shape. Likewise, the relaxation rate in-
creases rapidly beyond the proportional limit.

Littlejohn and Bruce (1977) have assembled examples of documented case
histories in which loss of load in the tendon was involved. These data il-
lustrate the importance of the causes of creep and relaxation, and provide
a useful reference source.

4-11 REPETITIVE LOADING

Repetitive loading exerts cyclic shear stresses on the soil surrounding the
anchor. In sand, after a number of cycles the soil begins to densify because
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Fig. 4-37 (a) Diagrammatic presentation of creep in steel: creep strain rate plotted
versus sustained anchor load; (b) correlation between creep and stress relaxation.
(From Fenoux and Portier, 1972.)

of reorientation of particles. Without a corresponding change in volume the
normal stress must decrease. Moussa (1976) has carried out cyclic simple
shear tests on dry sand showing gradual decrease in the vertical stress as
the number of cycles increases. In similar conditions, Youd and Craven
(1975) maintained the vertical stresses constant, which resulted in increased
density with increasing number of cycles. Under cyclic loading the gradual
decrease in the vertical stress around the fixed anchor zone is followed by
a corresponding reduction in the bond friction of the anchor until the member
fails. In clays, the cyclic shear stresses are accompanied by gradual cu-
mulative increase in pore pressure, which reduces the effective stress and
results in reduced bond. Cyclic shear stresses can also cause remolding of
the clay with loss of shear strength.
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Repetitive load tests on anchors have been limited, and show a paucity
of results. However, from the few field and model tests reported to date it
appears that repetitive loading can cause anchor failure at load levels below
the ultimate static pullout capacity. On the other hand, situations involving
unavoidable or regular repetitive load changes represent limited if not spo-
radic cases in anchor applications. The most likely causes of fluctuating loads
are tidal changes, temperature variations, extreme wind loads, and occa-
sional wave action. Dynamic loads such as earthquake effects or impact
from heavy moving loads where inertia forces are significant compared to
static load intensities are ot considered in this review,

Repetitive tests on soil anchors carried out by Soletanche (Pfister et al.,
1982) for a sea wall project indicated that if the peak cyclic load were less
than 63 percent the ultimate static load the net anchor movement would
diminish after five cycles. For larger cyclic loads anchor displacement con-
tinued to increase at constant or increased rates. In these tests the number
of cycles was limited to 50.

Certain conclusions can be drawn from work on field dead and prestressed
anchors in sand, and cylindrical-shaped anchors in sand under laboratory
conditions. Carr (1971) reports that load cycling increases anchor displace-
ment, and unloading to zero instead to one-half the peak load increases
anchor movement per cycle further. Abu Taleb (1974) performed repeated
load tests on prestressed anchors, and concluded that repetitive loading re-
duces the prestress force. The number of cycles necessary to remove the
entire prestress decreases with increasing cyclic load amplitude. In the same
test group higher prestress load resulted in smaller anchor displacement per
cycle.

Andreadis et al. (1978) carried out a model study on plate anchors in
saturated sand. Likewise, the conclusion was that the number of cycles to
produce failure decreases with increasing cyclic load amplitude. For a cyclic
load level 20 percent the ultimate static capacity, significant increase in strain
occurred after 5000 cycles. Furthermore, the absolute magnitude of the peak
cyclic load influences the number of cycles to failure but to a lesser extent.

Figure 4-38(a) shows the cumulative effect of load cycles on anchor dis-
placement. These data were obtained from repetitive load tests on 38 mm-
dia. plate-shaped anchors in dry medium dense sand (Al-Mosawe, 1979).
The load was applied at the rate of one cycle per minute. The graphs rep-
resent a composite condition, and show anchor displacement as function of
maximum applied load and cyclic load amplitude. The most severe condition
results when the load during each cycle is completely removed, whereas if
part of the load is maintained, the function of the anchor for a particular
displacement range is prolonged. Part (b) of Fig. 4-38 shows the change in
the displacement rate per cycle as function of the number of cycles. It is
interesting to note that in this study anchor displacement continues to de-
crease infinitely but never ceases; hence anchor pullout did not occur. Com-
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paring repetitive loading effects on dead and prestressed plate anchors,
Al-Mosawe (1979) concluded that prestressing can improve longevity
markedly.

The effect of alternating loads (tension to compression) on plate anchors
has been investigated by Hanna et al. (1978). The conclusion is that stress
reversal associated with alternating loads can have more severe effects than
repetitive loading. The number of cycles to failure varies considerably with
the amplitude of the alternating loads.
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CHAPTER 5

DESIGN CONSIDERATIONS

5-1 GROUND AND SITE INVESTIGATIONS

General

Ground and site investigations usually are carried out to confirm the fea-
sibility of a project as a whole, but adequacy in this respect does not nec-
essarily ensure the feasibility of a proposed anchorage installation. This sec-
tion, therefore, deals with the special topics that are relevant to the design,
construction, testing, protection, and monitoring of anchor systems.
Whereas adequate data may be available to indicate the feasibility and ad-
vantages of anchors for a given project, these data nonetheless may be in-
sufficient to permit their economic design and construction, and this dem-
onstrates the importance of a detailed knowledge of the ground.

In general, an adequate investigation program will include the following
stages: (a) initial site reconnaissance and field survey; (b) main field and
laboratory geotechnical investigations, which also includes chemical anal-
ysis; and (c) investigation during construction.

The exact time of program initiation will depend on the nature and extent
of data which are available when ground anchors are considered including
institutional and legal aspects. Likewise, the work to be carried out in any
one stage will depend on the overall scope of the project. For example, a
major retaining wall for a deep basement in a built-up area will require ex-
tensive field and laboratory investigations, whereas a simple rock bolt sys-
tem can be predetermined by visual field observation and mapping. In the
same context, the data required for the safe design of temporary anchors
are essentially similar to the data necessary for permanent work, hence the
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scope of investigation may be the same except for corrosion protection and
monitoring. The adoption of a stage program of investigation is also advan-
tageous where the main constraints of the project relate to economy rather
than time. Each stage can thus be undertaken following consideration of
available data, and after a clear commitment to proceed with the planning.

Site Reconnaissance and Field Survey

This initial stage is not intended to determine the need for a ground anchorage
as solution to an engineering problem. Rather, it is undertaken with the intent
to demonstrate that further investigations are warranted, although useful
technical data may also be assembled. This program involves also a so-called
desk study that considers information available of the site (ground and phys-
ical condition).in documentary form, and is assembled in the following four
groups.

Site Topography. This includes the collection and analysis of various
maps and aerial photographs. Site topography is useful in obtaining a
preliminary plan and profile of the proposed structure and its anchorage
in relation to the main features at the site.

Site Geology. Initial studies of geologic and soil survey maps are under-
taken to determine the general ground conditions (soil or rock) ex-
pected to be encountered. Previous experience with the local geology
can be useful in achieving a high level of geologic information pertinent
to the site.

Groundwater Conditions. General information on ground water condi-
tions is essential and can be obtained by preliminary tests at the site,
whereas information on tides, meteorology, and hydrology can be from
other available sources. Observation of surface water runoff patterns,
seepage, and vegetation growth is useful in assessing potential drainage
problems. Obvious environmental features will indicate the potential
aggressivity of groundwater as it may relate to corrosion problems.

Site History. This includes details and records of previous past devel-
opment, and data or intentions for developing new sites in the area,
particularly if this involves extensive underground work. For example,
contemplated future tunneling or shaft construction will have signifi-
cant effects on in situ soil properties related to groundwater changes
and ground disturbance.

Where the anchorage zone is formed under other structures or buildings,
it is essential at this stage to determine the nature, condition, and location
of any existing foundation elements, basements, and substructures. Legal
aspects (discussed in other sections) should be recognized and adequately
addressed.
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In the context of the general construction requirements, site inspection
at the initial conception of a project will ensure that anchorage installation
and the associated operations can be scheduled with regard to traffic con-
ditions, preservation or relocation of existing utilities, and interaction with
existing buildings.

Main Field Investigation

Extent and Intensity of Investigation. The function, geometry, and op-
erational characteristics of anchors relate to the ground conditions, espe-
cially around the fixed zone. Minor variations in ground conditions must be
given greater attention because of the higher sensitivity of anchors to ground
changes compared with more conventional foundation elements. For ex-
ample, the recording of stratification is important where thin layers of silt
and sand are intermixed within a clayey soil intended for the fixed zone of ,
underreamed anchors. In this case the effect will be as shown in Fig. 5-1,
and will severely limit the load capacity of the underream.

Since anchors are installed horizontally as commonly as they are verti-
cally, lateral variations in ground properties must be investigated and de-
termined in the same detailed fashion. Investigation methods normally con-
sist of vertical probes, from which it follows that horizontal anchorages will
require more boreholes than in other underground work. If the fixed anchor
length is underneath an existing structure, drilling for inclined boreholes is
still possible, but practical difficulties preclude the boring of inclined in-
vestigation boreholes in soil. In this case it will be necessary to resort to
supplementary investigations ahead of anchorage construction during the
contract period.

The number and locations investigated by borings, probes, or in situ tests
and the depth to which they must be extended will be determined with regard
to the project type, site shape and dimensions, and data available from pre-
vious investigations. For deep anchorages it can be assumed that soils of

Sand or silt
filled fissures

Erosion of lenses during
air or water flushing

Fig. 5-1 Effect of sand-filled fissures on underream configuration.
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greater uniform bearing value will be encountered in deeper than in upper
layers. Deeper layers mobilize the supporting reaction whereas the upper
strata generate the active pressures; hence fewer probes will probably be
required to predict ground resistance than to establish ground active action.

A typical boring layout for anchorage installation is shown in Fig. 5-2
(Otta et al., 1982), and can be used as guide for boring locations and depth.
In this case, main borings along the wall alignment are drilled to a depth
equal to twice the difference between ground surface level and the depth of
a known geologic stratum. Main boring spacing is 50 m (or 150 ft). Inter-
mediate borings of first order are drilled after the results of the main borings
are known to a depth equal to twice the difference between ground level
and the level of a uniform soil layer determined from the main borings.
Intermediate borings of second order are drilled only if a considerable change
is recorded in the upper layers, and are spaced as the main borings. Their
depth depends on results already obtained.

Additional test borings should be drilled where sloping ground exists, or
with potential landslide. Where very long anchors are expected, several test
sites should be selected to investigate drilling conditions above the fixed
anchor zone.

Sampling. Available sampling techniques are well documented. Samples
are taken by standard tube penetrometer, Shelby tube, or NX rock coring
to obtain material for identification and testing, and for determining rock
quality RQD index.

For anchorage work, samples should be taken from each stratum at max-
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Fig. 5-2 Typical boring layout for an anchorage installation.
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imum intervals 1.5 m (5 ft) in thick strata. Intermediate disturbed samples
suitable for simple classification tests should also be obtained. In variable
ground formations continuous undisturbed sampling may be necessary in
the probable region of the fixed zone. In granular soils investigation of den-
sity by Dutch Cone Penetrometer or SPT will be justified. Field vane or
Dutch Cone tests in cohesive soils will give good undrained shear strength
values. For good anchor design it is essential to obtain the in situ permeability
in the region of bond resistance. Furthermore, groundwater level should be
monitored fo allow determination of drilling and grouting pressure as well
as effective stresses during service life.

If rock is encountered, discontinuity frequency and orientation data to-
gether with information on joint continuity and roughness are important for
determining the size and shape of rock mass liable to fail. Data obtained
from rock exposures, borehole interface observations, and RQD parameters
will be useful in backanalysis of water test data to determine pregrouting
requirements. Maximum continuous core recovery should be obtained,
which implies core diameters not less than 75 mm. Weak rocks, which are
difficult to core, are investigated with the SPT, which provides relative mea-
sure of in situ quality.

Groundwater. Determination of ground water conditions are equally es-
sential for the overall design and construction of the project, particularly
where deep excavation is contemplated. It must be emphasized that the
speed of boring, combined with the addition of water to stabilize the borehole
or as circulation fluid during drilling, usually precludes the measurement of
equilibrium groundwater conditions during the investigation period. How-
ever, all observations of water conditions during boring or drilling should
be recorded in the investigation process. For example, the percentage of
circulation water return during rotary drilling may help for the initial as-
sessment of groundwater level in rock.

Long term groundwater conditions can be better measured with the use
of standpipe piezometers. Where groundwater is contained in several aq-
vifers separated by impervious strata, piezometers must be installed at dif-
ferent levels to record the head at each aquifer.

Additional Requirements. In relatively soft rocks, weatherability and du-
rability should be assessed, particularly at the depth of the proposed fixed
zone. Stress—strain characteristics, that is, determination of the modulus of
elasticity, are important because of their effect on the pattern and magnitude
of bond stress distribution. Radial stress—strain characteristics of the ground
mass can be obtained in both soil and soft rock by a pressuremeter test
within a borehole. For strong rock the Goodman jack is useful, but if results
are difficult to determine, deformability measurements from cores should
be carried out.

The extent of field investigation relates to the importance of the project
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and the associated risks in its execution. If necessary, in situ anchor tests
are often carried out to clarify design proposals. In addition, however, to
the prior knowledge of certain geologic and geotechnical data, the site in-
vestigation enhances the design if it is followed by a construction stage
{(discussed in the following sections) where drill logs, penetration rates, grout
consumptions, and check pullout tests are monitored in order to detect dif-
ficult or changed conditions. These terms must be adequately defined in
view of the obvious legal implications where doubt exists about anchor com-
petence.

Laboratory Investigation

Soil Properties. Soil properties relevant to anchor design are (a) unit weight
in natural condition, (b) angle of internal friction, (c) cohesion, (d) particle
size (in cohesionless and mixed soils), (e) in situ density, (f) permeability,
(g) liquid and plastic limits, and (h) unconfined compressive strength.

Rock Properties. For permanent rock anchors or for soil anchors having
their fixed zone partially extended into rock, the following properties are
relevant to design: (a) modulus of elasticity (Young’s modulus E); (b) uniaxial
compressive strength; (c) existing interfaces between various strata; and (d)
the presence of water in the joints, its quality, quantity, and pressure con-
ditions.

For general classification of soils, tests should be carried out to determine
the grading of granular materials and the liquid and plastic limits for cohesive
soils. Grading also provides empirical range of permeability and an indication
of grout penetration under pressure.

Angle of internal friction can be approximately determined from Standard
Penetration Test SPT results, but should be confirmed by laboratory shear
box tests for free-draining materials. For granular soils of mixed grading
peak shear strength of samples can be obtained from direct shear tests for
densities from loose to dense.

For cohesive soils the shear strength should be obtained from triaxial
compression tests on representative samples. The type of test, specifically,
drained or undrained, will depend on the design method (total or effective
stress analysis), the mass permeability of the soil, and the expected stressing
rate of the anchor. Where the ground displays high mass permeability, that
is, silts, clays with permeable fabric, chalk, or marl, both undrained and
effective shear parameters are relevant to anchor design. If the anchor is
expected to induce a high stress level in the clay between the fixed zone
and the structure, the compressibility characteristics should be determined,
since they can give guidance on possible loss of prestress through case his-
tory comparisons (Littlejohn, 1980). Where soils of high plasticity or com-
pressibility are encountered, their long-term consolidation characteristics
should be determined since these data may indicate the probability of con-
solidation or creep.
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Particle size distribution is of great significance, and enables the soil to
be described according to the shape of the distribution curve and permea-
bility. In this context, the groutability of the anchor can be assessed, and
predictions can be made about the shape and configuration of the fixed zone.

In rocks, index tests such as ‘‘point load strength’ are suitable and have
reasonable cost. Alternatively, it is possible to determine directly the uni-
axial compressive strength, and occasionally the tensile strength, on spe-
cially prepared test cylinders. A shear box test can be used to determine
shear strength of intact material or an existing discontinuity. These tests are
intended to provide assessment of rock mass stability and the shear bond
in the fixed anchor zone. For bond distribution, however, rock deformability
is the main parameter and should be obtained from stress—strain relation-
ships established from uniaxial compression tests or, preferably, from in situ
pressuremeter tests.

The susceptibility of rock to weathering can be assessed by the ‘‘slake
durability test.”” This allows the sensitivity of rock to flushing water to be
examined together with possible mineral reaction with grout or groundwater,
In this respect swelling tests are also relevant.

Chemical Analysis. Suitable tests are usually carried out on a routine basis
to assess the overall corrosion hazard. Where an aggressive or corrosive
environment exists, a comprehensive chemical analysis is mandatory to de-
termine (a) the aggressivity of groundwater with respect to cement and (b)
the aggressivity of the soil with respect to metals. This program is discussed
in detail in the Chapter on corrosion.

Investigation during Construction

Where the initial investigation suggests that ground conditions may be prone
to random variations, data obtained during anchor drilling should be
recorded on a daily basis. This record should include variations in strata
levels, ground types, and conditions that may require design changes and
different installation procedures. The performance of test anchors should
also be within the scope of ground investigation, and analyzed with regard
to field and laboratory data. These aspects affect the long term anchor per-
formance, and are discussed in detail in the sections on anchor testing and
serviceability requirements.

5-2 LEGAL CONSIDERATIONS

Statutory Obligations

Pertinent codes define the role of persons engaged in construction work with
respect to health and safety. These guidelines may vary in a wide spectrum
of judicial and labor systems, and they may dominate construction markets
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regionally. In the United States OSHA (Occupational Safety and Health Act)
defines the safety requirements for underground construction including ex-
cavations, trenching and shoring, tunnels and shafts, caissons, cofferdams,
and compressed air. Similar codes are applicable in other countries, com-
bined with national and local statutory requirements.

Anchorage installations generally encounter only few unintentional in-
terruptions because of accidents or due to safety precautions. The occur-
rence of hazards is confined to three areas.

Protection of the Work Site. Anchorages generally are installed during
general excavation, hence they involve a reduced risk of hazards associated
with gases, fumes, mist, and oxygen deficiency, except for some dust prob-
lems during earth moving. Open excavations, however, present the risk of
falls. Occasionally, falsework, shoring, and platforms are required to pre-
stress or distress and remove tiebacks, with some hazards.

Materials Transporting and Handling. The usual materials are tendons,
anchor heads, bearing plates, and equipment for drilling, homing, grouting,
stressing, and testing. Hoisting and lifting is confined to incidental opera-
tions, and the most important handling problem is the transportation and
installation of tendons.

Safeguards from Sections of Building Codes. These apply mainly to the
shoring and bracing of excavations, and especially the requirements for un-
derpinning existing foundations. In some instances, however, local regula-
tory authority may be exercized in a manner affecting the installation pro-
cedures of an anchorage.

Encroachment under Adjacent Property

Ground anchorages usually encroach beneath adjacent property, and con-
sent of its owner is therefore necessary. This owner may be a private entity
or a public agency. If consent should be forthcoming, it should be cautioned
that this may be a time-consuming process and therefore the planning of the
project can benefit from early action on this matter.

A wayleave or license is sufficient, but the agreement is binding only on
the parties concerned and is not a right on the land. This may not be sat-
isfactory for permanent installations where (a) consequences and effects on
adjacent land must be considered, (b) ground stability problems may arise,
(c) the installation can cause heave or transmission of high direct or indirect
pressure on the supported wall, (d) further contractual agreement will be
necessary regarding stressed or unstressed anchor parts, and (¢) permanent
anchors must be monitored and recorded.

In many instances an easement may be necessary, in the form of an agree-
ment in perpetuity. In any case, in exchanging a consent the engineer or
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contractor should indemnify the adjacent owner against damage or claims
by other parties. If consent is withheld, the structure and its support must
be redesigned.

Public Liability, Pollution Aspects, and Civil Remedies

The contracting parties are liable for any damage to underground services,
utilities, foundations and private structures in the course of drilling, or for
damage and injury arising from accidents occurring during prestressing of
tendons or dismantling of obsolete anchorages, or for damage to private
property associated with excessive ground movement and settlement during
and after construction.

Environmental protection agencies and pollution control acts govern the
pollution aspects for this type of work, including the effects of grouting,
resins and chemical additives, and the discharge of trade affluent into any.
land, lake, pond, waterway, and public stream. Noise control codes establish
the allowable noise level during anchorage installation.

Civil remedies available to owners of adjacent property whose rights are
infringed upon, violated or threatened, include steps to pursue abatement,
injunction and damages, and often criminal responsibility. In this respect,
engineers are cautioned to seek competent legal advice and become familiar
with pertinent statutory provisions and regulations before undertaking the
planning of an anchorage project.

5-3 STABILITY OF A MASS OF GROUND

The analysis of anchor load capacity and modes of failure discussed in Chap-
ter 4 should be supplemented, and often preceded, by an analysis of stability
of the ground mass above the anchor, although in most cases individual
anchors are installed in sufficient depth so that failure of the soil or rock
above is quite unlikely. The methods presented in this section apply mainly
to anchors constructed in vertical or steeply inclined in a downward direc-
tion.

Uplift Capacity of Rock Anchors

For rock, estimation of uplift capacity is based on crude cone or wedge
mechanisms whereby the system is equated to the weight of a specified rock
cone. Where this cone is situated below the water table, submerged weight
is used. This arrangement is shown in Fig. 5-3(a) and (b), and is invariably
conservative since it is based primarily on weight ignoring any tensile or
shear strength in the rock. Where the rock mass displays heterogeneity or
discontinuities, this method is not entirely applicable and necessitates the
modified versions shown in Fig. 5-3(c)-(e).
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The generalized cone approach described above is further refined and
detailed as shown in Fig. 5-4. Part (a) distinguishes cone failure between a
straight-bond anchor and a plate anchor, whereas part (b) shows the effect
of a group of anchors on the production of a flat vertical plane at the interface
of adjoining cones. As anchor spacing for a single line is further reduced,
failure assumes a simple continuous rock wedge.

The shape and configuration of the failure volume is generally accepted,
but opinion is divided with respect to position along the profile of the anchor.
This is shown in Table 5-1, and evidently both the cone angle and its apex
vary within relatively wide limits. In the same context, the rock cone method
yields variable data on the factors of safety against wedge failure. Factors
of safety 3 and 2 have been used by Schmidt (1956) and Rawlings (1968),
respectively, whereas Littlejohn and Truman-Davies (1974) report a factor
of safety 1.3 and 1.6 for anchors at the Devonport Nuclear Complex. It is
not uncommon in current practice to reduce the factor of safety further (often
close to unity) in view of the fact that other parameters contributing to
resistance are ignored, for example, the shear strength of rock. However,
this extra contribution is offset when anchors are installed in highly fissured
loose rock strata, especially if they contain interstitial material or high pore
water pressures.

¢) ‘ d) e)

' — ==

Fig. 5-3 Configuration of rock mass assumed to be mobilized at failure: (a) single
anchor in isotropic medium; (b) line of anchors in isotropic medium; (c) perpendicular
to planes of discontinuity; (d) parallel to planes of discontinuity; and (¢) at acute
angle to planes of discontinuity. (From Hobst and Zajic, 1977.)
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Fig. 5-4 (a) Geometry of cone, assumed to be mobilized when failure occurs in a
homogeneous rock mass; (b) interaction of inverted cones in a general stability anal-
ysis.

All these factors have been considered by Hobst (1965) in presenting the
empirical expressions shown in Table 5-2, where

= shear strength of rock (tons/m?)

factor of safety (usually 2-3)

anchor spacing (m)

= angle of friction across fractures in rock mass
specific gravity of rock

anchor load

o VIR I oI
}

From Table 5-2, it is evident that the shear strength is relevant to failure for
homogeneous rock, whereas weight is the dominant parameter for fissured
rock masses. Roch shear strength contributes a major component to the
ultimate pullout resistance associated with cone failure, and this demon-
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TABLE 5-1 Geometry of Rock Failure Cone and Its Relative Position

Geometry of Inverted Cone

Included Angle

Position of Apex

Source

60°

60°
90°
90°
90°
90°
90°
90°
90°
90°
90°

90°

90°

90°
90°

90°
90°
90°

60°°-90°

60°°-90°

90°

60°

Base of anchor

Base of anchor
Base of anchor
Base of anchor
Base of anchor

Base of anchor

Base of anchor

Base of anchor

Base of rock bolt

Base of anchor

Base of anchor where load is
transferred by endplate or
wedges

Middle of grouted fixed
anchor where load is
transfered by bond

Middle of anchor

Middle of anchor
Middle of anchor

Top of fixed anchor
Top of fixed anchor
Top of fixed anchor

Middle of fixed anchor
where load is transferred
by bond

Base of anchor where load is
transferred by endplate or
wedges

Top of fixed anchor

or base of anchor

Canada—Saliman and
Schaefer (1968)
USA—Hilf (1973)
Britain—Banks (1955)
Britain—Parker (1958)
Czechoslovakia—Hobst
(1965)
USA—Wolf et al. (1965)
Canada—Brown (1970)
Australia—Longworth (1971)
USA—Lang (1972)
USA—White (1973)
Germany—Stocker (1973)

Germany—Stocker (1973)

Britain—Morris and Garrett
(1956)

India—Rao (1964)

USA—Eberhardt and
Veltrop (1965)

Australia—Rawlings (1968)

Austria—Rescher (1968)

Canada—Golder Brawner
(1973)

Britain—Littlejohn (1972)

Australia—Standard CA35
(1973)

% 60° employed primarily in soft, heavily fissured, or weathered rock mass.
From Littlejohn and Bruce (1977).
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TABLE 5-2 Suggested Depth of Anchor for Overall Cone Stability

Formula for Depth of Cone

Rock Type One Anchor Group of Anchors
“Sound’’ homogeneous rock Fp FP
2.831s
4.447

Irregular fissured rock | 3E(P) | FP
vy tan ¢ ¥s tan ¢
Irregular submerged fissured rock B3RP ___FP
(y — Dwtan ¢ (y — Dstand

From Hobst (1965).

strates the importance of obtaining quantitative data or rock fracture ge-
ometry and shear strength prior to design. Brown (1970) suggests that in
homogeneous massive rock, pullout resistance depends on the shear strength
and the surface area of the cone, which for a 90° angle is proportional to
4wh?, where h is the depth of embedment. Suggested maximum allowable
shear stresses acting on the cone surface vary from 0.034 N/mm? (Saliman
and Schaefer, 1968) to 0.024 N/mm? used by Hilf (1973) in conjunction with
a factor of safety 2 on a test load displacement not exceeding 12 mm.

Experimental Evidence. There is an impressive scarcity of data on anchor
failure in the rock mass, hence documentation of stability theories is not
readily available. Saliman and Schaefer (1968) present possible failure modes
based on test results at Trinity Clear Creek, as shown in Fig. 5-5. The results
represent four tests on deformed steel bars grouted into 70-mm-dia. holes,
1.5 m deep in shale sediments. In all cases failure occurred when a block
of grout and rock pulled out. The propagation of cracks to the surface pro-
vides indication of the cone of influence. Using rock bulk density 2 Mg/m?,
backanalysis of the failure loads gives the following factors of safety: be-
tween 7 and 23 if the apex of the 90° cone is assumed at midpoint, and
between 0.9 and 2.9 for a cone with its apex at the base.

22000 Lb. 22000 Lb 15000 Lb 48000 Lb

TEST No 1 TEST No.2 TEST No3. TEST No 4

Fig. 5-5 Possible failure modes for anchors in rock mass, based on results at Trinity
Clear Creek. (From Saliman and Schaefer, 1968.)
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Littlejohn and Bruce (1977) report tests in laminated dolomite carried out
by Brown (1970) involving shallow anchors. In this case, the shape of the
pullout zone could not be observed, but the broad area over which the rock
surface was uplifted suggested failure along a horizontal bedding plane.

Recent comprehensive tests have been reported by Littlejohn and Bruce
(1977) and involved 57 anchors installed in the upper carboniterous sedi-
ments of the Millstone Grit series. In these tests, failure in the rock mass
occurred for embedment depth up to 1.5 m (5 ft), and bond failure occurred
at greater depth. The former failure was manifested by the structural con-
figuration of the rock mass. These investigators proposed the following em-
pirical relationship for the ultimate pullout resistance

Py = 600 &* 5-1
where d is the depth of embedment in meters and Py is given in kilonewtons.

Effect on Anchor Spacing. In anchorage practice, the general trend is
toward larger anchor loadings in conjunction with improved utilization of
weaker ground. Although rock failure of this type is normally restricted to
shallow anchorages, the occurrence of laminar failure or excessive fixed
anchor movement should not be excluded. Whereas classification of rock
masses with particular reference to fracture geometry will assist design, for
closely spaced anchors it is often advisable to consider staggered anchor
layout whereby some anchors are longer than others. If bedding planes occur
normal to the anchor axis, the staggered lengths will reduce the stress in-
tensity across such planes at the level of the fixed zone. Besides the cone
failure, however, the possibility of laminar failure should also be considered
in choosing anchor spacing and depth. Useful data and guidelines on this
subject are given by Littlejohn and Bruce (1977).

Uplift Capacity of Soil Anchors

The expanding use of vertical anchors in soils warrants the importance of
investigating the probability of failure in the soil mass. According to one
method of analysis, failure is assumed to be manifested along an expanding
conic plug with increasing diameter from the top of the fixed anchor zone
as shown in Fig. 5-6. In this case, the weight of soil mass is considered
together with shear resistance along the assumed failure surface.

Experience, however, shows that generalized shear failure in a soil mass
is associated with relatively shallow installations, and is more common
where the top of the fixed anchor zone is less than 3—-4 m (10-13 ft) from
the ground surface. With deeper installations, anchor failure is confined to
the fixed anchor zone and does not propagate to the ground surface.

A different approach with reference to the configuration and volume of
soil mass engaged at failure is presented by the French Code, and it is shown
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Fig. 5-6 Geometry of soil mass assumed to be mobilized in pullout failure.

in Fig. 5-7. The probable volume of soil involved in uplift failure of the soil
mass has the configuration shown in part (a), which resembles a rough cy-
lindrical shape ending with a cone at its lower end. In practice, this cylinder
is substituted by a regular cone as shown in (b) for uniform cohesionless
soil, or by a combination of cone and cylinder as shown in (c) if the upper
soil layer consists of cohesive materials. Point O is the apex of the cone,
and is taken as the half-point in the fixed anchor length. This analysis gives
a convenient and practical method for predicting failure in a soil mass, and
is valid for vertex angle B =< %4. In this case, maximum uplift resistance of
the anchor is equated to the weight of the soil mass contained in the cone,
and does not include shear resistance along the failure surface.

The equivalent cone method presented above can be extended to consider
stratified soil, or soil with groundwater.
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Fig. 57 Volume of soil engaged at failure: (a) theoretical cylindrical shape; (b)
practical configuration for cohesionless soil; (¢) practical configuration for friction-
less soil. Point O is half-point in the fixed anchor length and is the vertex of the
cone.
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Uplift with Overlapping Anchors. For anchors with overlapping cones,
the stability of the ground is analyzed as shown in Fig. 5-8. Part (a) shows
an isolated anchor, and part (b) shows the overlapping in the zone of influ-
ence of the cones of two adjacent anchors. The reduction in uplift capacity
for each anchor represents the volume defined by the common chord.

If T is the uplift capacity of the individual anchor, T’ is the uplift capacity
of the anchor in a group of anchors with overlapping cones, a is the anchor
spacing, and R is the cone radius as shown in Fig. 5-8, then the adjusted
uplift anchor capacity can be estimated from the relation

T = ¢'T (5-2)

where ' is a function of the ratio a/R, and is estimated with the help of the
diagram and the table shown in Fig. 5-9.

Soil Stability with nearly Horizontal Anchors. A frequent practical case
involves shallow individual anchors installed along a profile nearly horizontal
or with a small inclination as shown in Fig. 5-10. This problem can arise
with the uppermost row of tiebacks in a retaining wall before the next ex-
cavation level is reached or where unavailability of a deep anchorage zone
restricts the anchor profile to a shallow depth. Failure is characterized by
puliout of the anchorage and a mass of soil in front of the installation. As
the anchor is stressed, the force is transmitted to the surrounding soil mass,
which begins to yield in front of the anchorage. Under more load the shear
surface in the soil mass manifests a failure plane, followed by pullout of the

Fig. 5-8 Geometry of soil mass assumed to be mobilized at failure; anchors with
overlapping cones of influence.



5-3 STABILITY OF A MASS OF GROUND 217

1.0
alR vl aR W
S 09 0 0.50 11 091
- 01 055 1.2 093
2 02 059 13 095
& 08 03 064 | 14 097
< 04 068 1.5 098
g o7 05 072 16 098
3 06 076 1.7 099
e 07 080 1.8 099
06 08 085 13 099
09 087 20 10

05 1 1 1 ! { 1 1 y | 1, 10 0.89

0 02 04 06 08 10 12 14 16 18 20
Ratio a/R

Fig. 5-9 Adjusted uplift anchor capacity calculated from the volume of cone influ-
ence as function of the ratio a/R.

anchor. The failure mechanism in the soil mass is thus similar to the general
shear failure of shailow footings.

The stability conditions can be analyzed in two ways. In the first, stability
is checked assuming that failure occurs as shown in Fig. 5-10(a), whereby
passive resistance and active pressures are developed in the passive and
active zones as shown provided sufficient movement in the ground occurs.
Resistance of the soil mass to this failure is equal to the difference Pp —
P,. Furthermore, the shear resistance mobilized along the plane that co-
incides with the axis of the anchor must be compared to the force applied
to the anchor, as shown in Fig. 5-10(b). Both types of failure must be

Passive pressure T Active pressure
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Fig. 5-10 Failure mechanism of soil mass. Inclined anchors with shailow depth.
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checked, and a zone of influence in the horizontal profile of the anchorage
must be defined geometrically for each anchor.

Practical experience shows that as long as the embedment depth is at least
4 m (13 ft), failure of the soil mass is unlikely even in soft or loose soil.
Stability with more rows of anchors is discussed in subsequent sections.

The foregoing practical methods of analysis highlight the complexity of
the anchor problem associated with close anchor spacing and anchor pre-
stressing. Pressure grouting also appears to affect stress changes in the soil
adjacent to the anchor axis. At present, group action through anchor inter-
action is thought to be minimized by introducing a lower limit to anchor
spacing.

5-4 SELECTION OF FIXED ANCHOR LOCATION

Whether anchors are to be placed in soil or in rock, the design of an an-
chorage usually begins with the identification and selection of a suitable fixed
anchor zone. Several interrelated factors influence this decision, and they
are grouped in the following categories according to their relative signifi-
cance.

Geologic and Geotechnical Data. Initially suitable strata or ground layers
must be identified, possessing sufficient strength for the transfer of load and
reasonably accessible for the construction operations. These data are also
analyzed in relation to optimum anchor capacity.

Structural Requirements of the Wall System. This is based on relevant
structural analysis to establish compatibility in the wall-anchor-soil system.
It will include consideration of wall stiffness, multiple-tier requirements,
vertical anchor component and effect on wall stability at the base, and de-
termination of slip planes and critical zones of the ground mass at failure.

Interaction with Site Conditions. The main concern in this case is with
existing services and structures adjacent to the site, or with those to be
planned in the future.

Construction Considerations. The selected anchorage zone should ac-
commodate the expected conditions during construction and service,
namely, site access, installation sequence, drilling and grouting, time re-
straints, probable anchor removal or detensioning, and long service moni-
toring.

Suitable Ground Strata

The presence of suitable ground formations at reasonable depth should be
established from the initial soil investigation. On the other hand, initial anal-
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ysis of project requirements will determine a probable range of anchor loads,
which is compared with the load capacities likely to be attained in the des-
ignated fixed anchor location. The limits of anchor lengths stipulated for soil
and rock should be followed. Fixed anchor zones should not terminate in
one line in order to avoid crack formation between the anchor body and the
ground behind it. A stable anchor zone must be at least 4-5 m below the
ground surface; otherwise the danger of local ground rupture will remain.

The stability of the wall-anchor-soil system is improved if the fixed an-
chor zone is located in the lower vicinity of the wall, but this criterion must
be applied in conjunction with the optimum anchor inclination. If the ground
consists of layers with variable shear strength, in the interest of expediency
and economy anchor slope and length should be selected so that the transfer
of load is accomplished in the layer with the most favorable strength char-
acteristics. This will also provide greater ultimate load capacity thus im-
proving efficiency.

Ground types considered suitable for fixed anchor zones are discussed
in Chapter 4. In general, nonplastic soils or dense soils of medium to low
plasticity together with granular materials such as silty sand or coarse sand
and gravel will provide acceptable fixed anchor zones. Plastic clays and silts,
backfill materials, and soils of high organic content should be rejected. A
rule of thumb is to check the vertical distance from the anchor entry point
to the first suitable ground layer. If it exceeds 100 ft (30 m), the feasibility
of an economical anchor design begins to diminish. As it becomes consid-
erably greater, anchorage construction approaches the range of high costs
and other alternatives should be considered.

Stability of the Structure—Anchor-—Soil System

A fixed anchor zone should be located well beyond the ground mass expected
to interact with the wall-anchor system under load. Besides the failure mech-
anism shown in Fig. 5-10, the location of the fixed zone must inhibit de-
velopment of similar limiting conditions. These are approached as the soil-
structure system undergoes qualitative changes rendering it inoperative.

Figure 5-11 shows potential limiting conditions for a wall supported at
the top by a single row of anchors and at the bottom by sufficient embedment
below excavation level. In part (a) the wall structure is overloaded beyond
its structural capacity, and is on the verge of failure, which may also pull
the anchor out of the fixed zone.

With insufficient anchor length beyond the slip plane and also with in-
sufficient embedment below excavation depth, the wall may shift by rotating
as shown in (b). Passive earth resistance, which provides the supporting
reaction of the wall below excavation level, is manifested in connection with
the slip plane of the ground mass and is perceptible through measurement
of wall deformation. Equilibrium is established by increasing wall embed-
ment, which will also result in longer anchor zone.

In (c) the wall has sufficient embedment below excavation level and is
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Fig. 5-11 Limiting condition for anchored walls as they relate to fixed anchor lo-
cation.

stable in this zone, but it tilts forward as shown because the anchor is too
short and its fixed zone is within the area which slips. In this case the stability
of the ground mass must be analyzed after the fixed anchor zone is moved
beyond the potential slip plane. Measureable ground deformations occur
before this condition is reached.

The condition shown in (d) involves slipping of the ground mass and
rotation of the wall. It occurs because of two unstable factors: insufficient
wall embedment and fixed anchor zone within a ground mass prone to failure.
Ground deformation measurements can be used to monitor this condition
and provide indication of pending danger.

The condition shown in (e) involves stable structure-anchor-soil inter-
action, but excessive ground deformation associated with large horizontal
wall displacements results in unstable foundation conditions for the existing
structure. Lateral wall measurements will signal the beginning of this situ-
ation. Incidents of this nature may be associated with excessive anchor
yielding, ground movement above and below excavation level, and walls
that are too flexible and deformable.

Figure 5-12 illustrates a problem common with deep vertical cuts. The
lateral earth stresses are considerable because of the depth, and the resulting
vertical component likewise has considerable magnitude. With steeply in-
clined anchors, normally chosen to moderate anchor length necessary to
reach the fixed anchor zone, this vertical component increases further and
may result in shear failure as shown. The stability of the ground, in this case
bedrock, is not only a matter of strength but also depends on the presence
or absence of fissures, clay-filled seams, weak joints, and cracks. The same
problem can likewise arise with conventional earth-supporting walls where
the vertically induced component of the anchor load exceeds the bearing
capacity of the wall at its base.
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Fig. 5-12 Vertical loads from anchor tension and chiseling into rock, causing shear
failure in the rock mass below the base of the wall.

The potential of vertical drawdown of the wall under excessive anchor
loads, demonstrated in both soil and rock, is avoided by decreasing the
vertical anchor component, by increasing the bearing capacity of the wall
at the base, or both. If a suitable fixed anchor zone location exists close to
the surface, anchor inclination can be as flat as 15°, which reduces the ver-
tical anchor component considerably. If the depth of the anchor zone re-
quires much steeper angles (45°-50°), the walls must be designed to provide
a bearing capacity corresponding to the expected vertical loads.

5-5 SELECTION OF ANCHOR SPACING AND INCLINATION

In general these are factors depending on site access conditions and sequence
of construction, but also relate to the optimum number of anchors and op-
timum anchor load. Structural analysis usually dictates the optimum number
of rows and the optimum vertical spacing of anchor levels. This scheme
must, in turn, be verified by the expected construction sequence and co-
ordinated with other operations. For example, the most favorable excavation
sequence may not provide excavation stage levels corresponding to the se-
lected anchor tier location. Alternatively, extra surcharge loads from heavy
construction equipment or incidental materials will impose the need for extra
lateral supports. If access to the site is restricted, it will inhibit the use of
large drilling equipment leaving the choice to small diameter rotary and
percussive tools.

Anchor Spacing. Optimum anchor spacing, both vertical and horizontal,
is attained in conjunction with the analysis of the structure or wall to be
supported. Since anchors at their heads constitute point supports or reaction
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supports for continuous beam bracing, their inception and final location fol-
lows the analysis of the structure under the expected loading conditions.
For example, a diaphragm wall has normal minimum thickness 2 ft (0.6 m),
and this provides sufficient structural stiffness for the wall to be designed
as two-way slab. Vertical and horizontal anchor spacing is in this case co-
ordinated to provide a balanced distribution of bending moments and shears
in either direction.

Secondly, anchor spacing may be determined by the horizontal or vertical
structural continuity of the wall, illustrated in Fig. 5-13. The wall types
shown have distinct structural and physical characteristics. They may be
physically continuous, or consist of vertical and horizontal panels through
construction or open joints. Anchor spacing in this case must accommodate
the modular configuration of each panel and the constituent reinforcing
cages. Irrespective of this analysis, however, anchor spacing should be con-
sistent with anchor loads determined from the available capacity of the fixed
zone and potential anchor types.

Anchor spacing may also be dictated by the expected deviation of hole
alignment or by possible interference between fixed anchor zones, especially
where pressure grouting is involved. If general design considerations dictate
close anchor spacing and it appears that the zones of stressed soil or rock
will overlap, staggered layouts or lengths are used as shown in Fig. 5-14.
Staggered arrangement reduces stress overlapping, especially across planes
of ground weakness.

The potential of anchor interference because of close spacing can be as-
sessed once the anchor length, anchor hole tolerance, and probable size or
diameter of the fixed zone are determined. The zone of stressed ground can
be assumed to be three times the radius of the effective fixed anchor. In this
context and taking into account possible alignment deviation, spacing should
be selected to separate bond lengths by 6-9 ft (2-3 m), and this guideline
is applied to vertical as well as horizontal spacing. Where entry points are
closer, the separation of the bond zone can be as shown in Fig. 5-14.

Anchor Inclination. Most anchors are inclined to facilitate anchor hole
drilling, homing, and grouting. Furthermore, anchors must be inclined to
avoid adjacent foundations and buried structures, or to reach a suitable
ground layer. Alternatively, variation in the inclination is chosen to achieve
bond length separation.

An angle of 15° with the horizontal is considered by many contractors the
minimum practical inclination that can accommodate proper grouting pro-
cedures. Furthermore, small anchor inclination implies a lack of overburden
depth in the fixed zone, which limits anchor capacity. Within the range of
moderate depths most soil anchors are installed at an angle of 15°-30°. Where
a suitable ground for anchorage is relatively deep (in excess of 10 m or 35
ft), a steeper angle (usually 45°) may be selected as compromise between
anchor length and the associated decrease in horizontal component for a



(a)

Anchored inclined retaining walls

Built of reinforced concrete. Continuous across joints
Variable thickness, ranging from 1 to 2 ft or greater
Good quality under field control conditions
Considerable stiffness and flexural rigidity

Can be designed as two-way slab

No embedment necessary below base level

Axial downward loads relatively smali

No restraint on anchor spacing, load, or inclination

(b)

Cast-in-place diaphragm walls

Built of reinforced concrete, usually discontinuous panels
Thickness up to 3 ft or greater

Good quality under field control conditions
Considerable stiffness and flexural rigidity

Embedment necessary below base level

High capacity in vertical loads

Usually 2 anchors per horizontal row each panel

No restraint on anchor load and inclination

Precast diaphragm walls

Factory-built reinforced concrete panels

Usual thickness 18-24 in

Adequate stiffness and flexural rigidity
Embedment necessary below base level
Adequate capacity in vertical loads

Usually 2 anchors per horizontal row each panel
No restraint on anchor load and inclination

Soldier piles with lagging

Predriven steel beams with lagging; occasionally placed
in boreholes

Relatively flexible; beam embedment necessary

Wall is not watertight

Limited capacity in vertical loads restricting anchor force
and inclination; anchor spacing to conform to beam spac-
ing and commercial lagging size, usually 8-10 ft

(e)

Sheet pile wall

Driven in suitable ground; generally adequate ground-
water control; restricted to soft soils

Very flexible wall with limited stiffness

Limited capacity in vertical load restricting anchor force
and inclination

Waling beam necessary at each horizontal anchor row
Horizontal anchor spacing not restricted

Fig. 5-13 Various wall types; structural and physical characteristics affecting an-
chor spacing, load, and inclination.
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Fig. 5-14 Staggered anchors with close spacing: (a) varying inclination; (b) varying
length.

given axial anchor capacity. Steeper anchor inclination also means increased
vertical load component, part of which must be resisted at the base of the
wall.

5-6 SELECTION OF ANCHOR TYPE, LENGTH, AND DIAMETER

Overall Anchor Length. Given the anchor entry points, the inclination of
the installation, and the depth of the suitable ground strata for fixing the
anchor, the overall length must satisfy the geometry of the system. Total
anchor length obtained in this manner should be assessed in the context of
anchor cost, and compared with other possible solutions.

For normal anchor installations, especially those associated with retaining
walls, overall anchor length of 40-70 ft (12.5-21 m) is quite common, with
a minimum fixed length of 20 ft (6 m). In this range, the economy of the
system is well documented. Where the overall anchor length exceeds 125~
150 ft, the economic advantages should be scrutinized and subjected to direct
comparison with other alternatives.

Fixed Anchor Length. Reference to the appropriate procedures, graphs,
and tables presented in Chapter 4 for rock and soil anchors will enable initial
determination of fixed anchor length in conjunction with the grouting pres-
sure and the predicted anchor zone type. Field tests will check and confirm
the adequacy of this length, with provisions to modify the remaining anchors
if the initially selected fixed length is not satisfactory. Regrouting is also a
possible remedy where anchor capacity must be increased.
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For anchor fixed zones in rock type A is normally assumed, with a fixed
anchor length not less than 3 m (10 ft), and not more than 10 m (33 ft). Under
certain conditions it is conceivable that a shorter fixed length may be suf-
ficient, however a sudden drop in rock quality along the fixed zone com-
pounded with construction inefficiencies can deprive the installation of its
pullout capacity.

For rock cavities (tunnels and caverns) anchor forces and length cannot
be determined independently of each other. Both parameters must be se-
lected beforehand and then tested in successive converging steps until their
compatibility can ensure the stability of rock around the cavity as it relates
to the optimum deformation of the rock mass and mobilization of rock
strength.

For rock anchors stabilizing foundation mats or retention systems, the
empirical record presented in Chapter 4 can be supplemented by the data
shown in Table 5-3.

For anchors in sand, estimation of fixed anchor length may be based on
theoretical or semiempirical relations for type B anchor, whereas design
curves established from field experience on a range of soils are probably the
best procedure for estimating fixed length for type C anchors. Subject to
field confirmation, a broad range of anchor capacity and fixed anchor length
is shown in Table 5-4.

The selection of fixed length for anchors in clay should recognize the
relative validity of undrained shear strength and effective stress analysis.
Further difficulties arise in estimating the bearing capacity factor in under-
reamed anchors, the reduction coefficients applied to the side shear com-
ponents to include the effect of soil disturbance and softening during con-
struction, the utilization of higher injection pressure with and without
postgrouting, and the upper time limit specified for drilling, underreaming,
and grouting. The soil conditions adjacent to the fixed zone will also have
significant effects on load-carrying capacity. For example, where the clay
adjacent to the fixed zone contains open or sand-filled fissures, a 50 percent
reduction in side shear and bearing components is not unlikely.

Anchor Hole Diameter. This depends mainly on anchor size and type,
corrosion protection requirements, drilling procedures, and ground condi-
tions. It is interesting to note, however, that a common range of drilled hole
diameters is 3-6 in (75-150 mmj). Since the vast majority of soil anchors are
drilled in cased hole, the weight of the casing and its handling appear to
impose an upper limit in hole size, so that at present the 6-in hole is common
and practical in this respect. Typical hole sizes are shown in Figs. 2-20 and
2-21 for anchors in rock using percussive methods. The effect of corrosion
protection on drilled hole diameter is obvious. For single corrosion protec-
tion, the table in Fig. 2-20 shows that 27 strands can be accommodated in
a 6-in hole, but for double corrosion protection the same number of strands
will require an 8-in hole, as is evident from the table in Fig. 2-21.
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TABLE 5-3 Maximum Load-Bearing Capacity and Fixed Anchor Length in Rock

Load-Bearing Capacity (Maximum) Fixed Anchor

(kN) Length
High Degree of Low Degree of L
Type of Rock Fissuring Fissuring (m)
Granite, gneiss, =2000 =4000 4-6

basalt, hard
limestones, and
hard dolomites
Soft limestones, <1200 =2000 4-6
soft dolomites,
hard sandstones

Selection of Tendon Type. Section 2-4 provides a comparative description
of tendon types together with relevant mechanical characteristics, and the
associated advantages and disadvantages. The choice of tendon type is fur-
ther dictated by (a) the working life of the system and the requirements of
corrosion protection, (b) the load capacity, and (c) the drilling methods and
homing conditions at the site. An important consideration dictating the
choice of tendon type is the actual cost of installation after loss of prestress,
which must include the cost of testing and anchor monitoring. A final factor
to be considered is regional preference and previous experience with each

type.
5-7 DESIGN OF ANCHOR HEAD
Anchor head details, function, and design requirements were discussed in

Section 2-6. In general, anchorage components are detailed and standardized
by the tendon supplier or manufacturer, and relevant data include such com-

TABLE 5-4 Maximum Load Capacity and Fixed Anchor Length for Anchors in
Sand

Load-Bearing Capacity (Maximum) Fixed Anchor

(kN) Length
Unconsolidated Consolidated L
Type of Ground Deposit Deposit (m)®
Sandy gravel =600 =1000 4-6
Siity sand =400 =600 4-6

1 kN = 0.2248 kips (force).
®1m = 3.279 ft.
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ponents as standard anchorages, template and custom-designed anchorages,
devices to measure force and deformation, anchorage recess, and stressing
clearance. Anchor heads for permanent installations are additionally pro-
vided with corrosion protection on the basis that external conditions are
aggressive, although this is not identified at the time of installation.

Distribution Plate. The distribution bearing plate transfers the anchor load
into the main structure, and is located directly under the anchor head. Its
location represents a zone of maximum shear, for which the structure must
be designed accordingly.

Where the distribution plate is bedded on to concrete, the pad should not
exceed 10 percent of the plate width or 10 cm (4 in) in thickness. The al-
lowable bearing stress on the concrete pad should be as stipulated by the
applicable concrete codes.

Concrete Blocks. Where the anchor inclination is severe and the pre-
stressing force considerable, the load of transfer is better accomplished by
the concrete support shown in Fig. 5-15. The concrete block is cast after
the main wall, but is designed as a reinforced concrete member. A shear-
friction concept can be applied assuming that failure in the connection area
can occur in the most undesirable manner. Structural continuity and resis-
tance to shear is provided by extending the steel bars into the main wall as
shown.

Steel Grillage Support. If anchors transfer their loads to a steel structure,
specifically, a sheet pile wall or soldier beams, they will probably apply this
load to a waling beam. The connection usually involves a steel bearing plate
or a steel bracket, designed and detailed according to applicable steel codes.

If a group of anchors support a structure, the design of the structure or
parts therefrom should recognize a loading stage where one anchor in the

— Steel
reinforcing
bars

Anchored
Wall

Concrete support

Fig. 5-15 Concrete block used as support to transfer load from the anchor to the
structure. )
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group fails whereas the remaining units continue their function and remain
active under load. The elimination of one support will cause the structure
and its members to be overstressed, which is acceptable by the design rules
and standards established in this section provided the overstressing does
not exceed the allowable working stress in bending or in shear by more than
50 percent. The load from the anchor that became inoperative will be re-
distributed to the neighboring units and their components. Any overstressing
thus produced should not exceed the working anchor load by more than 25
percent while remedial measures are under way to replace the failed unit.

5-8 ESTIMATION OF LOCKOFF OR TRANSFER LOAD

The lockoff load is the sum of the design (working) load plus a load allowance
to compensate for seating loss and long-term time-dependent loss (creep in
the soil, creep in anchor components, and steel relaxation). After the design
load has been verified by testing, the anchor is prestressed to a level that
includes the adjustments due to the expected loss, and this load is locked
off. Seating loss is instantaneous and involves slippage in the holding parts
and devices. Usually, it is quoted in the range $-% in (3.2-9.5 mm). Long-
term loss due to steel relaxation, creep, temperature effects, and soil de-
formation can be estimated under the guidelines discussed in Chapter 4 and
in conjunction with technical data supplied by the tendon manufacturer. A
frequent range is 10-15 percent the transfer load. The following example
illustrates how the lockoff load is estimated.

An anchor unit consisting of seven strands (see also Fig. 2-21) has a
confirmed working (design) load of 145 kips (645 kN). Noting that each strand
has 41.3 kips (184 kN) f,., the design working load is 50 percent f,, (total
fou = 41.3 X 7 = 289 kips), which is the final prestressing force that must
remain in the tendon after all losses occur. The total cross-sectional area of
the tendon is computed at 1.07 in?, and the quoted modulus of elasticity for
the steel is 28 x 10° psi. Further data are the expected seating loss quoted
at 1 in, the long-term loss assumed 8 percent the design load, and the free
anchor length 40 ft.

Initially, the elongation of the steel tendon A L is computed for a load 145
kips as

AL = — (5-3)

or

AL - 145 x 1000 x 40 x 12
T 1.07 x 28 x 10°

= 2.3 in (58 mm)
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If the seating loss is § in and the expected long-term loss 8 percent the design
load, the combined tendon elongation during stressing is

2.3 X 1.08 + 0.25 = 2.48 + 0.25 = 2.73 in (69 mm)

This total elongation 2.73 in is entered now into Eq. (5-3) with P as the
unknown factor, or

273 x 1.07 x 28

P 4 x 12

= 170 kips (756 kN)

Under these conditions and assumptions the tendon will be prestressed to
170 kips (or 59 percent f,,) so that the final effective prestress after losses
will be the design working load of 145 kips.

The foregoing method of analysis is quick and convenient because of its
practical value as long as it is understood that an anchored structure does
not react as a prestressed structure does. Basic to the evaluation of these
effects is the establishment of time behavior of the medium within which
the prestress loss is expected to occur, as well as changes in actual earth
pressures and loads expected to be manifested in the final configuration of
construction. Equally valid in determining lockoff load is the concept of
stiffness and deformability of the ground mass, which resists the prestress
application. This subject is discussed in subsequent sections.

5-9 LOADS ACTING ON ANCHORS

The concept of loading discussed in Section 4-1 identifies two types of loads:
those acting on the anchored structure, and special static loads deliberately
induced by pull during testing or at lockoff stage. The second group of loads
is intentionally manifested by prestressing the anchors to the desired level.
These prestress loads may persist with time or may revert to the loads acting
on the structures during the structure—soil interaction.

Loads acting on the the anchored structure include the following:

Lateral Loads. These consist of (a) lateral earth stresses, which are gen-
erally dependent on the magnitude of strains developed in the ground;
(b) lateral pressures caused by surcharge loads acting at ground surface;
(c) lateral stresses induced by concentrated loads, such as footings,
acting within a mass of soil; and (d) water pressure.

Vertical Loads. These include the weight of the anchored structure and
reactions from interacting loads reaching the anchors indirectly. Be-
sides the forces and loads transmitted from above, a structure may be
subjected to the action of upward forces caused by ground reaction,
heave, and uplift.
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Construction Loads. These are created in two ways: (a) by changing the
earth stresses existing at some limiting state and (b) by inducing loads
associated with construction operations and equipment.

Dynamic Loads. These may include vibratory effects from earthquake
activity or impact from nearby heavy moving loads, and are of such
intensity that they must be included in the design.

Load intensity, effects, and distribution are treated in detail in subsequent
sections.

5-10 FACTORS OF SAFETY

Steel Tendon. Section 2-5 presented a general review of allowable stresses
and factors of safety for bar, wire, and strand, used here and abroad for
permanent anchors. This review was documented by the data shown in Ta-
bles 2-3, 2-4, and 2-5.

A more general summary is shown in Table 5-5, which covers recom-
mendations contained in codes of practice as well as suggestions by anchor
contractors and engineers. This summary shows a definite trend to increase
the measured and ultimate factor of safety to 1.5 and 2.0, respectively.

The recommended factor of safety for steel tendons, irrespective of type,
by this author is merely derived as an extension of the working (design)
stresses and loads expressed by Eqs. (4.1) and (4.2) for permanent and tem-
porary anchors, respectively. Accordingly, the following guidelines are in-
troduced.

For permanent anchors:
Working stress = 50 percent f,,
Ultimate factor of safety = 2.0
Measured factor of safety = 1.5
For temporary anchors:
Working stress = 62.5 percent f,,
Ultimate factor of safety = 1.6
Measured factor of safety = 1.25

The measured factor of safety is the test (proof) load divided by the working
load. It implies that the test (proof) load must be at least 1.5 and 1.25 times
the design (working) anchor load for permanent and temporary anchors,
respectively.

According to Section 2-2, temporary anchors will remain in service less
than 6 months. The same classification may include installations expected
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to remain in service up to 18 months provided a monitoring program is
included.

Relating the margin of safety against structural failure to the degree to
which public safety is involved is a philosophy to which this author has not
subscribed. The underlying doctrine is that structural failure should always
be prevented with a factor of safety that statistically, and also in the context
of engineering analysis, is satisfactory, and this irrespective of public liability
and order. Interestingly, material strength and stiffness for anchor tendons
should be as expected, since by definition the margins of error in their quoted
values should not exceed 5 percent. If the estimated (calculated) loads and
forces acting on anchors are close to the actual developed during service,
the anchorage should perform satisfactorily within acceptable deformations.
Hence, if the intent of introducing contingencies is to avoid a growing sit-
uation whereby engineers will tend to specify a higher factor of safety, it
follows that the most logical and reliable approach is to scrutinize the mag-
nitude of loads and combinations therefrom expected to act on the anchor-
age.

The foregoing factors of safety should be applied to all anchor components
for which precise mechanical and strength characteristics are available,
hence they include anchor head and its parts.

Ground-Grout and Grout-Tendon Interface. The literature contains a
conspicuous shortage of specific recommendations and guidelines pertinent
to the factor of safety that should be applied to these two media. Most codes
are reluctant to stipulate a specific procedure, citing the uncertainty of data
relevant to these media, and the engineer therefore must judge on the basis
of the best information available what safety factors are prudent. This re-
luctancy appears to originate from two sources. Initially, practical experi-
ence documents the variability of factors affecting the transfer of load, and
points to the need to improve the quantitative and qualitative level of this
record. Secondly, this lack of uniformity is assumed to be compensated by
the generous bond lengths normally provided at these interfaces, to be fol-
lowed by a recourse to trial tests. All present variables taken into account,
a minimum factor of safety at least 2.5 and preferably 3.0 for the ultimate
static load should be applied to the ground—grout or grout—tendon interface,
unless full-scale field tests confirm that a lower value is satisfactory.
Interestingly, static loads are not necessarily the governing criterion.
Where excessive movement cannot be tolerated, which is often the case in
urban excavations, load-displacement relationships appear to merit atten-
tion. In this case the soil-structure system may reach a point where it no
longer satisfies the requirements for which it was designed, hence a limit
state is approached. Overall stability is still provided, but the design must
also consider a serviceability criterion that may give rise to a limiting con-
dition related to permissible displacement rather than ultimate carrying ca-
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Fig. 5-16 Load-displacement curve for compact fine to medium sand (¢ = 33°).

pacity. It thus becomes prudent to establish a yield load producing unac-
ceptable movement and correlate it to the ultimate static load. This approach
becomes more significant as less discretion is exercised in choosing suitable
ground for anchorages or where such ground simply is not available. Typical
examples are situations where an increased factory of safety (>2) against
static load results after the structural ground—-anchor system is proportioned
to deal with (a) large displacement for a given load increment and (b) creep
in plastic soil.

An example of load-displacement behavior is shown in Fig. 5-16, and in
this case it constitutes a serviceability criterion. As the load increases be-
yond 200 kN, the anchor is seen to undergo vertical displacement at rapidly
increasing rates, and this behavior establishes a limit value in the design
load. In the same context, the concept of serviceability factor enters the
analysis of soils susceptible to creep. If the criterion of suitability and ac-
ceptance tests is a creep coefficient K, less than 2 mm under a load 1.5
times the working load, this would clearly imply a value of the latter related
to ultimate static load by a factor of safety less than 2.0 (see also Fig. 4-35).
Since this is not the intent of the serviceability approach, this observation
prompted Ostermayer (1974) to recommend a K, value not more than 1 mm
for a load 1.5 times the working load. All independently, but clearly arbi-
trarily, other investigators recommend a factor of safety at the ground-grout
interface not less than 3.5 for installation in ground liable to creep.

Movement detrimental to surroundings and procedures to reduce it are
discussed in subsequent sections. It appears, however, that as anchor design
recognizes the effects of limiting conditions, an appropriate factor of safety
S. will be introduced to express protection against a yield condition, and
then correlated to the factor of safety S, for the ultimate load capacity. These
two different levels of anchor assessment, depending on whether field tests
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or calculated ultimate loads are used, will become essential, and with ref-
erence to urban excavations they may give rise to a statistical treatment.

The factors of safety introduced in this section are thus intended to cor-
relate the design with ultimate static loads. As a matter of consistency, they
are higher for the ground-grout and the grout—tendon interface in order to
reflect the much higher margin of error in establishing appropriate soil
strength parameters and bond distribution patterns.

Ground Mass. This mode of failure. usually is checked by approximate
methods, briefly reviewed in Section 5-2 for both rock and soil anchors. This
situation will arise more frequently as the types and classes of tiedown struc-
tures and foundations subjected to uplift are expanded. Ground mass failure
is also conceivable with the uppermost (top) row of tiebacks in excavations,
especially with shallow anchor inclination. This condition is best analyzed
by considering all the parameters contributing to resistance within the as-
sumed failure zone. Prevention of failure should be ascertained with a factor
of safety not less than 2.5 and preferably 3.0.

5-11 SUGGESTED DESIGN PROCEDURE

Typical objectives in anchor design include (a) determination of working
load, (b) estimation of fixed length and overall anchor length, (c) selection
of tendon type, and (d) selection of stressing load. The latter not only con-
firms the safe working load, but also becomes mandatory where it is nec-
essary to control the behavior of the anchored structure within a broad range
of excavation stages and loading conditions.

As an essential supplement, the analysis must also consider (a) potential
ground movement, magnitude, and distribution; (b) rigidity of the structure
and the stiffness of the ground; (¢} compatibility of the ground-structure—
anchor system; (d) the behavior of clayey ground during anchor prestressing;
and (e) in case of rock anchors, anisotropy, inhomogeneity, and rock mass
discontinuities.

Two additional considerations will enhance the results: (a) the design
procedure and step-by-step approach should be simple and state the under-
lying assumptions and variables clearly and completely and (b) anchor design
cannot be separated from the analysis and design of the anchored structure.
Thus, the following design procedure is recommended.

Step 1. From available soil data, establish the location of suitable fixed
anchor zones. From a consideration of relevant soil and rock strength
parameters, establish probable range of anchor load capacity (static con-
ditions) and probable range of fixed anchor lengths. Knowing the entry
point and the distal end, estalbish overall anchor length, assuming anchor
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angle 30° with the horizontal. Establish corrosive tendencies of the en-
vironment.

Step 2. For the conditions established in step 1, obtain probable anchor cost
data. At this time it is necessary to provide the initial justification of
anchor choice as opposed to other alternatives. When anchor costs have
been checked and static load requirements are satisfied, the engineer
should consider the overall function of the project and how it relates to
serviceability aspects.

Step 3. Establish the geometry and dimensions of the project. Assuming
that some form of excavation is involved, identify the details of the ground
support. Given the excavation depth and sequence, structure rigidity, soil
stiffness, intended prestress level, and expected ground movement, es-
tablish an appropriate lateral earth stress pattern. This may have as basis
a given state (active, passive, at rest, etc.), or it may be based on a stress—
strain model assuming elastic—plastic behavior. Identify and quantify
other loads expected to act on the system.

Step. 4. Establish a logical anchor pattern and layout in terms of spacing,
number of anchors per wall or structural unit, and number and spacing
of horizontal rows. Consider the factors discussed in Section 5-5, and also
excavation levels and sequence, anchor load, and support requirements
for the structure.

Step 5. Carry out a structural analysis to determine the horizontal loads on
anchor units (point reactions), bending moments and shears on the struc-
ture, and probable movement at each excavation level. The structure and
the anchors should be included in a single analysis for optimum results,
but several iterations may be necessary before this is achieved. Simul-
taneously, for each excavation stage, carry out a stability analysis for the
structure~ground-anchor system, and establish probable slip planes. Step
S is based on numerical techniques, and requires appropriate computer
programs.

Step 6. With the horizontal loads on each anchor known, select anchor
inclination as suggested in Section 5-5. With the anchor inclination known,
establish the axial anchor load, and determine its vertical component.

Step 7. With the vertical load on the system estimated from step 6, check
the stability at the base of the structure. If conditions are not stable,
consider a modified anchor inclination, or increase the bearing capacity
by extending the structure deeper or by special foundation features.

Step 8. Compare actual design anchor loads with the load carrying capacity
per anchor unit assigned to the fixed zone in step 1, for normal anchor
types and configuration. Factors to be considered are higher grouting
pressure, postgrouting, underreams, and features contributing to in-
creased load capacity. Note that a smaller anchor inclination results in
smaller axial load and vertical component. If fixed anchor capacity is
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grossly exceeded, more anchors should be provided and the system rede-
signed.

Step 9. Establish location and length of fixed anchor zone, compatible with
the intended anchor type (A, B, C, or D). Locate the proximal point (upper
end) at least 5 ft (1.5 m) beyond the slip failure plane. Select a suitable
tendon type (bar, wire, or strand) including anchor head. Establish the
requirements for corrosion protection, and specify .a protective system.

Step 10. Establish a suitable load testing program and type and number of
tests (see also Chapter 7). Establish the requirements for long-term mon-
itoring. Establish anchor prestress requirements and lockoff load. Check
to confirm that these are compatible with the lateral earth loads used in
design.

Step 11. Prepare anchor plans and specifications. In general, these should
include (a) general anchor location plan, with general notes; (b) anchor
details, including data on prestressing steel, installation procedure, test-
ing, and stressing procedure; (c) anchor-head details, fixed anchor length,
proof load, and jacking force; (d) proof load testing frame details; and (e)
corrosion protection details. Samples of anchor plans and specifications
are included in subsequent sections, together with design examples of
anchored structures.
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CHAPTER 6

CORROSION AND CORROSION
PROTECTION

6-1 GENERAL REQUIREMENTS

The protection of steel tendons from corrosion attack in principle involves
the same problems encountered in ordinary prestressed structures, except
that with anchorage these conditions are much more severe. The environ-
ment in which anchors are set generally is more aggressive with high degree
of humidity or water seepage and the usual presence of salt solutions. Where
natural soil conditions are heterogeneous and the ground strata have rela-
tively unknown characteristics, incidents of corrosion are very liable to
occur if anchors are left unprotected. Thus, only in case of confirmed non-
aggressive environment or temporary installations may corrosion protection
be omitted.

Interestingly, applications of permanent anchors are in many instances
contracted under the condition of long-term responsibility, and this trend is
likely to continue with an expanding market. It appears, therefore, that a
standardized corrosion protection philosophy is essential, although the
choice and the degree of protection is left with the engineer.

Invariably, in current practice steel tendons are chosen from high-strength
steels used in prestressed concrete. Variations in the manufacturing process
are unavoidable and affect material properties including the mechanism of
anchor resistance to corrosion. Whereas no general claim can be made that
some steels or tendon types resist corrosion attack better than others, a
general requirement is that all steel tendons should be effectively protected
over their entire length, including the stressing anchorage and coupling de-
VIiCes.

240  Ground Anchors and Anchored Sructures. Petros P. Xanthakos
Copyright © 1991 John Wiley & Sons, Inc.
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6-2 DEFINITION AND MECHANISM OF CORROSION

Basic Concepts

Most metals used in the anchor industry are generally obtained by extraction
from their oxides in a process requiring input of energy. In their final form
the refined metals are less stable than in their natural form, and under ap-
propriate conditions they tend to revert to oxides; that is, corrosion is ini-
tiated. If a constraint is not present to inhibit this tendency, the metal will
react with oxygen and water from its environment to form oxides and/or
hydroxides. Schrier (1976) gives the following general form of this reaction

M + 0,23 M(OH), or M,O0,

where M represents the metal. This essentially electrochemical transfor-
mation involves metal dissolution and simultaneous conversion of oxygen
and water to hydroxyl ions. During the process electrons are transferred
from the metal to form the hydroxyl ions, and metal ions migrate into the
aqueous electrolyte. The sites where dissolution of the metal occurs (cor-
rosion sites) are anodic, whereas sites where oxygen and water are converted
into hydroxyl ions are cathodic.

As anodic and cathodic action occur simultaneously, the corrosion pro-
cess is initiated only when both sites are available and active; an example
where this case is manifested is surface inhomogeneities on a single metal.
Electrochemical corrosion is thus promoted as the potential difference be-
tween the anodic and cathodic sites, and its rate is directly proportional to
the magnitude of the current flowing between the electrodes and their re-
spective areas. Furthermore, the potential developed by each electrode de-
pends on the chemical influence of the environment.

Development of Cells. Where either two electrodes of the same metal are
placed in different ionically conducting and connecting media, or electrodes
of different metals are placed in the same conductive environment and are
connected electronically, a cell will be set up. A metal immersed in solution
will develop electrical potential, the nature and value of which will depend
on the thermodynamics of the system and influenced by the chemistry of
the solutions. A reversible or standard potential of a metal (E,) is defined
as that developed by the metal in contact with a solution of its own ions at
unit activity for a given temperature and pressure [usually 25°C and one
atmosphere (1 atm)]. Standard electrode potentials have been established
for most commonly used metals in their pure state with reference to a stan-
dard hydrogen electrode. However, conditions usually encountered in prac-
tice involve the potential of a metal (in a solution) appearing in an indefinite
and irreversible form, hence they are not so readily defined as E, values. It
is because such potentials are fundamental to the corrosion process that
corrosion mechanisms are not readily controllable.
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Galvanized Microcell and Bimetallic Action

Two metals in contact both electronically and ionically will give rise to an
electrochemical cell due to the difference in the respective metal potentials.
The metal with the more noble potential will function as the cathode of the
cell thereby causing the other metal to act as the anode, and under favorable
conditions causing it to corrode. The metal with the higher Ej is in this case
the more noble element, or potentially less reactive. Ideally, the potential
of the cell would be determined by the difference in the respective E, values,
but in general the cell current (or corrosion rate) is controlled by electro-
chemical influences and polarization of one or both metals forming the cells,
assisted by environmental conditions. The smaller the anodic area the more
severe the attack as metal loss is central to corrosion current and rate (King,
1977), although in reality there is no quantitative relationship between weight
loss and the difference in E, values. In ground anchors galvanic cells are
set up by the contact of different metals constituting the same unit.

Whereas bimetallic corrosion is manifested by the formation of galvanic
microcells between differing metals, galvanic microcells can also develop
on a single piece of metal or alloy under appropriate conditions in ionically
conductive environment between regions of varying composition and there-
fore different electrode potentials. Grain boundaries, in particular, are less
noble than the interior of crystal grains as are lattice defects within crystals
due to differences in composition and increased lattice energy. Inclusions
in the metal surface can stimulate formation of microcells where the latter
acts as the cathode of the cell.

Active~Passive Cells. If a metal or alloy passivates (becomes less reactive)
by forming an integral protective oxide film on its surface, active—passive
cells can develop at defects in the oxide film as result of inhomogeneities
in metal composition or film fracture due to stresses in the metal. The re-
maining oxide film acts as the cathode stimulating corrosion at defective
sites or anode areas under favorable environmental conditions. Likewise,
the relative area of anode to cathode is essential in determining the severity
of corrosion. Interestingly, the initial potential difference available from the
active—passive cell is not sufficient for corrosion to continue; hence the
process becomes dependent on factors such as availability of oxygen to
maintain the cathodic process. In this manner, an active-passive cell can
develop into a differential aeration cell.

Differential Aeration Cells

In ground anchorages, development of corrosion is particularly sensitive to
these cells, and can occur as tendons pass between zones of different po-
rosity or from disturbed to undisturbed layers. Differential aeration cells are
formed where a metal experiences an ionic environment with dissolved ox-
ygen at different concentrations. Metal areas surrounded by higher oxygen
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concentration form cathodic zones, whereas those with the low concentra-
tion are the anodic areas. Significant corrosion rate is reached only if an
appreciable amount of oxygen is present; hence attack is usually observed
close to the boundary of the oxygenated cathodic regions. An important
example of differential aeration is crevice corrosion, whereby the metal is
attacked in a crevice formed at the contact with another metal according to
a mechanism causing rapid oxygen consumption. A similar mechanism is
associated with pitting corrosion, although in this case the presence of dif-
ferential aeration cells is not essential and the process requires merely the
localized breakdown of the passive oxide film. These cells are usually mi-
crocells.

Differential Concentration Cells

These can form when the metal is in environment of varying ionic strength,
but the presence of oxygen is likewise important in determining corrosion
rates. The nature of ionic species is essential to corrosion sites. Species with
different pH values can also interact to start corrosion, since the pH is
measure of the hydrogen ion concentration. The effect of pH alone depends,
however, considerably on the thermodynamics of the system. Interestingly,
pH values are not always reliable indicators of ground agressivity, and chem-
ical composition together with nature and resistivity of the environment are
also important factors (Palmer, 1974).

Ditferential Embedment. In this case differential cells are developed on a
larger scale where the metal is embedded in two or more types of environ-
ment capable of producing ionic action and are integrally connected. The
same factors discussed in the foregoing paragraph are likewise essential, and
the foregoing considerations still apply. Differential aeration cells can for
example be set up on cables or tubes buried in soil at the passage from
aerated to nonaerated soil (clay for instance).

6-3 TYPES OF CORROSION

With respect to the causes of corrosion and the resulting effects, the types
of corrosion can be grouped into three main categories: (a) generalized at-
tack, (b) localized attack (shallow or deep pitting), and (c) cracking (due to
either hydrogen embrittlement or stress corrosion}. These three categories
are illustrated in Fig. 6-1.

Generalized Attack

Corrosion atack in this case is approximately uniform and covers the surface
of the metal as shown in Fig. 6-1(a), where discrete anodic and cathodic
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sites do not exist as such or fluctuate over the surface. For this form to
occur, the anode and cathode areas must be equal as are anodic and cathodic
polarization, and both processes control corrosion rate equally. At some
point, it is possible for the corrosion product to form a continuous film that
thereafter may act as protective layer and inhibit further attack.

In essense this may be termed chemical corrosion since it corresponds
to attack by acid in a laboratory. The metal is gradually transformed into
ferrous ions, uniformly from the outer surface inwards. The accompanying
reduction in cross section is basically uniform, whereas the center of the
metal remains intact and sound. The rust thus formed has no cohesion and
is therefore easily displaced by circulation or infiltration, after which attack
can resume with increasing acuity.

Localized Attack

This may be termed electrochemical corrosion, and is manifested as deep
or shallow pitting as shown in Fig. 6-1(b). The formation of holes causes
local stress concentration and eventually premature failure., With conven-
tional prestressing steel, pitting has been observed in the presence of salts
used for thawing ice, or near seawater.

Where separate corrosion cells are present on the metal surface, localized
corrosion can occur. Separate corrosion cells are distinguished by variation
in the electrode potential over the metal surface. The process becomes more
localized as the ratio of cathodic to anodic area increases under chemical
and/or physical inhomogeneities in the metal or electrolyte, whereas one of
the electrical reactions has overall control over the corrosion rate which is
unpredictable in practice. lonization occurs at the anode or cathode, con-
stituting a bimetallic cell as shown in Fig. 6-2(a).

Localized attack is associated with the presence of a protective oxide film
on the metal or alloy. Pitting or crevice corrosion will occur in the presence
of aggressive ions such as chloride. Pitting can have severe consequences,
yet the overall metal loss is small. Whereas the distinction between localized
corrosion and pitting is not exact, the latter is often defined in terms of pit
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Fig. 6-2 Idealized representation of three major modes of corrosion; (a) corrosion
by pitting; (b) corrosion by hydrogen embrittlement; (c) corrosion involving oxygen.
(From Longbottom and Mallett, 1973.)

geometry. Thus, it has been suggested that the transition from pitting to
localized attack occurs when the ratio of average pit width to depth is 4 or
less (Champion, 1962), although a ratio of 1 is widely accepted as the defi-
nition of pit (Schrier, 1976). The mechanism of corrosion by pitting is shown
in Fig. 6-3.

Stress Corrosion—-Hydrogen Embrittiement (Cracking)

This is a form of corrosion where physical causes predominate, although
stress corrosion cracking (SCC) is produced by the combined action of static
tensile stress on the steel and localized corrosion. SCC is more commonly
encountered with alloys where a passivating oxide film is present with ap-
propriate corrosion media. Its precise mechanism is not completely under-
stood. It appears, however, that localized action of corrosion produces a
narrow pit, which allows the tension forces to concentrate at the tip of the
pit, resulting in the formation of fresh metal surfaces where further disso-
lution can occur. With this combined action propagation occurs causing
cracking either along grain boundaries or along slip planes within the crystal
lattice. The accompanying reduction in cross-sectional area leads to failure
by plastic yielding.

Unlike other forms of corrosion, SCC depends greatly on the stress con-
dition of the metal, and increases with increasing tensile stress. Certain steels
appear to be more liable to this type of corrosion, but a precise classification
is yet to be made. Uhlig (1971) indicates that high-strength steels with yield
strength higher than 1241 N/mm? (180 ksi) or a Rockwell C hardness value
greater than 40, are susceptible to SCC. If sulfides are present, Phelps (1967)
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Fig. 6-3 Mechanism of corrosion by pitting.

suggests to reduce the equivalent Rockwell C number to 22. Interestingly,
tensile tests do not reveal any weakening of the so-called susceptible steels
(Portier, 1974). The stress in this case must be maintained for some time
before the steel breaks suddenly under stresses that sometimes are one-half
those at instantaneous failure.

Among the causes observed, the best known is hydrogen embrittlement,
mainly affecting highly stressed carbon steels. This involves the migration
of atomic hydrogen into the metal lattice where molecules are formed and
produce internal pressure in the metal. The atomic hydrogen may have been
formed by corrosion of the metal or by corrosion of the baser metal in direct
contact with the former. Cracking of the metal can then occur as direct result
of tensile stresses developed by the hydrogen itself, but also where a certain
critical tensile stress is externally applied (sometimes called hydrogen crack-
ing). The process is more severe in steel if bismuth, lead, sulfur, tellerium,
salenium or arsenic are present (FIP, 1986). Atomic hydrogen may enter the
metal over an extended period, and failures of this type have been reported
years after installation.

Experiments with doped distilled water have shown that as hydrogen
infiltrates the metal the process is helped by deformations produced by ten-
sile stresses causing lack of cohesion of the crystals. This effect however
may not be instantaneous, and the hydrogen needs time to penetrate the
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material. It is conceivable that the surface state, which is different between
rolled steel and drawn steel, may favor this infiltration. From a survey of
reports on hydrogen embrittlement it appears that oil quenched and tempered
steels are more susceptible to this process than drawn types (Littlejohn and
Bruce, 1977). However, there is no unanimous opinion about the suscep-
tibility of prestressing steel to hydrogen embrittlement in highly alkaline
grout.
An idealized representation of this process is shown in Fig. 6-2(b).

Other Forms of Corrosion

Bacterial Attack. A common form of bacterial attack is in association with
the metabolic processes of sulfate-reducing bacteria (SRB) utilizing sulfate
in anaerobic conditions. These are found in spaces isolated from atmospheric
oxygen, particularly in sulfate-bearing clays or organic soils below the water
table. SRBs are most active at pH values 6.2-7.8 (Hadley, 1939) when cath-
odic reaction in a corrosion cell releases hydrogen. If the corrosion cell is
located in more open environment than clay, allowing some ingress of at-
mospheric oxygen to the boundaries of the anaerobic region, the sulfur cycle
can be completed by the metabolism of sulfur-oxidizing bacteria (SOB) pro-
ducing sulfuric acid, which in turn can dissolve metal and grout. Bacterial
attack can either be localized (i.e., pitting), or more generalized depending
on the nature of soil, depth of embedment, and the presence of any protective
coating or oxide film on the metal surface.

Corrosion Fatigue. This resuits from the combined action of corrosion and
cyclic stresses. Unlike SCC, corrosion fatigue occurs in most aqueous media
and is not connected with special combinations of aggressive ion and metal.
The prevailing mechanism involves exposure of oxide-free, cold-worked
metal that becomes anodic and corrodes, and under cyclic stressing trans-
granular cracks gradually develop.

Corrosion Involving Oxygen. The presence of oxygen accelerates cor-
rosion at the cathode as shown in Fig. 6-2(c), but this reaction is typically
favored by alkaline conditions. At the anode oxygen concentration leads to
formation of a protective, passivating layer of rust. The highly alkaline grout
can protect the steel through rust formation, but if the grout has cracks water
will remove the rust, eventually dissolving the metal.

6-4 AGGRESSIVITY OF ENVIRONMENTS

Guidelines including quantitative limits on aggressivity of environments have
been prepared and introduced by various institutions, for example, Bureau
Securitas (1972), FIP (1973), and more recently FIP (1986). With the in-
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creasing realization that failure of highly stressed steels under the influence
of corrosion is quite complex, and as yet it is impossible to specify the
condition giving rise to this process, it appears that two safe principles are
available in dealing with the problem. The first is a comprehensive analysis
of the various environments to which the steel will be exposed to determine
the aggressivity level, and the second is to adopt a design philosophy oriented
toward ensuring complete protection of the prestressing steel.

Ground Aggressivity

Aggressivity toward Metals. Water content, aggressive ion content (pres-
ence of chloride and sulfate ions), and permeability of the ground are prime
factors affecting corrosion. However, a generalized measure of redox po-
tential and soil resistivity is now accepted as index of risk and can be applied
to the assessment of potential corrosiveness (King, 1977).

Table 6-1 shows data correlating soil corrosiveness to resistivity and redox
potential, valid for soils of single composition. Where the anchors pass
through layers of different composition, these data should be interpreted
with caution to avoid development of differential embedment cells. ASTM
report STP 741 (1979) gives useful information on the measurements and
processes required. If such data are not available, soil and groundwater
samples should be taken for chemical analysis, discussed in subsequent sec-
tions.

Aggressivity toward Grout. The most serious conditions affecting grout
durability are (a) sulfate-bearing ground and groundwater and (b) acid-bear-
ing ground and groundwater.

Aqueous solutions of sulfates attack the set grout according to a chemical
reaction depending upon the type of sulfate and cement. The rate of attack
is influenced by the permeability of grout. The process involves also the
following factors: (a) normal groundwater table and seasonal fluctuations

TABLE 6-1 Corrosiveness of Soils Related to Values of Resistivity and Redox
Potential

Redox Potential, (mV)

Resistivity (corrected to pH = 7);
Corrosiveness® (Q/cm) Normal Hydrogen Electrode
Very corrosive <700 <100
Corrosive 700-2000 100-200
Moderately corrosive 2000-5000 200-400
Miidly corrosive or >5000 >430 if clay soil

noncorrosive

¢ In the absence of the above tests, ground and groundwater samples should be taken for detailed
chemical analysis in order to judge aggressivity,
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and (b) form of construction. If sulfate conditions around the set grout are
unavoidable, the best defense against attack is to control the type and quality
of grout, that is, by the use of dense grout with low permeability. Relevant
concrete codes are, by extension, recommended for guidelines on the re-
quirements for grout exposed to sulfate attack with reference to the type of
cement, minimum cement content and maximum water/cement (W/C) ratio.

Conditions involving the presence of acids can be critical because of the
vulnerability of cement to acid attack, but for most uses below ground level
little erosion of carefully prepared grouts should be expected when the pH
is about 5.5 and the water is stagnant. More critical conditions are discussed
in the following section.

Aggressivity and Chemistry of Groundwater. In unfamiliar regions it is
customary to determine the chemical properties of groundwater and the
associated effects, particularly with reference to cement attack. In general,
chemical analysis of groundwater of natural origin involves the following
tests:

pH values

Smell

Potassium permanganate in mg per liter
Total hardness in mval/iter or O,
Carbonate and noncarbonate hardness
Magnesium content in mg per liter
Ammonium in mg/liter

Sulfate content in mg/liter

Chloride in mg/liter

Lime-dissolving carbonic acid in mg/liter, determined using Heyer’s
marbie test

R N i

__
@

Pure water may be termed aggressive if the CaO concentration is less
than 300 mg/liter. Such waters display the tendency to dissolve the free lime
and hydrolyse the silicates and aluminates in the cement.

Acid waters with pH between 5.5 and 4.5 are considered aggressive since
they can attack the lime in the cement. They may be found with dissolved
carbon dioxide or contain humic acids, but a frequent source is industrial
waste. If the pH is in this range, a dense grout should be used, and the
addition of pulverized-fuel ash may be beneficial (Gutt and Harrison, 1977).
Values of pH below 4.0 are unusual, and since water aggressivity in this
case is very strong, alternative grouts (other than those based on Portlant
cement) should be considered.

Waters with high sulfate content react with tricalcium aluminate present
in cement to form salts that disarrange the cement by swelling. Among these
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TABLE 6-2 Parameter Limits for Assessing Aggressivity of Groundwater

Aggressivity
Test Weak Strong Very Strong
1. pH value 6.5-5.5 5.5-4.5 <4.5
2. Lime-dissolving carbonic acid 15-30 30-60 >60
(CO,) in mg/liter determined by
Heyer’s marble test
3. Ammonium (NH/ ) in mg/liter 15-30 30-60 >60
4. Magnesium (Mg?*) in mg/liter 100300 300-1500 >1500
5. Sulfate (SO37) in mg/liter 200-600 600-3000 >3000

are selenious water and magnesian water. With the presence of these salts,
the conditions become very aggressive when the salt concentration exceeds
0.5 g/liter for selenious water and 0.25 g/liter for magnesian water. These
values refer to stagnant water, and for flowing water the equivalent limits
are 40 percent these values.

The aggressivity of groundwater can be judged by quick reference to Table
6-2. These limits apply to stagnant or weakly flowing water of ample supply.
This is assumed to attack the anchor immediately and the effects are not
diminished by reaction with the grout. The highest degree of aggressivity is
assigned to groundwater even if it is obtained in only one of the five classes
shown. If the values in two or more classes lie in the upper quarter of a
range, the degree of aggressivity is increased by one grade.

Higher aggressivity must be accepted for higher temperatures and pres-
sures or where the grout is subjected to mechanical abrasion due to swiftly
flowing or agitated water. The degree of aggressivity decreases at lower
temperatures if small amount of water is present and the water is still, and
where the aggressive constituents can be reactivated slowly, for example in
low permeability ground (k < 1073 cm/s).

Aggressivity of Grout toward Steel

The concensus of opinion is that steel tendons can be adequately protected
if they are surrounded by an alkaline environment with a pH range of 10—
13. Hydrated cement has normal pH value of 12.6, which inhibits the pres-
ence of aggressive ions. At this pH a passive film forms on the steel surface
that reduces the rate of further corrosion to inconsequential levels. Cement
grout cover can provide therefore chemical as well as physical protection
to the steel. It is, however, normal to accept a long-term loss of alkalinity
owing to the permeability and porosity of grout. This can occur by reaction
with acidic gases in the atmosphere or by leaching water from the surface.
These acidic gases react with the alkali and neutralize them by forming
carbonates and sulfates, at the same time reducing the pH. If the carbonated
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front can penetrate sufficiently into the grout, it may intercept the steel
tendon, causing it to corrode if oxygen and moisture are available. The
defense in this case is to provide an adequate grout cover sufficiently thicker
than the carbonated front (normally a few millimeters) so that the steel will
continue to remain in alkaline environment.

As mentioned in previous sections, cracks in the grout are formed fol-
lowing high prestressing, shrinkage, or other factors. Crack formation will
provide ingress of the atmosphere and aggressive ions, and designate an
entry for the carbonation front. If a crack is initially formed and gradually
reaches the steel, considerable protection can be lost especially with the
tendency of the unit for debonding, which exists under tensile loading, as
shown in Fig. 6-4. If this occurs, it will disrupt the direct contact of the steel
with the alkaline grout environment and destroy protection in the vicinity
of debonding. Subsequent corrosion will depend upon several factors such
as size of crack, loading conditions (constant or fluctuating), degree of ex-
posure, and environmental effects. In some instances, the cracks may be
closed by products of carbonation reactions, ingress of debris or combi-
nations therefrom, all restricting the supply of oxygen and moisture and
inhibiting further corrosion. However, if the cracks are not closed or if they
propagate to other areas because of fluctuating loads, oxygen and moisture
will gain access to unprotected steel surfaces, and corrosion should be ex-
pected to continue at an unpredictable rate.

Influence of Cracking. Beeby (1978) has shown that, with regard to cor-
rosion of steel in concrete, corrosion is likely to start first where a bar
intersects a crack. In the short term (in this case 2 years), the influence of
crack width on the amount of corrosion found near the crack is significant.
In the long term, however (10 years or longer), the influence of crack width
on the amount of corrosion is negligible, and this conclusion is based on
observations of 0.05-1.5-mm cracks. Furthermore, the smaller the crack,

Primary crack Internal crack
\ Concrete cover
DA >,
S £ R\ %) R\ . < Y-
R4 0 R SO N
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Force on

Force components
concrete

bar on bar
Longitudinal section of axially loaded specimen

Fig. 6-4 Crack formation and conditions approaching debonding. (From Goto,
1971.)
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the lower the corrosion risk. Where cement grout is used to provide the
protective cover in permanent anchorages, the use of crack-inhibiting steel
is now considered desirable. Although there is limited field evidence as to
what crack widths are acceptable in a cementitious protective barrier, an
upper limiting crack width 0.1 mm is proposed as guideline, based on work
by Houston et al. (1972), Ryell and Richardson (1972), Schiessl (1975), Beeby
(1978}, Naus (1979) and O’Neill (1980).

The idealized representation of cracking around a ribbed deformed bar
shown in Fig. 6-4 is proposed by Goto (1971). At this stage the force is
primarily transferred from steel to concrete by the mechanical action of the
ribs, as adhesion between the bar surface and the concrete is largely lost.
As the steel rusts, the corrosion products generally occupy a volume some-
times two to three times the volume of lost metal. As a result, the corrosion
products from a small reduction in the cross-sectional area of the tendon
will produce internal stresses sufficient to disrupt the surrounding grout. The
ability of grout to resist these stresses is dependent upon the location of the
tendon unit, the tensile strength of the mix, and the cover thus provided.
These considerations impose the maximum acceptable ratio of steel area to
grout cross-sectional area discussed in the foregoing sections.

Stability of Alkaline Conditions. The passivity associated with alkaline
conditions can be reversed in the presence of chloride ions, despite the
remaining high level of alkalinity in the grout. The chloride ions can depas-
sivate the metal locally and promote active metal dissolution. The reaction
takes place with calcium aluminates and ferrites in the grout to form calcium
chloroaluminate and chloroferrite compounds, which are solid and prevent
the chloride from reacting. These remain stable only as they are in chemical
equilibrium with a small amount of chloride in the aqueous phase of the
grout. The chloride in the solution is the prime agent that is free to initiate
corrosion in the steel. At low levels of chloride ion in the aqueous phase
corrosion will be limited, but as the concentration increases, the risk is
significantly higher. Thus, the amount of chlorides in the grout as well as
the amount of free chloride in the aqueous phase will by large determine the
risk of corrosion. In this context, the total chloride content of the grout
derived from all sources should not exceed 0.1 percent by weight of cement.

In marine environment, changes occur between hydrated cement and sea
water, some of which are harmful and others are beneficial. It is possible
that low-permeability concrete can become watertight in seawater. Although
the exact cause is not known, one explanation is the blocking of pore spaces
by the crystallization or precipitation of chemical products created by in-
teraction between seawater ions and hydrated cement (FIP, 1986). The free
corrosion potential on an embedded steel tendon may also fall and stabilize
at very low values, specifically, after 6—-18 months in submerged conditions
(Fidjestol and Nilsen, 1980).
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6-5 RISK OF CORROSION AND AGGRESSIVE CIRCUMSTANCES
FOR ANCHORAGES

The Corrosion Problem in Conventional Prestressing

Although from the statistical point of view corrosion instances are normally
kept secret, quite often it has become necessary to repair the sheaths of
existing conventional prestressing systems by injecting resins. In most cases
the principal causes of corrosion risk of steel, despite the effective protection
of the basic medium with concrete, relate to poor workmanship and con-
struction techniques.

The first questionable practice is the ‘‘do-it-yourself’’ trend promoted by
several manufacturers of jacking devices and sealing products for an appli-
cation which is highly specialized, and where prestressing methods and the
residual tension of some cables require competent judgment and utmost
attention. Injection, in particular, is a markedly sensitive phase, and should
be performed only by skilled specialists.

Furthermore, in conventional prestressing many cables have horizontal
alignment with high and low points, and this means that pockets may be
created during injection allowing bleeding to occur if the grout is not stable.
Since the water content in a cement grout is usually kept low to ensure its
stability, it follows that the lower the water/cement ratio the less injectable
the grout, hence the higher the risk of blockage. Interestingly, an unsatis-
factory injection has little chance of being detected probably for 10 years
after it is completed.

Another cause of problem relates to the type of sleeves used in postten-
sioning. Sleeves are often made in the form of spirals so that they can easily
bend and assume the curved configuration of the prestressing system. These
sleeves, however, are not always watertight.

Under these circumstances it is possible, especially if there is a leak be-
cause the stressing cable has been improperly stressed or the concrete has
cracked, for runoff water charged with pollutants to circulate along the pre-
stressing steel in such a manner and at such a rate that it is not passivated
by the cement. A last contributing factor is contact between cables and the
sleeves. There is strong indication that the line of contact is oxidized, either
as a result of water taking a preferred path or because of creation of mi-
crobatteries.

Most of the foregoing risks are absent with anchorages. Ground anchors
are generally inclined or vertical so that setting of any unstable cement will
occur downwards, and in practice it is sufficient to fill the top section under
pressure after the lower cement has set. Since the borehole is always straight,
plastic sleeves can be used for the free length without the risk of being torn
during tensioning because of the curvature of the tendon. These sleeves are
sufficiently watertight laterally, and this inhibits formation of microbatteries
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along the contact surface. Although the presence of aggressive water in a
subsoil must generally be accepted, it is encountered in a milder form as
the depth of the anchorage increases with the exception of marine environ-
ments.

Aggressive Circumstances and Risks Specific to Ground Anchors

Risk Due to Uplift Pressure. Ground anchors often are used to stabilize
foundation rafts and tiedown structures. These are generally located below
the groundwater table, and hence are subject to uplift. In this case, the
slightest orifice will serve as drain cock, and water may then flow along the
tendon. The problem is more serious with strand anchors, and in the past
it has been remedied by injecting resin to cover the affected areas. More
recently, the use of an epoxy pitch is claimed to penetrate the tendon core
and ensure complete watertightness.

Overall Sealing. According to one practice favored by French contractors
(Portier, 1974) complete sealing of the tendon can be achieved by multiple
injections. According to this claim, if grout is injected without pressure, two
results are possible: (a) the weight of the steel tendon may bring the steel
into contact with soil, even with the use of centralizers and spacers; and (b)
shearing of the sealing compound may occur along the contact line with the
soil. Thereafter, the cement follows the deformation of the steel and cracks
in the same locations. At this stage, the risk of corrosion exists.

However, when injection is carried out in several stages, a recentering
of the tendon in the borehole follows. Each new injection breaks the existing
grout, flows around it, and lodges between the anchor and the soil as the
anchor bulb thickens.

In soils that are permeable but not injectable, the open radial fissures of
type C simply do not form, since shearing cannot occur in contact with the
soil. A critical condition is therefore reached with grouts which shear lon-
gitudinally in contact with the steel tendon, but without radial cracking. This
sheath of grout, which is part of the soil structure, becomes compressed at
some stage of tensioning or at the final steel tension, a release causing pre-
compression of the sealing.

Free Length. A major problem is to prevent longitudinal paths by which
water can flow along the axis of the sleeve, due to uplift pressure. Equally
important is to ensure material performance of the injection process. If the
injection is carried out after tensioning, a grout sleeve tube situated at the
base of the free end will allow cement to be injected under pressure upwards.

Anchor Head. This zone deserves the same attention because it can be
vulnerable for many reasons: (a) any possible setting is likely to occur at
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this point; (b) leaks emerge at this location; (c) mechanical and heat stresses
can create electric couples out of proportion with those of the sealing; (d)
it is the zone exposed to a much more corrosive environment, namely, the
atmosphere; and (e) because it is readily accessible, it is often the practice
to neglect its full protection until corrosion is documented, at which time
remedial measures are too costly, if at all possible.

Aggressive Circumstances. Protection of the steel tendon against cor-
rosion can be chosen only in conjunction with the potential corrosion haz-
ards. The main factors affecting the selection of suitable protective systems
relate markedly to ground aggressivity. Thus, the following conditions will
demand consideration of complete corrosion protection (FIP, 1986).

1. Anchorage sites exposed to seawater, containing chlorides and sul-
fates.

2. Anchorages in saturated clays with low oxygen content and high sulfate
content.

3. Anchorages in evaporite rocks containing chilorides (i.e., salt-lake de-
posits).

4. Anchorages in soils near the vicinity of chemical factories producing
corrossive effluents, or which are subjected to corrosive atmosphere.

5. Anchorages passing through ground layers with fluctuating water lev-
els.

6. Anchorages passing through partially saturated soils.

7. Anchorages passing through strata of differing nature with regard to
chemical composition and difference in water or gas content.

8. Anchorages under cyclic loading causing cyclic stress changes within
the tendon.

In general, corrosion is enhanced by exposure to the combined action of
oxygen and chlorides, anaerobic conditions in the presence of sulfates, or
severe fluctuations of load and high stress levels. For initial assessment of
these conditions, reference can be made to Tables 6-1 and 6-2 for ground
and groundwater aggressivity, respectively. Anchorages in hard rock of low
permeability should be considered being in essentially nonaggressive con-
ditions.

Sensitive decisions must often be made regarding temporary anchorages
in ground with some corrosion history and potential. In this case, exami-
nations of burried metals in the same vicinity can establish the corrosion
history and provide useful data as to the degree of protection required. Spe-
cial consideration should be given to construction effects on groundwater
flow and seepage, especially where it is possible to cause water diversion
through regions containing aggressive chemicals.
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6-6 OBJECTIVES OF CORROSION PROTECTION
Unacceptable Corrosion Conditions

The design philosophy of protecting an anchorage against corrosion is to
ensure that, during the effective life of the system, the probability of un-
acceptable corrosion is acceptably small. Thus, a rational approach to design
is to satisfy the following criterion (Beeby, 1978):

Design life < 5 + 1, 6-1)

time from construction to the initiation of corrosion (depas-
sivation)

time from initiation of corrosion to the occurrence of unac-
ceptable corrosion

[l

where 1,

h

The time ¢, is the time taken for the aggressive front to penetrate the grout
system and reach the steel. This time will depend on whether the grout has
cracked, the crack width, the grout cover, and the nature and conditions of
the environment. For cracked grout in marine environment it is reasonable
to assume t, = 0. In determining the factors that influence the time #,, the
first requirement is to define unacceptable corrosion. For reinforced con-
crete structures this stage is reached with the onset of spalling. For an-
chorages, the occurrence of prestress loss in excess of 15 percent should
indicate unacceptable corrosion and cause concern. If the sole cause of this
loss is indeed corrosion, it is likely that loss of mechanical interlock might
occur in advance of spalling.

The time taken to produce loss of mechanical interlock will depend on
the corrosion rate, and the amount of corrosion necessary to disrupt the
grout. These variables will, in turn, depend on the grout cover, density and
watertightness, alkalinity, tendon size and configuration, and loading con-
dition.

Presently, the available theoretical and empirical data do not warrant a
safe estimation of t, or ¢;, hence the longevity of anchorages must be inferred
essentially from statistical data and past performance of installations under
similar conditions of aggressiveness and protection.

Reducing the Corrosion Risk

Water. Regardless of the type of corrosion, this process can occur only in
ionic medium, and under natural conditions water is the most widespread
agent. The renewal of water will increase the risk, and humidity is even more
dangerous. Factors that are closely interdependent include the supply of
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oxygen, the promotion of the microcell effect by the formation of a cathode
at the water—air interface, and the action of hydrogen embrittlement.

Electrochemical Potential. Figure 6-5 shows three regions of attack. Re-
gion I is characterized by the formation of ferrous ions and generalized
dissolution. Hence, in order to avoid corrosion, it may be sufficient to choose
the pH range 10-13, that is, remains in the region created by grouts. How-
ever, as discussed in the foregoing sections, this protection is entirely in-
adequate, and despite the passivating action of grout, there may be corrosion
by pitting (region II) under the influence of chloride ions present in the
cement. Furthermore, region IlI, corrosion with crack formation, may
occur.

From these remarks, it appears that the risk of corrosion can greatly be
reduced by the following measures:

1. Ensuring a pH environment of 9-12 in the grout to guard against the
risk of dissolution. Chloride, sulfide, sulfate, and carbonate ions tend
to lower the pH of the grout and thus promote electrolytic activity.

2. Avoiding the presence of harmful ions in contact with the steel, that
is, providing a barrier that envelopes the steel completely to inhibit
corrosion by pitting.

3. Selecting steels that are less liable to corrosion under tension, and
eliminating from the mixes anions that favor the passage of hydrogen.

4. Preventing to the extent possible the circulation of water to resist the
renewal of corrosive circumstances.
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5. Avoiding porous grout by selecting a suitable type of cement and a
proper water/cement ratio.

6. Reducing the level of prestressing since this accelerates corrosion.

7. Using cold-drawn carbon steel instead of quenched and tempered va-
rieties, which are more susceptible to stress corrosion.

8. Avoiding repetitive loading (cyclic) that destroys protective rust. With
reference to measure 5, it has been found that in certain cases the
protective grout cover of 25 mm (1 in) is not sufficient. Therefore,
more relevant to grout quality is grout porosity rather than cover thick-
ness.

Prestressing the steel may accelerate the rate of intensity of corrosion,
nonetheless the elastic and strength properties of nonstressed steel are like-
wise affected. Certain types of steel are more liable to corrode than others,
as mentioned in measure 7 (above). Stress corrosion is more accute than
ordinary corrosion because (a) stressing and releasing, if repeated, gradually
destroys the protective oxide film; (b) stressing enhances the formation of
microfissures; and (c) prestressing steel is, to begin with, more susceptible
than plain steel.

Itis clearly redundant to try to prevent the presence of water in the vicinity
of anchorages, in view of the considerable pressures involved that cause it
to infiltrate the very substance of the anchor system through the smallest
aperture (valves, screw, threads, etc). Furthermore, several anticorrosive
systems are based on the anchor being immersed in water of suitable pH
value.

6-7 REQUIREMENTS OF CORROSION PROTECTION

Degree of Protection against Corrosion

Whereas most engineers will agree with the definition and the signs of un-
acceptable corrosion, the time taken to produce it still remains dependent
on many uncertain and unquantified parameters. The protection of perma-
nent anchors presents an important task, although not crucial. Since un-
derground construction work, where anchorages are normally useful, is im-
plemented in urban or in industrial sites, it is possible that with ongoing and
future industrial development the natural environment of the subsoil will
become much more hostile.

The condition of a tendon unit during manufacturing and storing should
be carefully checked for defects such as longitudinal depressions in wire or
bar that do not impair the physical and mechanical properties. Currently,
these units are acceptable provided such defects are less than 4 percent the
nominal diameter of the tendon components or up to 1 mm maximum depth
of depression (FIP, 1986), determined from statistical assessment of tendon
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samples. For strand, this criterion applies to individual wires within the
strand.

A film of rust on the tendon at the time of its delivery is not necessarily
harmful and may improve bond, but tendons showing signs of pitting or
transverse defects should be rejected under any circumstances. Adequate
protection should be afforded to the tendon and its parts by the manufacturer
to avoid corrosion and mechanical damage before delivery. At the site, care
should be exercised during storage to ensure protection of the tendon prior
to its homing (see also Section 2-9).

Methods and criteria used to determine the protection level reflect the
following factors: (a) the intended effective (economic) life of the anchorage
and the anchored structure, (b) the aggressivity of the environment, and (c)
the consequence of failure caused by corrosion. It is erroneous to consider
corrosion protection only where these consequences involve endangered
public safety, since the cost of structural damage alone is likely to exceed
the cost of protection. Hence, the decision whether the rate of corrosion
merits the expense of protection is irrelevant and academic, irrespective of
public safety and human injury.

Temporary Anchors. By definition, these will remain in service up to six
months. If left unprotected, they will probably corrode in time. It is however
reasonable to assume that the cement grout will protect the fixed anchor
length, and the specified minimum cover is normally provided for most fixed
anchor types. In general, a grout cover not less than 25 mm (1 in) should
be specified. The need to provide some form of protection over the free
length is sometimes recommended but not always enforced. Exceptions are
extremely aggressive conditions such as marine environment. In these cases,
a combination of grease and tape in the free length is good practice.

Semipermanent Anchors. By definition, these will remain in service from
6 to 18 months. Corrosion rate will vary with the environment and working
conditions. If the environment exhibits corrosive tendencies or where there
is risk of local damage or corrosion by pitting, the results will justify the
expense of protection. If monitoring is included in the program and the
anchorages are not at immediate risk within their working life, protection
can be provided and graded according to the severity of the service con-
ditions.

In this case, the minimum cover as well as the watertightness of the grout
becomes more critical. A minimum cover 30 mm should be virtuaily guar-
anteed. Equally important is the structural integrity of the grout since re-
liance must be placed on the condition that the grout is not cracked. If these
guarantees are not provided, some additional protection should be consid-
ered. Protection of the free length may still be based on a single protective
system.
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Permanent Anchors. As a general rule, permanent anchorages should be
protected, preferably with double protection. The design solution may be
based on the assumption that an aggressive environment will at some time
exist, and that environmental changes during the service life cannot be pre-
dicted but they are likely to occur so that exposure to aggressive conditions
cannot be excluded. The protective system should not adversely affect the
handling of the tendon or the mechanism of bond and its effect on the transfer
of load.

In some instances, such as with low-capacity rock bolts used solely as
secondary reinforcement, a simple grout cover may suffice. For high-ca-
pacity anchorages installed in low-permeability rock, it would be prudent to
insist on at least one physical barrier, although satisfactory performance has
been documented where an alkaline environment is the only protection
against corrosion. An unprotected bar anchor is shown in Fig. 6-6.

The choice of class of protection should ordinarily be left with the engineer
after considering the many variable parameters involved. In this regard,
however, basic guidelines may be useful and provide a rational approach
for designing an effective protective system.

Single and Double Protection. By definition, ‘‘single protection’ consti-
tutes one physical barrier between the steel tendon and the corrosive front.
“Double protection’” means that two such barriers are provided, and the
main purpose of the outer barrier is to protect the inner barrier against
damage during tendon handling and homing. In this context, the outer barrier
may be considered sacrificial and redundant. Double protection has evolved
as mandatory anchorage requirement in most European countries and North
America, but it is not universally accepted as necessary.

Requirements of Protective Systems

Under a growing need to establish standards of protective system, the fol-
lowing requirements have been identified and apply to all anchors. Accord-
ingly, a protective system should satisfy the following:

1. The system shouid have an effective life at least equal to the anticipated
service life of the anchorage.

2. It should not interact with the environment, and should not have ad-
verse effects on the efficiency of the protected anchor and its parts.

3. It should not restrict movement of the free length, especially where
anchors must be restressed or with reference to the functions and re-
quirements discussed in Section 2-3.

4. It should consist of materials that are mutually compatible with the
deformability and permanence of the anchorage, and will also inhibit
potential induction of corrosive conditions.
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Fig. 6-6 Unprotected bar anchor in rock.

5. The use of these materials should involve a single treatment, since
protective systems (with few exceptions) can be neither replaced nor
maintained.

6. The system should neither fail during stressing to proof load, nor dis-
rupt the tendon-grout interaction, especially at junctions between
components.

7. It should be flexible but strong enough to withstand handling stresses
and distortions during manufacture, transport, and installation.

8. It should be delivered and packed in a manner allowing easy inspection
before installation.

Materials and Principles of Protection

The foregoing requirements are satisfied if a protective system can exclude
moist gaseous atmosphere around the metal by completely enclosing it within
an impervious covering or sheath. The effectiveness of this treatment de-
pends on maintaining the continuity of the covering; on external fluid pres-
sure gradients across coatings and joints; on content and cleanliness of the
atmosphere during application of the coating; on junction details, especially
at the fixed anchor zone and anchor head; and on the electrochemical po-
tential at the metal surface.

The industry offers a variety of protective coatings or coverings. It ap-
pears that the principles of protection are essentially the same for all parts
of the anchor system, but different details apply to the fixed length, the free
length, and the anchor head. Among the protective materials available are
one or more coatings applied during manufacture of the tendon and basically
attached to it, as well as materials introduced as fluids within the coating.
Grout injected in situ to form the anchorage zone and bond the tendon to
the ground is not considered part of the protective system unless its quality
and integrity is assured. However, its passivating alkalinity should be rec-
ognized.
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Single protection has only one of these barriers, whereas double protec-
tion includes a sheath and a coating, together with materials injected ex-
ternally after homing or internally during manufacture. Double protection
includes both a physical barrier to corrosion and an electrochemical barrier
associated with a fluid material, which may harden for additional physical
protection.

Ideally, fluid materials should remain ductile in their final configuration
to provide a physical barrier that does not crack or debond in service as the
system undergoes differential strains. When a tendon in cement grout is
stressed (with tension-type anchors), cracks within the fixed length typically
occur at about 50-100-mm intervals (2-5 in), and of widths up to 1 mm or
more (Graber, 1980; Meyer, 1977). The severity of corrosion can be reduced
if the crack width is limited to 0.1 mm under the influence of the alkaline
environment of the cement grout. Unlike a cementitious material, cracked
resin does not provide protection since the resin is inert (FIP, 1986), although
certain resins exhibit stress—strain characteristics ensuring their perfor-
mance without severe risk of cracking. Crack width in cements can be con-
trolled and reduced by the use of spiral steel cages or meshes within the
grout, which determine crack spacing, but more data should be forthcoming
to substantiate this concept in practice.

Nonhardening fluid materials, such as greases, have been found to have
limitations as corrosion protection agents. The reasons are:

1. Fluids are susceptible to drying out, which is followed by shrinkage
and change in chemical properties.

2. Fluids are liable to leakage if slight damage is sustained by their con-
tainment sheaths.

3. Having no shear strength, they are easily displaced.

4. Their long-term chemical stability, which determines susceptibility to
oxidation, is not known with certainty.

Because of these reasons, nonhardening materials must themselves be
protected or properly contained within means that must also be resistant to
corrosion. However, media such as grease provide an essential function in
the protective system: they act as fillers to exclude the atmosphere from the
surface of the steel tendon, balance the correct electrochemical environ-
ment, and reduce friction in the free length. Nonetheless, they are not con-
sidered a permanent physical barrier to corrosion. In this context, a layer
of grease is not an acceptable physical barrier in the decoupled free length,
although it is acceptable in a restressable anchor head where it can be re-
placed or replenished. Greases are discussed in the following sections.

Typically, for effective protection the entire tendon must be protected.
Partial protection will only induce more severe corrosion on the unprotected
part. Thus the extent of treatment for the fixed length, the free length, and
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the anchor head must be similar in principle. The use of a larger-size tendon,
that is, a thicker metal section, with a provisional sacrificial area in lieu of
the physical barrier, should not be expected to give more effective protec-
tion. Corrosion is seldom uniform and extends rapidly and preferentially
toward localized pits and surface irreguiarities. The presence of such cor-
rosion pits cannot be reversed by brushing or covering, and once pitting is
observed in high-tensile steel it should be rejected for ground anchors.

Noncorrodable metals have been considered for anchorage components,
and this category includes nonferrous metals and stainless steel. These may
be found suitable after checking their electrochemical behavior relative to
other components and stress corrosion characteristics. Nonmetallic fibres
may also be used after investigation of their effective life in stressed con-
ditions in potentially aggressive environments that may be different from
those aggressive to steel.

6-8 PROTECTIVE SYSTEMS OF THE FREE LENGTH

This zone of the anchor is usually protected by the injection of setting fluids
(i.e. cementitious grouts) to surround and enclose the tendon, by preapplied
coatings, or by combinations thereform.

Figures 6-7 and 6-8 show typical examples of protection. The anchor of
Fig. 6-7 consists of strand tendon and has double corrosion protection in the
free length consisting of individually greased and sheathed units enclosed
in a plastic tube. The anchor system of Fig. 6-8 consists of a bar tendon with
single protection along its free length, in this case a plastic tube. Interest-
ingly, the grout cover is not considered part of the protection, although it
provides a physical barrier. In both instances, the protective system permits
uninhibited extension of the tendon during stressing and thereafter.

7

8. Plasuc lube
1 Anchor head cover 3 Cement grout
2 Anchor head and wedges 10. Individually greased
3. Ant-corrosion grease of grout and sheathed strands
4 Bearing plate 11 Cement grout
§ Trumpet 12. Spacer
6 Seal 13 Centralizer
7 Ant-corrosion grease of grout 14 Tendon SECTION A-A SECTION 8-B

Fig. 6-7 Typical protection of strand anchor (double-protected anchor head and
free length, unprotected fixed tendon length).
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Anchor head cover . Anu-corrosion
Nut grease or groul
Antr-Corrosion grease . Plastic tube
Bearing plate . Cement grout
Trumpet 10. Centralizer
Seat 11 Tenaon SECTION A-A SECTION B-8

Pos wN -

Fig. 6-8 Typical protection of bar anchor (double-protected anchor head, single
protected free length, unprotected fixed tendon length).

Injected Materials

Solidifying Fluids or Suspensions. These materials, usually cement-base
grout, are injected either within protective coatings or after stressing the
anchorage. They also may be combined with a sheath where a higher degree
of protection is needed, or where the tendon must remain restressable. The
material is tremied from the bottom of the hole displacing air and water as
it rises. Centralizers should be used to ensure uniform cover of injected
materials. Packers may be necessary to retain external grout placed in situ
in holes inclined upward. A small injection pressure (0.25 N/mm? or 40 psi)
will ensure full penetration of the grout and exclusion of fluids from the hole.

The cement must be essentially free of sulfides and other aggressive ele-
ments. The total sulfate and chloride content of the grout should not exceed
4 percent and 0.1 percent (by weight) of cement, respectively, and for this
the mixing water should not contain more than 500 mg of chloride ions per
liter. If admixtures are used, they should not contain more than 0.1 percent
of chlorides, sulfates, or nitrates. Recommended minimum grout cover
around the tendon is 10 mm, but where doubt exists it should be increased
accordingly.

Where the cement grout is used as an internal stage of permanent pro-
tection, specifically, annulus filling inside a sheath or capsule, the total bleed
during simple sedimentation should not exceed 0.5 percent by volume. If
the bleed tendency is higher, the bleed water should be removed.

Viscoelastic Fluids. These are primarily bitumen fillers. Mandatory checks
are made to ensure that bitumen solvents do not contain chlorides or sulfides.
If used for double protection in combination with a sheath or coating, they
should not adversely affect the properties of the sheath or coating by dis-
solution, chemical attack, or at temperatures required to maintain fluidity
for injection. The bitumens should remain sufficiently solid but flexible in
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their cool state in order to remain in their position even in pervious ground,
and some form of checking is prudent to that effect.

Liquids and Gels to Control pH. These include lime suspensions, sodium
silicates, and silica gels. If uncoated tendons must remain in the borehole
for some time (a month or longer) under aggressive conditions, it may be
prudent to protect the tendon temporarily with a suitable liquid in order to
maintain a pH between 9 and 12. This fluid can be displaced when the final
filler is injected. In this case, the liquid must be contained either by imper-
vious ground or by closed impervious sheath.

Greases

An appropriate choice of grease can be made only with regard to the re-
quirements and service conditions of an anchorage. Greases normally should
be compounded in order to provide corrosion prevention characteristics in-
herent with stressed high-tensile steel tendons.

In view of the limited guidelines that are available at present on the bound-
ary conditions of the physical and chemical properties of appropriate
greases, their suitability should be documented where possible by reference
to similar applications. The general requirements are summarized as follows:

1. Greases should not contain substances that can enhance corrosion,
specifically, unsaturated fatty acids and water, and individual contents
of sulfides, nitrates and chlorides should not exceed 5 ppm. Anticor-
rosion compounds should be described.

2. Greases should be stable against water and oxygen and should not
separate into soap and oil.

3. Greases should satisfy the standards set forth in this section with regard
to bacterial and microbiological degradation resistance, low moisture
vapor transmission, and high electrical resistivity.

4. Greases should be compatible with wrapping or sheathing materials
which may be applied after greasing, and should not affect barrier
properties of coverings.

The most suitable grease for long-term protection is obvicusly the type
exhibiting the optimum combination of properties, although absolute stan-
dards cannot be established. Thus, if documentary evidence shows that a
grease has been successfully used in providing long-term protection to an-
chorages, its basic properties should be quantified with the aid of infrared
(IR) spectroscopy. Greases used for nuclear reactor vessels or naval marine
applications are good choices for consideration.

Petroleum jelly, either pure or enriched, with dissolved inhibitors and
lithium-based greases, has been used successfully in West Germany, the
United Kingdom, and the United States.
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Table 6-3 shows results of parallel tests on three grease types. Among all
the properties checked, the following are considered satisfactory and ac-
ceptable: penetration (worked and unworked), water content, sulfur content,
ash content, foreign particles, and total acidity (British Standards Institution,
1982).

The drop point of 62°C given in Table 6-3 for grease 3 is considered sat-
isfactory (FIP, 1986), provided operating temperatures do not exceed 42°C,
but this safety margin of 20°C is the absolute minimum in order to avoid the
risk of separation with possible loss of properties. Evaporation losses for
greases 2 and 3 are higher than the normal limits, and could lead to hardening
with time.

Oxidation stability results indicate that the process of breakdown is ac-
celerated after 300 h under test conditions at 99°C. If the rate of reaction

TABLE 6-3 Data and Results of Three Greases Employed in Anchorage Practice to
Protect Steel Tendons

Grease Grease Grease
Test Method 1 2 3
Drop point, °C BS 2000:
Part 132 126 93 62
Penetration,

Unworked at 77°F IP 50 167 169 102
Worked at 77°F 350 260 216
Water content, 1P 74 0.10 0.03 0.01

% (by weight)
Sulfur content, BS 2000:

% (by weight) Part 61 2.24 1.47 2.99
Evaporation loss,

% (by weight) ASTM D972 0.1 0.9 0.8
Ash content,

% (by weight) IP 4 0.01 2.82 0.01
Foreign particles, per cm® IP 134

=25 pm 200 Too dark 600

=75 pm Nil to count Nil

=125 pm Nil particles Nil
Oxidation stability, BS 2000:

Part 142

Pressure drop,

Ib/in?, after

100 h 10 11 10

200 h 11 17 16

300 h 13 25 24

400 h 17 43 39
Total acidity,

mg KOH/g IP 1(B) 0.79 3.91 0.27

From British Standards Inst. (1982).
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Test Specification®

Calcium
Petroleum- Lithium Soap- Acceptance
Porperty Based Grease Based Grease Criterion
Base no. ASTM-D-974 — 15 min
(modified)
Contents of chlorides ASTM-D-512 ASTM-D-512 S ppm max.
Contents of nitrates ASTM-D-992 ASTM-D-992 S ppm max.
Contents of sulfides APHA no. 428 APHA no. 428 5 ppm max.
Oxidation stability Maximum loss:
100 h ASTM-D-942 ASTM-D-942 70 kPa
400 h 140 kPa
1000 h 210 kPa
Corrosion resistance, ASTM-D-1743 ASTM-D-1743 Incipient corrosion
14 days at 25°C no more than
and 100% relative three spots of a
humidity size sufficient to
be visible to the
naked eye; max.
rating = 2
Drop point ASTM-D-566 ASTM-D-566 Minimum 60°C
Cone penetration: ASTM-D-937 ASTM-D-217 Minimum 250 units
worked at 25°C (0.1 mm = 1
unit) max. 350
units
Flash point ASTM-D-93 ASTM-D-93 Minimum 150°C
Effects of salt spray
testing, 1-mm-thick
grease layer, 500 h ASTM-B-117 ASTM-B-117 No corrosion
Oil separation test, — App. “G” of Maximum 3%
% by weight BS 3223
(1960) or IP
121/57
Evaporation loss, % ASTM-D-1972 ASTM-D-972 Maximum 0.5%

(by weight)

“ Unless otherwise specified, the latest issue of referenced documents applies.
From Brian-Boys and Howells (1984).

increases by a factor of 2-3 (average 2--5) for every 10°C rise in temperature,
it follows that the times equivalent to 300 h for ambient temperatures of 25
and 10°C would be as follows:

Ambient temperature 25°C, time

Ambient temperature 10°C, time

300 x 2.5169-25/10h _

300 X 2.5499- 1010

30 years
120 years
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Breakdown due to oxidation will increase acidity and fluidity.

From the results of Table 6-3 it appears that grease 1 is the most suitable
of the three types tested. This grease has the following advantages: (a) a
higher drop point, affording better adhesion to the tendon at elevated tem-
peratures; {(b) higher penetration for easier pumping and better void-filling
properties; (¢) lower evaporation loss, diminishing the risk of hardening; and
(d) much higher oxidation stability.

Useful comparative data are shown in Table 6-4, and include basic prop-
erties of greases according to the recommendations of the Geotechnical Con-
trol Office of the Government of Hong Kong (Brian-Boys and Howells,
1984).

Tendon Coatings

Tendon coatings should be applied under factory conditions, either by the
manufacturer, or on site in special workshops where air-drying and clean
conditions are provided.

Bonded Metallic Coatings. This process includes galvanizing, zinc spray-
ing, and electroplating, all producing an absorbed surface coating. They
should be applied only in the factory by the tendon steel manufacturer.
Sacrificial metallic coatings should be confined to temporary anchorages. A
coated tendon is always liable to damage; hence special care is necessary
during handling. They should be chosen under sufficient information and
competent advice, since there is some reservation about the effectiveness
of a thin surface film under highly stressed cyclic loading, and possible flaws
in surface treatment may enhance corrosion by creation of bimetallic cells.

Bituminous and Metallic Paints. Most authorities consider these fairly
unreliable for strands owing to difficulties in obtaining uniform coating, and
because they are also subject to damage during handling. They are suitable
for tendon protection during storage and before use.

Tapes. In this group are polypropylene or grease-impregnated fabric tapes,
generally considered effective for temporary anchorages. Tapes should be
applied by wrapping with minimum 50 percent laps. During wrapping contact
with the tendon should be maintained, hence the latter must be greased
before wrapping to exclude atmosphere and give the tendon flexibility to
move within the coating.

Plastic Sheaths. Continuous-diffusion impervious polypropylene or poly-
ethylene sheaths applied under factory conditions are used for temporary
and permanent anchorages. Their minimum thickness should be 1 mm, but
with 1.5 mm nominal thickness. Plastics susceptible to ultraviolet (UV) light
are suitable, provided that carbon black or UV inhibitors are incorporated
to resist degradation. With reference to potential exposure to fire when cor-
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rosion-promoting chlorides are released, plastic sheathing is considered safe
since this hazard is extremely unlikely.

Sheaths are effective as long as the internal annular space is filled during
manufacture with an appropriate resin, cementitious material or grease to
exclude atmosphere and create an appropriate electrochemical environment.
A heat-shrinkable tube with a preapplied sealant may be used, but is not
considered acceptable as double protection system.

When close-fitting sheaths are used together with grease or a sealant, it
is essential to ensure that the coating clearance around the tendon is suf-
ficient so that the tendon can be stressed without frictional resistance. If
setting fluids are used in combination with a sheath giving substantial clear-
ance, provisions should likewise be made to ensure that the tendon can
extend without restrictions; thus, an additional sheath or tube can be used
to act as bond-breaker.

Metal Sheaths. Light corrugated metal sheaths should not be considered
for protection, since they can be easily perforated by corrosion. Where met-
als are chosen, their electrochemical characteristics must be compatible with
the tendon metal in order to avoid induction of corrosion potentials between
differing metals.

Sheath Joints. Bars used for tendons are not transported in rolls, and their
sections must be therefore effectively connected in situ. Sheath or coating
joints should not interfere with the continuity of the protective system along
the entire tendon length, with respect to physical and electrochemical ef-
fects.

Reliable joints can be obtained by overlapping at least 25 mm (1 in),
combined with liberal use of solvent glues appropriate for the sheathing
material. Loose sleaves should have overlaps at least 50 mm (2 in) and fit
easily over the basic coating with clearance allowing injection or extrusion
of the bonding agent.

Heat-shrinkable tubing is suitable for connecting sheaths, provided the
components are of the same quality approved for tendon protection. Normal
overlap should be 350 mm (14 in) minimum for butt joints without solvent.

Any voids at joints within the sheath should be completely filled to exclude
atmosphere. Joint details should accommodate injection of cementitious ma-
terial or greases and similar sealing compounds with simultaneous displace-
ment of air. Excess filler must be extruded during tightening of screwed
connections or during injection of the joint voids between the tendons or
sheath.

A typical sheathed joint detail for bar tendon is shown in Fig. 6-9.

6-9 PROTECTIVE SYSTEMS OF THE FIXED LENGTH

The fixed anchor length must receive the same degree of protection as the
free length. Furthermore, materials as well as their structural configurations
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Fig. 6-9 Coupler detail in the free length of bar tendon.

must be capable of receiving and transferring tensile loads from one medium
to another and eventually to the ground, and the only mechanism available
is by bond. Accordingly, strength and deformability features must be as-
certained in terms of their structural behavior. From the study of bond dis-
tribution discussed in the foregoing sections, it may be assumed that stresses
are gradually transmitted to the ground along the entire fixed length until at
some point or near the end the stress remaining in the tendon is practically
zero. Where the corrosion problem is critical, it is prudent to ensure that
the distal end of the tendon is redundant and therefore unstressed but en-
closed.

The deformation or associated distortion of individual elements of the
corrosion protective system should not be allowed to reach creep stage, nor
expose the steel tendon through cracking. In practice, however, both crack-
ing and creep of individual components is always likely, but the correspond-
ing requirements of each mode are opposite, and few materials are available
which can satisfy both particularly under the stress intensity involved in
anchor testing and stressing.

Cement Grout

This material is invariably the agent used to transmit the fixed anchor load
to the ground. This is not a reliable electrochemical barrier, although its
alkalinity must be recognized. The minimum cover specified for this zone
should always be provided. Cement grout is brittle and either bonds to or
encases the tendon; hence it will invariably crack following extension of the
tendon when preloading the anchor.

Caution is necessary when using washers at suitable intervals to induce
local compression in front of the plate, since these systems are not proof
against cracking. In this case, the entire fixed length does not necessarily
function in compression. Furthermore, these devices can cause decoupling
of the tendon from the grout at the washer location; otherwise the grout will
bond to the tenden in such a way that the load transfer will begin at the
proximal end thereby reverting the grout to tension.
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Epoxy

Certain nonmetallic coatings, especially epoxies, exhibit physicochemical
durabilities as well as strength and protective qualities that make them suit-
able for corrosion protection. The coating materials included for consider-
ation in this section are restricted to organic formulations, the most important
criteria being inertness toward the constituents of cement paste and also
chloride ions, favorable creep characteristics, film integrity and protective
qualities, and bond to steel. The abrasion resistance of suitable epoxy coating
is also acceptable. However, a large variation has been observed between
the relative flexibilities of epoxy coatings, with the powder systems giving
better flexibilities than the liquid ones. Polyvinyl chloride coating, for ex-
ample, has excellent flexibilities even in film thickness of 35 mils. Epoxies
are tough materials and therefore should be more resistant to abuse.

The effect of coated bars on structural integrity has been favorably as-
sessed by pullout and creep tests. Epoxy coated bars with average film
thickness of 5-11 mils have shown acceptable bond strengths to concrete
(and by extension to grout) as measured in puliout tests. Most epoxies have
also shown acceptable creep rates, that is, comparable to those of uncoated
bars. However, polyvinyl chloride-coated bars have unacceptable bond and
creep characteristics.

Epoxy and polyester resins may be substituted for cementitious grouts,
but generally are more expensive. When used alone as bonding agent be-
tween the tendon and the ground resins can be formulated to deform without
cracking and are thus suitable for corrosion protection without the necessity
of sheathing (this is possible with rock bolts). A comprehensive report and
study on epoxies is given by Clifton et al. (1975), following research spon-
sored by the U.S. Department of Transportation. Considering flexibility,
bond strength, creep characteristics, and corrosion protection requirements,
this report concluded that the optimum film thickness of epoxy coatings on
steel bars is 7 mils, with acceptable deviation of 2 mils.

When epoxy and polyester resins are used to encapsulate fixed lengths
of tendon in combination with sheaths, compatibility of elastic properties of
all components of the anchor must be considered and ensured in order to
avoid decoupling of the resin from the sheath or sheath from grout when
stressed.

Details

Figure 6-10 shows a bar anchor protected by a double protective system.
The tendon, in this case, is a ribbed bar. Cement grout cracks adjacent to
the ribs are calculated to be less than 0.1 mm wide. Therefore, the grout
and plastic corrugated sheath provide two physical barriers to corrosion.
Longitudinal cracking should be given consideration, and depends on the
lateral restraint. If uncontrolied longitudinal cracking is possible, the system
reverts to single corrosion protection.
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Figure 6-11 shows corrosion protection for a multiwire tendon with mon-
obar jacking head. The protective system in the fixed (bond) length is clas-
sified as double protection if cement cracks are controlled and shown to be
less than 0.1 mm wide and uncontrolled longitudinal cracking can be ex-
cluded. In the free length the system is classified as single protection since
the anticorrosive paste is not considered a physical barrier.

Figure 6-12 shows double corrosion protection for the fixed (bond) length
of strand tendon. If, however, the grout within the corrugated sheath is
cement-based, the tendon bond length protection reverts to a single system.

Nonstressed elements of the tendon, that is, the threaded length of bars
protruding beyond the nuts, should always be enclosed within the protected
system. In instances where protection is not specified, cement grout cover
over the fixed length may be considered adequate for temporary anchors
only, and on the explicit understanding that more detailed protection is not
necessary.

Corrugated Ducts

In addition to protection, the plastic sheath forming the primary element of
protection must also transmit stresses from the filler to the external grout
without displacement, distortion, or distress. Effective shear transfer is ac-
complished if the sheaths are corrugated. Established guidelines specify a
corrugation pitch 6-12 times the sheath wall thickness, and corrugation am-
plitude not less than three times the wall thickness, which should be 1 mm
minimum. Duct materials must be impervious, and common types are pol-
ypropylene, polyethylene and plastic. Duct joints may be screwed, and al-
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ways cemented to preclude ingress to fluids. Where the anchor length per-
mits, unjointed ducts are preferred.

Where metal ducts, either plain or corrugated, are considered, they must
be compatible with the tendon metal, and appropriate certification from the
manufacturer should be requested. A double sheath protection of free and
fixed anchor length of strand tendon, shown in Fig. 6-13, consists of two
concentric high-strength plastic corrugated ducts.

6-10 PROTECTIVE SYSTEMS OF THE ANCHOR HEAD

Certain anchor-head details may be left with the manufacturer, or they may
be standardized. In either case, the system consists of a bearing plate, the
main anchor head, a trumpet, and a protective cover. Custom-designed an-
chor heads are frequently specified. In this context, they are not entirely
prefabricated. Furthermore, because of tendon elongation associated with
prestressing, friction grips for strand and locking nuts on bars cannot lock
the system in a fixed position until the entire extension has been achieved.
Locking devices and arrangements require exposed wire, strand, or bar on
which to grip, and any preformed corrosion protection at this end must be
removed. This exposes tendon metal in two locations, above and below the
bearing plate, which must be protected separately, as is the bearing plate
and other exposed anchor head accessories.

In aggressive circumstances early anchor head protection is indicated for
both temporary and permanent anchorages. The essence of protection in
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Fig. 6-13 Double protection for free and fixed length for strand tendon.
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this case is to enclose the exposed metal parts and accessories while im-
parting to the system freedom to extend under prestressing and thereafter
under the working stresses. Typical examples of anchor head protection are
shown in Figs. 6-14, 6-15, and 6-16, and also in the illustration of corrosion
protection for the free and the fixed length.

Inner Head. Protection at this location is to ensure effective overlap with
the free-length protective system, protect the short tendon section below
the bearing plate, and isolate the short section passing through the plate.
These requirements may be satisfied with a telescopic section of sheathing
and, after tensioning, fillers that will displace any water and injected both
within and outside the telescopic sheath.

Cement grout is not suitable for inner head protection, and primary grout
should not be in contact with the structure, since it may crack during move-
ment of the anchor against the structure. This area, therefore, must be pro-
tected with deformable ductile materials impervious to water, and these may
be preplaced or injected but fully contained within surrounding ducts with
an end seal.

In saturated or damp conditions, it may be impracticable or difficult to
exlude every vestige of water during the protection application; hence the
design of the telescopic sheath must provide a full enclosure around the
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exposed metal to ensure against the possibility of water flow through the
cell during service.

Where the protective materials are injected, a lower injection pipe and
an upper vent pipe should be used for complete filling of the void and full
expulsion of water and air (FIP, 1986). Injected materials should be conveyed
by tremie to the lowest part of the duct, thereby displacing fluids upward
and toward the vent. If the space is restricted, simple grease gun techniques
are a good alternative.

Frequently, the duct through the anchored structure is exposed to wet
conditions, and in this case a brittle grout is fairly unreliable in providing a
water seal outside the tube. Experience shows that the grout will probably
be squeezed, displaced, moved, or fractured as the structure deforms during
service.

Where standard anchor head details are applicable, some elements of
corrosion protection may be prefabricated. These include a rigid plastic
sheath, resin-bonded to a metal spigot welded in turn to the back of the
bearing plate. During installation of the latter, the plastic tube is slid exter-
nally and telescopically over the tendon coatings, but adequate tolerance
must be provided.

Outer Head. With restressable anchors, or with anchors subject to load
monitoring, protection of parts above the bearing plate (bare tendon, friction
grips, and locking nuts) should recognize the requirement to remove both
the anchor head cap and the contents to allow tendon access for restressing.
The protective system will depend on the details of the stressing and locking
method and equipment. Generally, however, grease is used with plastic or
steel caps. Additionally, a suitable seal and mechanical coupling between
the cap and the bearing plate should be included.

If the tendon is not the restressable type, the cap and its contents may
be fixed. Resins and other setting sealants are suitable, and the mechanical
coupling between the cap and the bearing plate may be omitted.

If the design calls for the anchor head to be completely enclosed by the
structure (e.g., concrete blocks), the overhead components can be encased
in good concrete, and rely on adequate cover if the environment is not ag-
gressive and ingress to water and atmosphere is restrained.

Bearing Plate. Current practice calls for the bearing plate and other steel
accessories to be painted with bitumastic or similar protective materials.
Prior to painting, all steel surfaces should be cleaned and all rust and de-
leterious matter removed by sand blasting or acid pickling. The selected
coatings should be compatible with the materials used for corrosion pro-
tection of the anchor head. The side of the bearing plate against the structure
and other inaccessible parts should be treated before installation. It is quite
acceptable for bearing plates on concrete structures to be set directly on a
concrete pad or in a seating formed by epoxy or polyester mortar.
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6-11 CATHODIC PROTECTION

Cathodic protection is an acceptable method for underground pipelines and
marine structures. It consists of passing an artificial electric current through
the ground with the intent to polarize the metal cathodically. A diagrammatic
representation of the process is shown in Fig. 6-17.

Cathodic protection may be considered for anchorages, but caution is
necessary in assessing its effectiveness and reliability because of the fol-
lowing disadvantages:

I

The protection must be extended along the entire length of the anchor;
otherwise intermediate corrosion centers may appear.

For best results, the cathodic protection needs virtually complete sat-
uration in electrolytes. The system must be used therefore in combi-
nation with protected coverings where partially saturated soils are to
be traversed.

Determination of the electric current required to maintain protection
during service is still empirical and rather uncertain; hence it cannot
be predicted as well as the response of other protective systems.
Full protection cannot be ensured, since there is the potential of dam-
age by underwater corrosion to adjacent burried metals.

An additional tendon must be inserted and fit in a system that is already
congested, and without interfering with the load-carrying capacity.
The need to maintain and occasionally renew sacrificial anodes implies
a continuing cost. Furthermore, accessibility to replace such anodes
is difficult for anchorages, and sometimes even impossible.
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Fig. 6-17 Diagrammatic representation of cathodic protection for an anchor. (From
Hobst and Zajic, 1977.)
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7. Stress corrosion in high-tensile steels cannot be precluded with the
same certainty as in the case of coatings.

Portier (1974) mentions anchorage projects in zones where the difference
of potential of the soil attained 100 V, particularly in the vicinity of railway
stations In these cases cathodic protection might appear appropriate, but
after careful consideration it was excluded because of the risk of inducing
electroosmosis or electrodrainage in the soil, and because the cost of energy
and supervision of the installation was estimated to be too high.

Further reluctance to use this method relates to the risk of producing lines
of current that may enter and leave the steel in relatively pervious environ-
ment, thereby creating microbatteries. Certain specialists also fear that this
operation may in the long term create a more serious corrosion problem
under tension than other forms of protection.

6-12 PREPROTECTED BOND LENGTH ANCHORS

An exampie of preprotected bond anchor (factory applied) is shown in Fig.
6-18. With this type, the steel tendon is protected over the entire bond length
by a zibbed plastic sheath, with the annular space filled with epoxy pitch
or cement mix at the manufacturing stage.

For this operation, the injection sleeve pipe is located beside the tendon
steel and maintained in position by spacers. The protective plastic ribbed
sheath that covers the fixed length is elastic, rotproof, waterproof, and non-
corrodable. It is also sufficiently strong to resist and transfer high bond
stresses during service. An epoxy pitch or a cement—bentonite mix is injected
into the annular space between the ribbed sheath and the steel tendon at the
manufacturing stage and under factory-controlled conditions.
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Fig. 6-18 Preprotected bond length anchor; schematic section. (Soletanche.)
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6-13 A BRIEF SURVEY OF CORROSION INCIDENTS

The permanence of ground anchorages and long-term effectiveness of cor-
rosion protection systems is assessed in this section and also in Section 6-
14 in terms of documented case histories.

Cheurfas Dam. This structure was mentioned in Section 1-2, and a typical
cross section is shown in Fig. 1-2. Approximately 30 years after the 1000-
ton (metric) anchors were installed (between 1931 and 1935), a survey in-
dicated that they were subject to considerable corrosion, despite the elab-
orate protective system shown in Fig. 6-19. These conclusions were based
on three main observations: (a) a nearly steady average reduction of 5 per-
cent the initial tension force on most anchors occurred between 1938 and
1969; (b) a very substantial cumulative loss of tension was observed on
certain anchors, which were retensioned to 1000 tons (metric), attributed to
long-term effects; and (¢) a virtually complete failure was manifested at the
anchor head of two units (Portier, 1974).

Since most anchors were of the restressable type, their top part was
projected beyond the bearing plate and was protected by a tarpaulin sheet

(1) 630 5-mm galvanized steel wires
(2) Average diameter of bound cable 15 cm
(3) Average diameter of finished cable 20 cm
(4 “Flint-kot" coating
(5) Bindings every 50 cm
(6) “'Flint-kot"~coated tarpaulin
(7) Aloe rope
(8) Plastic mattress (mixture of grease and
bitumen)
(9) Tarpaulin sheath with zip fastener
(10) Cement stopper sealing wires and tarpaulins
(11) Scraped wires
(12) White metal point
(13) Sealing tube

(12)

13

Fig. 6-19 Corrosion protection for the 1000-ton anchor in Cheurfas Dam, Algeria.
(From Cambefort, 1966.)
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and bitumen in order to fascilitate their individual retensioning at any time.
Floodwaters and repeated restressing rapidly destroyed the fabric, and the
sun melted the bitumen. The heads were left in this condition for many years,
and some corroded to failure.

The 5 percent load loss observed over a period of 30 years is by current
standards nominal and reflects relaxation and long-term loss in the steel
tendon, irrespective of any corrosion effects. The very high time yield ob-
served with certain anchors might have been the combined result of improper
handling during tensioning and corrosion attack in the presence of swelling
marls and water in the body of the dam.

Portier (1974) suggests that the problems encountered with the anchor
heads can be avoided if they are not placed in spillways, and if their deten-
sioning is not performed at the expense of protection.

Joux-Tarare Dam. This incident was among the first documented cases
involving stress corrosion cracking (SCC), discussed in Section 6-3, and
exemplifies the combined action of high static tensile stress and localized
corrosion.

Between June and October 1952, eight 1300-ton anchors of the Cheurfas
type were installed and tensioned in the upper works of the Joux dam in
France. The tendons were stressed to 67 percent f,,. Controls performed
several months after installation indicated that the residual tension had been
reduced from 0.67f,, to practically zero. On exposing the tendon, broken
strands were noticed, (see Fig. 6-20), apparently the result of SCC initiated
by high tensioning, groundwater aggressivity, and poor storage conditions.

Recognizing the effect of high tension on the steel tendon in a corrosive
environment, a direct recommendation that followed the study of this in-
cident was to reduce the stress level in the steel by limiting the working load
of permanent anchors to 55 percent the failure strength.

World Trade Center. In this example, slurry (diaphragm) walls 70 ft deep
were temporarily braced by six rows of tiebacks, stressed to 100 percent
their design (working) load, and installed at 45°. The walls are keyed into
underlying bedrock, mainly for the transfer of the considerable vertical load
imposed on the structure during the service of the temporary bracing. The
final permanent lateral support is provided by the underground floor system,
and the tiebacks were eventually distressed.

Since the tiebacks were temporary, corrosion protection was omitted,
although monitoring was specified and carried out. During service the tie-
backs showed certain corrosion effects, and an expensive system of cathodic
protection was installed (Feld and White, 1974). Although zinc loss was
considerable, elimination of corrosion was not accomplished. A view of the
excavation and the anchorage system is shown in Fig. 1-14.
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Fig. 6-20 Joux Dam (1952); (a) view of dam crest during floor period; (b) failure of
tendons by stress corrosion cracking (SCC). (From Portier, 1974.)
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6-14 DOCUMENTED PERFORMANCE OF ANCHORAGES

Interestingly, the subject of corrosion protection may never be placed in the
right perspective, since corrosion failures are either not reported or seldom
well documented.

To date, however, about 35 case histories of failure by tendon corrosion
have been collected and fairly documented. One led to collapse of the com-
plete structure—anchor—-ground system, but under the combined effect of
installation procedures and corrosion protection, neither of which is ac-
ceptable by current standards (FIP, 1986).

Of these cases, 24 related to permanent installations (protected or un-
protected), and 11 were temporary anchorages with no protection specified
other than cement grout cover along the fixed length and occasionally a
decoupling sheath slong the free length. Included in this group are the Cheur-
fas and Joux dams discussed in Section 6-13.

Various pertinent data for these cases are summarized in Table 6-5 based
on reported case histories of tendon corrosion by Portier (1974), Herbst
(1978), Nurnburger (1980), Weatherby (1982), and personal communications
by FIP (1986).

Relevance of Tendon Type and Location. It appears that corrosion is
localized. No tendon type is exempt from the process, and no special system
has immunity to corrosion. Nine incidents involved bar, 19 involved wire,
and 7 involved strand. For each tendon type, the service period before failure
extended from several weeks to many years. Failures occurring a few weeks
after installation have been caused by stress corrosion cracking or hydrogen
embrittlement.

The case histories confirm that quenched and tempered plain carbon steels
and high-strength alloy steels are more susceptible to hydrogen embrittle-
ment than other varieties, hence these steels should be selected with extreme
caution where environmental conditions are known to be dangerous and
aggressive.

Interestingly, in this survey corrosion incidents are associated with certain
anchor components more frequently than with others. Thus 19 incidents
occurred at or within 1 m (3.5 ft) of the anchor head, 21 incidents involved
the free length, and only two occurred in the fixed length. In terms of cause
there is no specific pattern, and these incidents are fairly random with pos-
sible exception of the choice of steel.

Corrosion Time. The duration of service at failure is extremely variable,
ranging from a few weeks to 31 years. The following observations are ap-
propriate:

» Nine incidents occurred within six months after installation, namely,
cases 2, 8, 11, 15, 18, 23, 24, 30, and 33. Of these, four were permanent
anchorages with some or full protection.



TABLE 6-5 Case Histories of Anchorage Corrosion and Their Relevant Conditions

Time in Ser- Working
Case Dateof In-  vice at Fail- Geographic Type of General Envi-  Ground Con-  Type of Ten- Load or
No. stallation ure Location Structure ronment ditions don Stress Level
1 1934 31 years Algeria Anchored Dry air Masonry 630 wires, § 10,000 kN
dam overlying mm dia. (65% UTS)
sandstone (1100-1300
N/mm?)
2 - 1952 A few months France Anchored Temperate Concrete Multiwire 13,000 kN
dam climate overlying (67% UTS)
rock
3 1955 16 years Czechoslo- Prestressed Humid air Concrete 4.5-mm-dia. 4 MN
vakia concrete overlying smooth pat-
dam rock ented wires
4 1955 26 years Sweden Underground  Humid air Rock underly-  26-mm-dia. 300 kKN
power sta- ing con- bar (80/105)
tion crane crete with
beam reported
water leak-
ages (pH =
7-8)
5 1959 10 months West Ger- Underground  Temperate Rock; below 15 oval ribbed (74% of elas-
many power sta- climate water table; wires (1570 tic limit)
tion water con- N/mm?)
tained very
little chlo-
rides, i.e.,
fairly non-
aggressive
6 1961 2 years U.S.A. Anchored cof- — Soil overlying  35-mm-dia. —
ferdam rock in the bar
presence of
saltwater
7 1963 A few years West Ger- Anchored re-  Temperate Soil; below 22 8-mm-dia. —
many taining wall climate water table; wires (ST
adjacent to water-con- 135/150)
river tained in-
dustrial pol-
lutants and
high chlo-
ride ion
content
8 1964 A few weeks  Algeria Anchored Dry air Masonry 54 7-mm-dia. 1960 kN (75%
up to 1 year dam overlying cold-drawn of elastic
sandstone wires (1265/ limit)
1432 N/
mm?)
9 1965 7 years, 9 UK. Rock face sta- Temperate Limestone 44 high-tensile 2000 kN
years bilization climate steel wires
10 1960s 8 years West Ger- Anchored re-  Temperate — 5.2-mm-dia. —_
many taining wall climate wires (alloy
steel}
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Anchorage

Category Corrosion Protection

Corrosion No.

Failure Location

Remarks and/or Diagnosis

Permanent Coated tarpaulin covered
by mixture of grease
and bitumen with outer
tarpaulin sheath over
free length; cement
grout cover in fixed
length

‘Coated tarpaulin covered
by mixture of grease
and bitumen with outer
tarpaulin sheath over
free length; cement
grout cover in fixed
length

Grease-impregnated glass
fiber bandage and outer
asphalt wrapping over
free length; cement
grout cover in fixed
length

Permanent

Permanent

Permanent Bitumen coating of an-
chor head; cement
grout cover over tendon

length

Permanent No protection at anchor
head; jute wrapping-im-
pregnated bitumen in
free length

Temporary No protection over free
length; cement grout

cover in fixed length

Permanent Tendon encased in ce-

ment grout

Road oil loaded with red
tead but anchor head
waiting several weeks
before protective filling
placed

Bituminous infilling as a
surround for the free
length (piped in hot);
cement grout cover in
fixed length

Tendon painted with bitu-
men over free length:
cement grout cover in
fixed length

Permanent

Permanent

Permanent

4 anchorages

Wires in 2 anchorages

4 anchorages

One anchorage

17 anchorages

A few anchorages

3 anchorages

Several individual wires

24 wires in 3 anchorages;
a further 13 wires in
same anchorages 2

years later

3 anchorages

Beneath the anchor head

Beneath the anchor head

Beneath the anchor head

In fully bonded length 2.5
m up from crane beam
anchor head

S in anchor head; 12 in
free length of which §
were within 0.5 m of
anchor head

Free length

85% of ruptured wires
failed in vicinity of con-
crete deadman—-tendon
interface

Button headed wires at
anchor head

0.6~1 m beneath anchor
head

Free length

Floodwaters and repeated ten-
sioning tore the tarpaulin fab-
ric and the exposed internal
bitumen cover melted under
high ambient temperatures,
thereby removing protection;
localized corrosion

Corrosion failure under tension
linked to type of steel; deci-
sion taken to limit working
stresses to 55% UTS there-
after, but to increase proof
toading up to 1.5 times work-
ing load on occasions

Fully corroded wires exposed in
spite of protective wrapping;
by contrast, on the same site
and in the same location, steel
tendons comprising 37 bundles
of 19 wires of 2.9 mm dia.
were undamaged—here the in-
ternal spaces of the ropes
were filled in the factory with
red lead sealing compound

Virtually no trace of grout
cover; significant pitting and
typical reduction in cross-sec-
tional area was 6.8%; depth of
deepest crack 1.3 mm; failure
attributed to intergranular
stress corrosion; steel judged
to be sensitive to cracking

Deep localized corrosion where
bitumen protection was miss-
ing (differential aeration postu-
lated); this protection could
not withstand damage during
installation or environmental
attack; steel judged to be sen-
sitive to corrosion

Brittle failure; groundwater was
corrosive due to presence of
sulfuric acid formed from cin-
ders falling for many vears
from steel locomotives; brine
may also have contributed

Surface corrosion and pitting ob-
served in tendons; insufficient
grout cover and presence of
chlorides noted; stress corro-
sion and cracking also located;
tendon bending due to ground
movement

Brittle failure under tension: but-
ton heads were cold forged on
site

Stress corrosion due to an
agueous environment

Although no corrosion-producing
elements found, stress corro-
sion postulated where bitumen
protection had broken down;
surface corrosion and heavy
pitting on wires; some pits had
small fissures

(continued)
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TABLE 6-5 (Continued)

Time in Ser- Working
Case  Date of In- vice at Faii- Geographic Type of General Envi-  Ground Con-  Type of Ten- Load or
No. stallation ure Location Structure ronment ditions don Stress Level
11 1960s 3 months UK. Anchored Temperate Rock Quenched and  (67% UTS)
floor of dry climate and tempered
dock saline atmo- low-alloy
sphere bars (1500
N/mm?)
12 1967-68  6-18 months  West Ger- Underground  Temperate Rock 18 8-mm-dia.  900-1700 kN
many pumped climate wires
storage (15001700
scheme N/mm?)
13 1968 Within 3 Switzerland Underground  Temperate Rock 12 8-mm-dia. 650 kKN
years power sta- climate wires
tion
14 1968 11 years France Anchored Temperate Coal mine 8-12-mm-dia. 1720 kN (67%
foundation climate waste fill; oval ribbed of elastic
blocks above wires (1450/ limit)
water table 1600 N/
mm?)
15 Before 1969 A few days West Ger- Anchored re-  Temperate Soit filt 6 12.2-mm- —_
and 100 many taining wall climate dia. wires
days supporting
a rail track
16 1968-69  — US.A. Anchored re- — Landfill with 12.7-mm-dia. <2640 kN
taining wall high or- strand of
ganic con- 4.2-mm
tent overly- wire (270 K
ing mica grade)
schist;
brackish
groundwa-
ter R
17 1969 10 years US.A. Anchored re-  Acidic; adja-  Fill (clays and 32""""“1‘3' 636 kN
taining wall  cent to silts) high-
waste acid strength
neutraliza- bars (1033
tion plant N/mm? ulti-
mate}
18 1969 A few weeks  France Anchored re-  Temperate Above water 8 1Z-mm-dia. 1030 kN (63%
taining wall  climate table; chlo- ribbed of elastic
rides and wires (1450/ limit)
sulfates in '50(% N/
water from mm®)
sewer leak-
ages
19 1969 S years Malaysia Rock Humid Rock 36 7-mm-dia. 700 kN
strengthen- wires
ing
20 1970 28 months New Zealand Anchored re- — Clay overly- 42 7-mm-dia. UTS = 2570
taining wall ing sand- wires kN; initial
stone tensioning
to 48%
UTS; ten-
don de-
signed to
work at up
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Anchorage
Category

Corrosion Protection

Corrosion No.

Failure Location

Remarks and/or Diagnosis

Permanent

Permanent

Test

Permanent

Temporary

Temporary

Permanent

Permanent

Permanent

Permanent

Bare bar, ungrouted over
free tength; cement
grout cover in fixed
length

A chemical filler (oil-
based unsaturated fatty
acid polymer) surround-
ing the free length; ce-
ment grout cover in
fixed length

Tendon installed in bore-
hole with anchor heads
at either end; no pro-
tection by design for
test purposes

Ordinary Portland cement
and polyethylene outer
tube over free length

Tendon unprotected over
free length; cement
grout cover in fixed
length

Bentonite—cement grout
cover plus outer steel
pipe in free length; in
addition, a sacrificial
zinc ribbon anode was
installed with each ten-
don; cement grout
cover in fixed length

No protection of anchor
head; in free-length
grease, paper wrapping
and plastic sleeve
embedded in cement
grout; cement grout
cover in fixed length

Ordinary Portland cement
grout and mild steel
outer tube in free
length; cement grout
cover in fixed length

Anchor outer head pro-
tected by sealing cap
infilled with grease and
injected under pressure;
polypropylene sheathed
wires surrounded by bi-
tumen placed in situ
over free length; poly-
propylene sheathed
wires with stainless
steel end barrels sur-
rounded by cement
grout in fixed length

Polypropylene extruded
sheathing of individual
wires with outer plastic
tube infilled with a mas-
tic sealant; ribbed af-
kathene tube and epoxy
resin cover in fixed
fength

2 anchorages

Majority of the 133 an-
chorages installed

2 anchorages (11 wires

and 10 wires)

4 anchorages

3 anchorages

8 anchorages

6 anchorages

! anchorage comprising
36 wires, of which 33
were broken

5 wires

Free length

Free length

Stressed length between
anchor heads

0.2-2.5 m beneath anchor
head

Free length

Beneath the anchor head

Beneath the anchor head

0.1-0.5 m beneath anchor
head

Underside of anchor head
and at bare section of
wires immediately
above plastic

In free length 1-8 m
below anchor head

Corrosion pitting leading to hy-
drogen-induced stress corro-
sion cracking at failure: free-
length grouting actioned in
1977, since when no corrosion
failures have been observed

Stress corrosion due to leaching
out of nitrate ions from chemi-
cal protective filler

Presence of sulfides caused em-
brittlement of the steel

Brittle failure under tension, ini-
tiated at surface oxidized local
defects

Tendons not heavily corroded;
failure judged to be due to
corrosion fatigue as a resuit of
bending due to fluctuating
loads from railway being
transmitted through frozen
ground: cracks in steel noted
at failure location

Brittle corrosion faiture of ten-
don where bentonite-cemeent
grout cover had dropped 1-1.2
m; hydrogen sulfide was
present in the soil and the sac-
rificial anode was consumed
near the anchor head of the
failed tendons

Heavy pitting leading to brittle
failure of unprotected tendon

Brittle failure under tension; de-
carboned stee! at wire perime-
ter; incomplete filling of pro-
tective grout beneath anchor
head

Stress corrosion cracking of
wires; inadequate filling of
inner head region with bitu-
men; exposed bare wires sub-
ject to wetting and drying cy-
cles; groundwater of low pH
suspected

Surface corrosion cracking: mas-
tic filler found to be hygro-
scopic and it was suspected
that the mineral oil softened
the polypropylene sheathing;
also speculated that the poly-
propylene sheathing may have
been damaged during trans-

(continued)
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TABLE 6-5 (Continued)

Time in Ser- Working
Case  Date of In- vice at Fail- Geographic Type of General Envi-  Ground Con-  Type of Ten- Load or
No. stallation ure Location Structure ronment ditions don Stress Level
to 66%
UTS
21 Before 1971 — West Ger- Anchored re-  Temperate — 15 5.2-mm- —
many taining wall climate dia. wires
{(alloy steel}
22 Before 1971 Within a year West Ger- Anchored re-  Temperate — 5.2-mm-dia. —
many taining wall climate wires (alloy
steel)
23 1971 6 weeks US.A. Anchored re-  — Acidic soil 32-mm-dia. -
taining wall embank- bar hot-
ment com- rolled,
prising drawn, and
mainly blast stress-re-
furnace lieved (1100
slag; soil N/mm? uiti-
moist adja- mate)
cent to ten-
don
24 1971 4 weeks U.S.A. Anchored re- — Moist soil 35-mm-dia. —
taining wall with low bar, hot-
pH rolled,
drawn, and
stress-re-
lieved
25 1972 2 years South Africa  Restraint for  Seasonal wet-  Fill 5 12.2-mm- 450 kN
cantilevered ting and dia. strands
grandstand drying
26 1972-73  In the early New Zealand Anchored re- — Clays and Multiwire ten-  490-1050 kN
stages of taining wall siits overly- don (50% UTS)
contract ing sand-
stone
27 1973 11 years U.K. Anchorage re- Temperate Fill overlying 4-5 15.2-mm- 350 kN (50%
straint of climate clay and dia. strands UTS max.)
abutment weak rock
which was
yielding ini-
tially
28 1974 - New Zealand  Anchored — Rock 34 7-mm-dia. 1000 kN (50%
bridge abut- wires UTS)
ment
29 1974 S years Algeria Concrete dam  Dry air Concrete 36 15.2-mm- —
raising dia. strands
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Anchorage

Category

Corrosion Protection

Corrosion No.

Failure Location

Remarks and/or Diagnosis

Temporary

Temporary

Temporary

Temporary

Permanent

Temporary

Permanent

Permanent

Permanent

Tendon unprotected over
free length: cement
grout cover in fixed
length

Tendon encased in ce-
ment grout

Tendon unprotected over
free length; cement
grout cover in fixed
length

Tendon unprotected over
free length; cement
grout cover in fixed
length

Polypropylene sheathed
and greased strands in
free length; cement
grout cover in fixed
length

Unprotected in free
length; cement grout
cover in fixed length

No anchor head protec-
tion; greased and
sheathed strands over
free length; cement
grout cover in fixed
length

Polypropylene sheathing
over wires with a sec-
ondary protection of
outer tube and mastic
infilling in free length;
corrugated tube-grout
encapsulation over
fixed length

Free-length annulus
grouted with acrylamide
chemical; cement grout
cover in fixed length

2 anchorages

5 anchorages

4 anchorages

No failure, but one ten-
don located with unac-

ceptable corrosion, i.e.,

pitting, and all 9 an-
chorages condemned

One strand in each of 2
anchorages

Free length

Free length

Free length

Free length

Fixed anchor zone

Beneath the anchor head

Beneath anchor head

port and installation; 1 m of
polypropylene sheathing
stripped off below anchor
head before tendon installation
and stressing

Heavy pitting and occasional
cracking of wires noted;
chemical analysis of corrosion
products indicated 0.25% sul-
fur content but no chlorides

Heavy corrosion and pitting in
certain zones where there was
no adhering cement grout;
other sections of tendon that
were completely grout-free
displayed general corrosion;
no corrosion where tendon
still bonded to grout; brittle
failure recorded; tendon bend-
ing and overstressing also in-
duced by ground deforma-
tions: analysis of corrosion
products indicated 0.63% sul-
fates but no chlorides or sul-
fides

Stress corrosion cracking postu-
lated

Stress corrosion cracking postu-
lated

Some doubts were expressed
over the efficacy of the grout-
ing of the fixed anchor length
where no special precautions
had been taken; when one an-
chorage was excavated, grout
cover in fixed zone ranged
from nil to 6 mm, and pitting
up to | mm in depth was mea-
sured

Ground movements created se-
vere overloading of tendons in
certain locations; corrosion of
tendon

Failure due to stress corrosion

Protective ducting in free length
damaged during transporta-
tion, permitting leakage of
mastic filler that had softened
at the high ambient tempera-
ture; protected tendons stored
several months on site before
installation

Where duct had not been filled
properly with acrylamide
grout, a tar epoxy was poured
in to fill upper 0.5 m; failure
occurred at the base of the tar
epoxy

(continued)
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TABLE 6-5 (Continued)

Time in Ser- Working
Case Date of In-  vice at Fail- Geographic Type of General Envi- Ground Con-  Type of Ten- Load or
No. stallation " ure Location Structure ronment ditions don Stress Level
30 1975 6 months France Anchored re-  Temperate Above water 32-mm-dia. 640 kN (74%
taining wall climate table; noth- ribbed bars of elastic)
ing suspi- (10791225
cious N/mm?)
k1 1976 5 years Switzerland Anchored Temperate Fill overlying 10 12.7-mm- 1130-1150kN
abutments climate sands and dia. steel
for pipeline gravels strands
bridge overlying
rock
32 1977 Within 3 Hong Kong Anchored re-  Humid and Nonaggres- 7 12.9-mm- 1050 kN
years taining wall slightly sa- sive fill dia. Supa
line overlying strands
completely
weathered
granite that
improves
with depth
to moder-
ately strong
granite
33 1977 4 months West Ger- Anchored re-  Temperate Fill consisting 32 mm dia. —
many taining wall climate of slag and hot-rolled
ash; sulfate and
content = threaded
200 mgfliter bars (1100
N/mm
UTS)
34 1978 4 years South Africa  Slope stabili- Humid Weathered 4or6152 590 kN
zation sedimentary mm dia. 890 kN
rock strands (60% UTS)
35 1980 1-3 years Hong Kong Stabilization Humid and Rock High-tensile 500—650 kN
of rock slightly sa- steel bars
line

From FIP (1986).
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Anchorage
Category

Corrosion Protection

Corrosion No.

Failure Location

Remarks and/or Diagnosis

Temporary

Permanent

Permanent

Temporary

Permanent

Permanent

Polyethylene outer tube
over free length; ce-
ment grout cover in
fixed length

Polyethylene sheathed
strands in free length
with asphalt filling; ce-
ment grout cover in
fixed length

Anchor head encased in
concrete; grease and
plastic sheathing over
free length; cement
grout cover in fixed
length

No protection at anchor
head, polythene tube
over free length; ce-
ment grout cover in
fixed length

Grease-filled or cement-
grouted outer anchor
head; PVC sheathed
and greased strands in
free length; cement
grout cover and epoxy
resin coating over fixed
length

Cement grout plus sheath
over free length and
tendon bond length;
grease at bar couplers

2 anchorages

3 anchorages

1 anchorage (2 strands)

2 anchorages

2 anchorages

10 anchorages

3 m and 8 m beneath an-

chor head

In fixed anchor length
within 500 mm of free
Jength

Beneath the anchor head

and in the free length

50 mm beneath anchor
head; middle of free
length

Brittle failure under tension

Bridge collapse due to failure of
anchored abutment; severe
corrosion of strands in proxi-
mal zone of fixed anchor
length that was only partially
grouted; tendon exposed to
aggressive groundwater con-
taining sulfides and chlorides
in fill and sandy gravel; poor
construction practice and lack
of quality controls, such as
water testing, led to inade-
quate grouting; fixed anchor
straddled permeable soil and
rock

No corrosion protection pro-
vided immediately beneath an-
chor head; considerable delays
experienced between stressing
and concrete encasement of
anchor head; metallographic
examination of tendon wires
in 45 anchorages showed up to
2.7% and 12% loss of diameter
for delay periods of 1-8
months and 1636, months re-
spectively; it was also specu-
lated that strands had been
stored on site for some time
(allowing corrosion to de-
velop) before greasing and
sheathing of free length

Failure adjacent to anchor head
due to brittle fracture at a
deep pit; second failure attrib-
uted to hydrogen embrittle-
ment; ground deformations
also present, leading to bend-
ing and overstressing; lack of
protection and use of corro-
sion-susceptible steel high-
lighted overall; sulfur com-
pounds present as corrosion
products

Underside of anchor head Ground movement after service

Up to 20 m beneath an-
chor head but always
adjacent to a coupling
joint

increased tendon loads by up
to 20%; grease filling and cap-
ping of anchor head inade-
quate to stop infiitration of
surface water to inner head;
stray currents from adjacent
electrified rail line (15-20-m
distance) identified; sulfate-re-
ducing bacteria located in an-
nulus between strand and PVC
sheathing in some cases

All fractures occutred over a
small area where neither grout
nor grease was in contact with
the bar—this small air void re-
sulted from the method of en-
capsulation; metallurgical ex-
amination showed pitting
corrosion and hydrogen em-
brittlement; traces of chioride
salts were present on the bar
after assembly, which proba-
bly initiated pitting
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292 CORROSION AND CORROSION PROTECTION

« Five corrosion failures occurred within the period 6-18 months,
namely, cases §, 12, 16, 22, and 26. Two of these were permanent
installations.

» The majority of failures (21 incidents) occurred during the period from
18 months to 31 years, which is the upper time limit for the cases
studied. Although limited statistical value can be inferred from these
figures, it appears that the 18-month or longer service period used to
define permanent anchors is not inconsistent with this record. How-
ever, the relative large number of failures recorded within 6 months
after anchorage installation raises the question of serviceability of un-
protected anchors, even those of very short duration.

Fixed Length. The two incidents involving the fixed anchor length were
caused by inadequate grouting of the tendon bond length. In one case, this
lack of protection exposed 3 m (10 ft) of tendon to aggressive groundwater
containing chlorides and sulfides. This incident (case 31 in Table 6-5) in-
volved the failure of three rock anchors bracing an abutment, and occurred
after 5 years in service. This failure caused the collapse of a pipeline bridge.
The following conditions during construction were recorded: (a) no borehole
was drilled at this location, and the rock stratum was inferred from a borehole
25 m (80 ft) away; (b) drilling for the anchors was poorly supervised, and
drill records were not kept; (¢) water or pregrouting tests were not carried
out prior to tendon homing; and (d) grout injection procedures were not
monitored, and instead a fixed quantity of grout was preplaced sufficient
only for the tendon bond.

This problem could have been detected by water or pregrouting tests,
and prevented if one protective sheath had been applied over the tendon
bond length.

Free Length. The relatively high number of incidents in the free length,
compared to only few at the fixed length, suggests more aggressive or com-
bined causes augmenting intensified failure of the anchor system. In this
survey, free length failures were caused by the following reasons: (a) tendon
overstressing due to ground movement initiating pitting corrosion or cor-
rosion fatigue; (b) absence of cement grout or inadequate grout cover in
tendons exposed to chlorides in industrial waste fills or organic materials;
(c) disruption of bitumen cover because of lack of elasticity; (d) poor choice
of protective materials, incompatible with the anchor system and its com-
ponents; (e) poor storage conditions on site and for periods long enough to
cause initial corrosion damage; and (f) poor execution of the protection sys-
tem and its details.

Anchor Head. Documented causes of anchor-head failure are (a) lack of
protection (extended even for only a few weeks in aggressive conditions);
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(b) incomplete protection, such as inadequate cover due to improper filling;
and (c) damage to the protective filler during service.

In case 32 of Table 6-5, there was considerable delay between tendon
stressing and concrete capping of the anchor head. For a delay between 16
and 36 months, a loss of wire diameter 12 percent was recorded.

Exposure of the anchor head to the atmosphere contributes to the cor-
rosion risk and increases the corrosion potential. This simple fact suggests
that the anchor head should be protected with at least the same standards
that are applied to the free and fixed anchor length. Noting that 19 failures
occurred within 18 months after installation, early protection of the anchor
head is always indicated, and at best it should be applied after grouting,
irrespective of the service life. Where a delay is unavoidable, the anchor
head should be protected temporarily with the use of plastic paint, grease-
impregnated tape, or other suitable cover.
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CHAPTER 7

STRESSING, TESTING, AND
ACCEPTANCE CRITERIA

Stressing was briefly discussed in Section 2-11 in conjunction with the pre-
loading requirements during the final phase of the installation procedure. In
this chapter, stressing is reviewed in detail together with the testing programs
and evaluation standards (acceptance criteria) that normally compliment a
construction project and the long-term monitoring of an anchorage instal-
lation.

Stressing is induced by the application of load, whereas testing confirms
anchor load capacity and behavior, establishes the actual factor of safety
with which the design is implemented, and ensures satisfactory service per-
formance. Acceptance criteria, based on standardized principles, provide
the all important indication of suitability and effectiveness of the installed
anchor as supporting unit of a structure. Quantification of the serviceability
of an anchorage is thus possible to a certain degree but, more important,
any errors made either in the design or introduced during construction can
be identified during stressing and testing so that potentially dangerous sit-
uations can be avoided.

7-1 BASIC STRESSING TECHNIQUES

Torque and Direct Pull

Stressing is commonly introduced by torque, applied with the use of torque
wrench to a suitable anchoring nut threaded on to a rigid bar tendon as shown
in Fig. 7-1(a) or by direct pull, applied to the tendon by a jacking device
such as the system shown in Fig. 7-1(b).
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Rock bolt

(a)

Grout pad
Bearing plate

Slot

Pump pressure gauge

Hydraulic pump
(manual)

Rock bolt
Coupling
(b) Chair

Hydraulic hollow ram-jack
(b)

Fig. 7-1 Typical stressing methods and equipment; (a) stressing by torque wrench;
(b) stressing by direct pull.

Torque application is usually restricted to relatively low-capacity anchors
of bar tendons and primarily various types of rock bolts, up to 150 kN (about
40 kips). The main disadvantages are errors in the applied load (sometimes
as high as 25 percent) and occasionally the introduction of torsional stresses
to the tendon. The latter can be prevented by placing a friction reducing
material such a lubricant beneath the lock-nut prior to stressing.

The torque T, required to produce a tensile load 77 may be estimated
from the following empirical relationship:

Tr = CT, (7-1)
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where the coefficient C is derived within reasonable limits under controlled
laboratory conditions. In the foregoing relation the tensile load is expressed
in kilonewtons and the torque in kilonewtons-meters. Although most codes
specify that torque equipment should be furnished with a calibration certif-
icate verifying that attainable accuracy is +35 percent, practical experience
shows that under field conditions this error is much higher. The induced
load is further subject to variations related to alignment control, friction
between mating parts, and size of bar tendon.

Despite these drawbacks, the torque method is popular, particularly for
stressing rock bolts because the associated equipment is light, compact, easy
to handle, and low-cost. Complete details on equipment and load capacities
are included in ISRM draft (1976).

Direct pull is the method most commonly used by anchor contractors
because it is suitable for the majority of tendon types and load capacities.
Where strand is used as tendon, the direct pull can be introduced either
using multistrand jacks, whereby all the strands in the unit are stressed
simultaneously, or monostrand (monojacking) pulls whereby individual
strands are tensioned in turn. Irrespective of the system, stressing requires
a bearing plate placed on the structure in a central alignment and normal to
the direction of loading. Typical jacking devices for monostrand and mul-
tistrand stressing are shown in Fig. 7-2.

General Guidelines for Stressing

From the practical point of view, stressing an anchor a few days after in-
stallation and grouting serves expediency and saves time, but a factor to be
considered in this case is the time required for the cement grout to develop
full operational strength as is evident from Figs. 2-16 and 2-17. In general,
the 7-day period is accepted as compromise between design criteria and
construction scheduling. As can be seen from Fig. 2-16, the grout strength
attained at this stage may vary from 20 N/mm? (2900 psi) for type [V cement
to 30 N/mm? (4350 psi) for type I cement. The usual practice is to specify
stressing when the grout crushing strength has attained a minimum value 25
N/mm? (about 3600 psi), which is close to the 7-day strength stipulated by
several codes.

Since it is essential to minimize anchor head movement and seating loss,
the bearing plate should be correctly bedded and in full contact with the
structure or the supported rock, and have a size sufficiently large to dis-
tribute the stressing force uniformly. A bearing plate set centrally and nor-
mally to the steel tendon will prevent eccentric loading and avoid chaffing
of the perimeter tendon components for multiwire or strand tendons.

For solid bar or single unit tendons the tensioning assembly can be fitted
to the anchor as soon as the latter is cleaned, but with muitiple-unit tendons
it is essential to verify that wires or strands are not crossed or fouled in the
free length before setting the stressing device. The correct alignment of
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Single strand

Hydrautic pump
connection
Single-strand hollow ram-jack
(monojack)

@

Hydraulic pump
connection

Strand

Multistrand solid ram-jack
(b
Fig. 7-2 Typical jacking devices for tensioning ground anchors; (a) jack for single-
strand stressing; (b) solid ram-jack for multistrand stressing; (c) view of a hollow
ram mutltistrand stressing jack. (Ground Anchors, Ltd.)

multiple-unit tendons is maintained by suitable methods such as the comb
grillage or fork shown in Fig. 7-3.

If a tendon must be initially overloaded, for example, to 150 percent the
working load, the permanent grips are usually omitted from the anchor block
until this stage is completed, and this requires a special arrangement. Special
anchorages are also used where anchors must be detensioned and again
restressed, and such requirements should be specified in the design stage
and be known in advance so that the stressing equipment can be chosen and
detailed accordingly.

Interestingly, tendon elongation at the top resulting from anchor stressing
should be in excess of 30 mm (about 1 in) under maximum applied load, in
order to allow the reusable grips or wedges to be freed on destressing. If
the expected elastic extension is less than 30 mm, the jack piston should be
advanced to 30 mm before placing the temporary loading head. The grips
are finally homed to give a tight fit using a special ring or U-shaped hammer.

The space in front of the jack should remain accessible and free to ac-
commodate the prestressing operations and the handling of the jacking equip-
ment. Mechanical lifting and handling is indicated for jacks weighing in ex-
cess of 80 kg (about 175 1b). Useful data are given in Table 7-1 correlating
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Rl :
Fig. 7-3 Fork used to keep correct alignment of strands. (Cementation Ground
Engineering Ltd.)
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TABLE 7-1 Approximate
Weight of Hollow Ram-Jacks

Maximum-Rated  Approximate
Capacity (kN) Weight (kg)

200 20
500 40
1000 80
2000 150
3000 200
4000 300

From Littlejohn and Bruce (1977).

maximum rated capacity and approximate weight. If the anchorage instal-
lation is in a built-up area, protection of the public should be considered and
provided with a small-aperture steel mesh cage enclosing the work area.

Jack systems are usually pressurized by means of a hand (manual) pump
used to advance the ram, but if several tendons must be stressed better
output is achieved with a motor-driven pump. If the test load must be held
for an extended period, a slight drop in gauge pressure will be noted although
the extension of the piston remains unchanged. This loss occurs typically,
and a gendle application of pressure to the original reading will restore the
extension to the initially recorded.

Lockoff or Transfer Load. When the initial stressing is completed, the
double-acting ram retracts and leaves the temporary loading head ready for
its removal. Thereafter, the grips are easily released, regreased, and stored
for the next stressing operation.

In order to stress the tendon to the locked-off or transfer load, permanent
grips must be inserted into the permanent anchor block, and this should be
preferably accomplished without completely removing the jack and chair
from the tendon. During stressing the chair provides a reaction head as
shown in Fig. 7-4, which restricts the upward movement of the permanent
gripping wedges. When the proper reading is attained, the jack ram is re-
tracted and immediately the wedges are drawn or pulled in around the tendon
as the latter tends to retract, resulting in the load being locked off. If for
any reason this final load is not sufficient, the anchor may be restressed with
steel spacers or shims inserted beneath the anchor block, which raise the
load at lockoff by increasing the tendon extension as shown in Fig. 7-5.
Whereas this stressing procedure is typical, most tendon manufacturers have
standardized anchorage and stressing devices as discussed in subsequent
sections.

Selection of Stressing System

Monostrand (single strand) stressing is usually preferred with tendons up to
5 and occasionally 6 strands because the operation is rapid and the jack unit
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Jack
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Reaction
load
Wedges
s
% i ~Load cell
) \
77 A oA
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Fig. 7-4 Typical stressing arrangement at the top anchorage.

lightweight, and furthermore close control over the force induced in each
strand individually can be achieved.

Despite these advantages, however, certain features inherent with mo-
nojack stressing operations remain largely unexplained and tend to inhibit
the reliability of this procedure. One of these problems has been reported
by Mitchell (1974) and is shown in Fig. 7-6. In this case the load fluctuation

Chair Anchor block
and guide

Shim,

Fig. 7-5 Typical jack arrangement for shimming.
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Fig. 7-6 Load fluctuations and interference between two adjacent strands during
monojack stressing. (From Mitchell, 1974.)

in two adjacent strands was monitored with strain gauges and it became
immediately apparent that the load in the first tensioned strand decreased
steadily and considerably during the stressing of the adjacent strand. This
effect was amplified in this test since the load was not incrementally applied
to each strand as recommended in practice. Nonetheless, the results
prompted the recommendation that after application of a seating (nominal)
load to each strand the balance of the load should be applied in several
increments (four to five) to each strand in alternating sequence.

The same investigator also noted that in a six-strand tendon and as each
stage of incremental loading was completed, the highest and lowest load
losses always occurred on the first and last strands loaded, respectively.
The same observation has been made by Barley (1974), and also by Littlejohn
and Bruce (1977). In practice, and following the final increment of one stress-
ing sequence, uneven distribution of load can be minimized by a final stress-
ing cycle to bring all strands to the required load level.

On the other hand, multistrand stressing is favored because of its simple
operation. Initially, the jack must be correctly located, but thereafter it re-
quires limited data recording and backanalysis. However, the method does
not provide satisfactory control over the behavior of individual tendon units,
and cannot ensure equal load in each unit at lockoff. This variation is more
important if the free anchor length is less than 10 m (or 33 ft). In this case
load extensions are relatively small; hence variations in the amount of wedge
pull-in will represent by proportion greater load discrepancies. However,
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the multistrand jacking system alone can introduce the entire load in the
anchor in one stressing operation. Where the anchor service involves loading
and unloading in a cyclic operation, this method of stressing is easier and
faster to use and particularly convenient for the destressing phase. Fur-
thermore, a multistrand jacking system can economically provide prestress-
ing loads in excess of 3000 kN (675 kips), and this is accomplished at a strand
spacing in the anchor block smaller than the spacing required with a mo-
nojack system.

It appears from these remarks that neither system should receive pref-
erential treatment, and a comparison should be made only when the stressing
and testing requirements are established. In either case, it is essential to
ascertain that the method of stressing is relevant to the application, and
verify that the applied prestress is resisted along the grouted fixed zone.

7-2 EXAMPLES OF STRESSING SYSTEMS

The most frequent and common requirements of anchor performance are (a)
initial tendon tensioning in increments and load lockoff; (b) lowering and
again raising the tendon force (detensioning and restressing); and (¢) mea-
suring the tendon force for initial verification of anchor capacity, or pe-
riodically in conjunction with a monitoring program (surveillance anchor).

A typical stressing anchorage commercially available and used by VSL
is illustrated in Fig. 7-7. As shown in part (a), this system consists basically
of an anchor head proper, wedges and a bearing plate. A protective cap may
also be fitted over the anchorage if this device must remain accessible for
future anchor monitoring and force measurement.

In this application, all the strands of the anchor are stressed simultane-
ously, but locked off individually by wedges in the conical bores of the
anchor head. The available range can accommodate anchors containing 1-
55 strands, and the procedure is in principle the same from the smallest to
the largest unit. The same anchorage can be modified and detailed to meet
the installation specifications, namely, surveillance, and restressable and
detensionable anchors. For example, if the specifications call for surveil-
lance anchors, the proper arrangement can be chosen according to Fig. 7-
7(c), showing diagrammatically various forms of anchorage construction,
the most suitable form depending on access facilities to the anchor, the
service life, and economic considerations. For solutions B and C, the stress-
ing anchorage type E shown in part (a) is used, with a thread on its external
cylindrical surface.

For a restressable anchor, alternatives A and B in Fig. 7-7(c) are suitable.
To restress, the anchor head is lifted off the bearing plate and shims are
inserted between them. A third solution allowing restressing involves the
use of anchorage type Egr, which has a ring nut enabling the prestressing
force to be adjusted, as shown in part (b) of Fig. 7-7.
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|

VSL anchorage type ER

VSL anchorage type Ea
(v)

Fig. 7-7 Typical stressing anchorage commercially available, designated as type E:
(a) view of anchorage; (b) schematic presentation of anchorage details; (c) technical
data of anchor heads for surveillance anchors. (VSL.)
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Where an anchor must be detensioned later, VSL uses an arrangement
consisting of a different type of wedge and an accessory device incorporated
between the jack and the anchor head. With this arrangement, the wedges
can be released and again locked at any time, thus allowing the anchor to
be compietely detensioned in one or more stages. If the strands must be cut
off and not project beyond the anchorage, type E4 shown in part (b) of Fig.
7-7 can be used which works on the principle of an adjusting ring nut whereas
a coupler is used for destressing.

Figure 7-8 shows dimensional details for the type E anchorage of Fig. 7-
7. The symbols 5-1 to 5-55 and 6-1 to 6-55 indicate anchor units. The first
numeral (5 or 6) is the strand diameter, 13 mm (0.5 in) or 15 mm (0.6 in),
whereas the second numeral is the number of strands per unit. The same
symbols designate the anchorage units; for example, the second numeral
indicates the number of bores through the anchor head. The characteristic
values shown in the tables of Fig. 7-8 may differ slightly depending on the
applicable code and standards. The bearing plates are designed for a concrete
strength according to DIN standard 1045, which specifies a 28-day strength
25 N/mm? (3625 psi).

7-3 LOAD AND EXTENSION MEASUREMENTS

The stressing operation has two main objectives: (a) establish a load that is
relevant to the function of the anchor, such as a test load introduced to
provide a real factor of safety or the prestress to be locked-off into the
tendon; and (b) provide an anchor-head extension indicative of anchor per-
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Anchorage Type E
{with normal or threaded anchor head} 5-1| 5-3 | 5-7 | 5-12/5-19} 5-22 | 5-31| 642 | 5-55
A 75 | 140 | 200 | 280 | 350 | 380 | 450 | 520 | 530
G B2 42 86 | 110 | 150 | 180 | 200 | 230 | 290 { 320
b — C 75 90 90 S0 106 115 130 160 180
:. Dmen 82 210 | 225 | 280 | 455 540 | 620 | 615 | 770

c Dmi 5-1 | 62|63 | 64| 67 | 6~12| 6-19 | 6-31 | 6-37 | 6-55

82 53 80 85 | 110 | 132 | 170 j 220 | 270 | 300 360
C 80 90 80 80 | 100 | Y10 | 130 | 160 | 180 | 220
Damn 85 | 210 | 220 | 220 | 230 | 425 | 595 | 780 | 925 | 1070

Anchorage Type Er
53| 57 |512]519({5220 62} 63| 64| 67 [6-12|6-18
A 140 | 200 | 280 | 350 | 380 | 140 | 170 | 200 | 250 | 330 | 420
B® 108 | 133 | 180 | 215 | 224 | 108 | 112 133 | 165 | 203 | 267
C 230 | 230 | 230 | 265 | 280 J§ 230 | 230 | 230 | 260 | 270 | 320
D@ | 130 | 155 | 200 | 240 | 240 f 130 | 130 | 155 | 180 | 240 | 290
E 250 | 250 | 250 | 300 { 300 | 250 | 250 | 250 | 300 Jjoo 350
Anchorage Type Ea -
53| 57 [6-12|519|6-22| 6-2 | 6-3 | 64 | 67 | 6-12| 6-19
A 160 | 230 | 300 { 380 ] 420 § 160 | 200 | 230 | 280 | 360 | 450
B® 126 | 166 | 217 | 275 | 300 | 126 | 145 | 166 | 202 | 255 | 314
c 120 | 130 | 130 | 175 | 190 | 120 | 120 | 130 | 140 | 175 | 21§
D 45 | 59 | 59 70{ 720 45| 45| s3| 59| 65| 80
EQ 130 | 180 | 240 | 290 | 330 | 130 | 155 | 180 { 215 | 290 | 330
F 140 | 150 | 200 | 220 ) 230 § 140 | 140 | 150 | 150 | 220 | 230

Fig. 7-8 Details and dimensional data of stressing anchorages for VSL anchorage
type E shown in Fig. 7-7. All dimensions are given in millimeters.

formance and representing the actual deformation of the anchor-structure—
ground system independent of construction effects. Extension monitoring
involves measurements of relevant as well as incidental parameters lumped
into a single factor; hence they are not necessarily significant and pertinent
to load—-extension analysis. It follows, therefore, that an extension measured
after stressing and before lock-off is a ‘‘gross extension,”’ and may include
seating loss, deformations, and movements beyond the elastic behavior of
the system.

As an example, the wedge grip anchorage shown in Fig. 7-9(a) may register
the following extensions: (a) pullin (draw-in) of the wedge will occur at lock-
off until the members become tight fit; (b) after lockoff movement may occur
representing the bedding-in of the top anchor block and bearing plate (seating
loss), movement of the structure and the ground, and some permanent dis-
placement of the fixed anchor length; and (c) under load the tendon will
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Fig. 7-9 Typical stressing anchor head for strand or wire tendons.

undergo an elastic elongation. Additionally, there may be long term varia-
tions due to air temperature and construction effects on tendon prestress,
requiring the monitoring and recording of pertinent parameters.

Load increments. There is no general agreement as to the load increments
that should be applied during loading or unloading cycles, although the mea-
suring procedures are sometimes dictated by the type of test as well as the
technical and economic resources available. Mitchell (1974) recommends
that measurement data be recorded for four or five equal increments during
anchor stressing or detensioning, but other investigators suggest that a load—-
extension diagram cannot have an engineering value unless the load incre-
ments represent 10-20 percent the working load. Littlejohn and Bruce (1977)
recommend that in any given stressing stage at least five load increments
should be recorded, but in special tests involving a more extensive analysis
the load increments should be close to 10 percent the maximum load stip-
ulated at each stage.

Measuring Techniques. For load measurements load cells are often used,
the choice depending on cost, environmental factors, type of load, and ac-
curacy required. Load cells suitable for anchors include mechanical-based
systems (<2000 kN or 450 kips); strain-gauged elements (<5000 kN or 1125
kips); and vibrating wire systems (<=10000 kN or 2250 kips).

Photoelastic methods, hydraulics, and springs have also been used. Re-
gardless of the measuring instrument, the required accuracy should be at
least 1 percent, and any eccentric loading of the cell should be detected or
prevented because of possible reading errors (Macl.eod and Hoadley, 1974).
It is probably cheaper to measure anchor loads using the prestressing equip-
ment available, combined with a destressing stool or chair. The method is
feasible for individual strands and tendons as one unit. In this case, a feeler
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gauge of specified thickness (0.1 mm) is placed under the anchor block or
individual grip unit on stressing through the stool to the specified load. The
initial jack pump pressure is recorded, and the minimum load at ‘‘liftoff>’ is
evaluated. The method is convenient but crude unless the operator has pre-
vious experience, in which case the attained accuracy may be 2 percent.

Figure 7-10 shows hydraulic type load cells used by VSL in ground anchor
applications. Type G is suitable for permanent anchors where the anchor
force must be periodically measured, usually read from a central monitoring
station. Type D is used to monitor prestressed temporary anchors, and the
installation is claimed to be simple and inexpensive, and can be operated
by site personnel. Type E has a capacity up to 10000 kN (2250 kips), and is
used primarily for test anchors requiring accurate readings (1 percent error),
and where extremely small changes in force must be detected.

For simple, inexpensive, but also least accurate tendon extension mea-
surements, Littlejohn and Bruce (1977) have compiled useful data and in-
formation. However, more refined methods, particularly in conjunction with
permanent installations or special test anchors, include the use of sophis-
ticated dial gauges attached to a reference datum element in order to monitor
movement of the bearing plate. Strain gauges, either mechanically or elec-
trically operated, are also installed. For the instruments shown in Fig. 7-10,
anchor deformation is measured with a mechanical long stroke dial gauge,
mounted on an independent fixed base in conjunction with type E load cell.
Both the force and distance travelled are continuously recorded.

For permanent anchors, the movement of the load bearing plate can be
monitored by remote survey and should be considered where feasible.

Once movements associated with structure—ground deformations are
measured, gross anchor extensions can be adjusted and corrected to provide

(a)

Fig. 7-10 Load cells used for measuring
force in anchors: (a) view of cell; (b) types
available and technical data. (VSL.)
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extension data reflecting solely tendon elastic behavior and fixed anchor
movement. In practice, this is possible only if precise observations are spec-
ified of vertical and horizontal movements of the structure and the ground.
In this context, all measuring instruments should be supported independently
of the supported structure to avoid interference by the prestressing opera-
tions or any ground movement associated with excavation. If an anchor is
installed in competent rock and then prestressed against a bearing plate, top
anchorage movement is likely to be very small and inconsequential. How-
ever, if the same anchor supports a wall to retain ground for an excavation,
top anchorage movement is likely to be significant during excavation. For
example, a plate movement S mm (about { in) for an anchor with free length
4 m (13 ft) will probably be sufficient to cause prestress loss of 20--25 percent
the initial prestress. In general, if the top anchorage movement is about 5
percent of the total anchor extension or less, it may be ignored in assessing
the stressing operations.

Movement of Fixed Zone. It is commonly known from anchor practice
that the strain developing during tensioning is not entirely a product of the
stretching of the steel tendon in the free length, but also extends to a portion
of the fixed anchor zone. A simple and direct method of measuring fixed
anchor movement is shown in Fig. 7-11. A wire is embedded in the fixed
anchor zone, and is fixed to the tendon in this section of the anchor while
it is decoupled along the free length and thus unrestricted to move. The wire
extends through and out of the top anchorage assembly and is subjected to
some tension simply to keep it stretched. In this manner any movement of
the wire registers fixed anchor movement. Likewise, a redundant tendon
unit can be used in lieu of the wire, incorporated in the anchor arrangement.

Anchor head

~

' support ’ Borehole wal

“Tell-tale” wire

Fig. 7-11 Direct method for measuring movement of fixed anchor zone. (From Lit
tlejohn and Bruce, 1977.)



7-3 LOAD AND EXTENSION MEASUREMENTS 313

Wedge Draw-in. Another movement mentioned in the foregoing sections
involves wedge pullin of the anchorage type shown in Fig. 7-9, occurring at
fockoff. In general, wedge pullin is monitored as indication of lockoff loss
and the corresponding residual load at that time. This movement can usually
be measured with an accuracy of =1 mm. With multistrand stressing system
the difference between extensions recorded immediately before and just after
lockoff indicates the wedge draw-in. With monostrand stressing the move-
ment can readily be estimated by observing the strand near the jack nose
during lockoff. Based on research, Littlejohn and Bruce (1977) have con-
cluded that the amount of draw-in increases linearly with load in the tendon
after an initial pullin at loads up to 30 kN per strand. At 200 kN per strand,
the amount may be 6 mm. Furthermore, wedge draw-in is less in monostrand
than in multistrand stressing, probably owing to the tapping home individual
grip wedges prior to locking off in the monojacking operation.

Load and Extension Records. There is considerable variance as to the
type, extent, and format of stressing records, which should be produced and
retained for either simple or comprehensive tests. If conditions require it,
prior to the start of anchorage work an all-party-approved report of the
conditions of the surrounding land, including buildings, streets, ducts,
springs, and any other features pertinent to the installation, should be pre-
pared and documented as part of the permanent construction record. Like-
wise, after the anchorage work has been completed, an all-party-approved
acceptance report on the results of the final check should be compiled and
mutually documented.

For data relevant to the stressing operation, Table 7-2 gives a summary
of data for inclusion in a full stressing record. The data also provide infor-
mation on the type of ground anchor, jacking equipment, and operating per-
sonnel, in addition to load—movement recordings. If the stressing is intro-
duced by torque, for a list of typical record requirements reference is made
to ISRM draft document 1976.

In plotting load versus extension it is essential to identify the point of
origin on the graph. In the usual cases, the point of zero extension is marked
after the application of a certain seating load to the tendon rather than the
point of zero load. The underlying intent is to remove the slack in the tendon
and the jack and compensate for friction and other losses in the jack—pump
unit in order to provide a better meaning of the load—extension process.

Interestingly, the record contains several recommendations, in principle
similar but with small quantitative differences. Thus Larson et al. (1972)
recommend beginning extension readings at 12 percent the working load,
but also assume a zero extension 2.5 mm; Longbottom and Mallet (1973)
suggest to begin at 10-20 percent that load; among the contractors, Ni-
cholson Anchorage Company (1973) typically establishes the beginning point
at 10 percent the test load; and the largest seating load published to date is
25 percent the working load (Short, 1975). Several anchor codes, including
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TABLE 7-2 Recommended Items and Data to be Included in Anchor Stressing
Record

General Classification Data

Project Contractor Engineer Inspector
Date Time started Time completed Stressing personnel
Anchor No. Free length Fixed anchor Rock type
length
Tendon type E value of steel Working load (7,,) Test load (7,)
Jack type Area of piston Maximum rated Date of last
capacity calibration
Pump type Pressure gauge Pressure gauge Date of last
range accuracy calibration
Type of top Lock-off mechanism Initial seating Strand pullin
anchorage pressure
assembly

Data Monitored during Stressing

Permanent bearing Tendon extension Jack pressure Tendon pullin at
plate movement lockoff

From Littlejohn and Bruce (1977).

those of Czechoslovakia and Germany, stipulate the beginning of recording
at 10 percent the test load. Whereas such guidelines may not be used in
conjunction with specific acceptance criteria of anchor performance, they
are simple and adequate for routine short-term tests.

7-4 FACTORS AFFECTING INTERPRETATION OF STRESSING
RESULTS

Practical Aspects of Anchor Behavior

The presentation of load-extension results should ideally indicate possible
errors in the measurement and assessment of the parameters involved, since
the important feature of the load—extension curve to be adjusted is the
elastic behavior irrespective of linear or nonlinear characteristics. Because
of unavoidable limitations in the accuracy with which stressing data are
obtained and recorded, it is seldom possible to obtain a truly linear graphic
presentation even under the best, most controllable conditions. However,
if the plotting of stressing data reveals a consistent deviation rather than
erratic results, this may be explained in terms of (a) debonding in the fixed
anchor zone along the grout—tendon interface and (b) fixed anchor move-
ment. The latter is unlikely in competent rock but rather common in weak
rock and in soil. Unless some provision for direct measurement of possible
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fixed anchor movement is made, its presence can positively be confirmed
or discounted by inducing cyclic loading at least once to ensure that the
load-extension characteristics of the anchor are reproducible and repeated
in the same pattern.

If an adjustment has been made for top anchorage and fixed zone move-
ment, the interpretation can then focus on the probable partial or total de-
bonding in the fixed anchor zone. It is possible to calculate the effective
free length necessary to produce the true elongation of the tendon actually
monitored at different loads (Littlejohn and Bruce, 1977). In this context,
special construction lines are drawn, equivalent to the extension of various
free lengths, on the load—extension graph and assuming linear load-exten-
sion relationship as shown in Fig. 7-12. It can be seen that during the initial
stage of the loading the curve representing the measured load—extension
function tends to approximate the lines of short free length, but this trend
diminishes with increasing load and the curve begins progressively to in-
tersect lines of longer free length.

Cyclic loading is thus useful because it (a) provides a measure of fixed
anchor movement, (b) facilitates backanalysis, and (c) confirms the extent

BERREERER
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Fixed length = 6m i
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gap above head = 0.60m i
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Fig. 7-12 Diagramatic presentation of the ‘‘cyclic method.”’ (From Fenoux and
Portier, 1972.)
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to which the elastic load—extension characteristics are reproducible. A re-
fined version of the method is described by Fenoux and Portier (1972), and
is based on the principle that by destressing and restressing without actually
changing the tendon elongation it is possible to determine the load corre-
sponding to the measured deformations when the frictional effects are ex-
cluded and therefore estimate the actual load reaching the fixed anchor
length. In this procedure a typical test includes six basic stages according
to the following sequence: (a) the load is applied in increments and held
constant for a brief period, (b) the load is reduced by one increment, (c) the
load is reduced by two increments and the displacement recorded, (d) the
load is increased by one increment, (e) the load is increased in increments,
and (f) the anchor is detensioned and the residual displacement recorded.

A typical graph resulting from the test is shown in Fig. 7-12, and is subject
to the following interpretation.

1. Point P; is located on the load axis (in this case jack pressure) to rep-
resent the friction at the anchor head (in this case taken as 9 percent
of the applied load).

2. After the increment specified in stage (a) the test graph is obtained,
where P, is the maximum test load.

3. Obtain point X such that P.~X is twice the friction at the head. Point
X', midpoint along P.X, is therefore the maximum initial tension in
the fixed anchor zone.

4. Point P,, is the minimum load (pressure) on unloading the anchor in
stage (c).

5. Establish points Yand Y’. The latter is midpoint of line P,,,— Y. Continue
with point P,, which is the pressure at the start of load transfer, or
the lockoff load.

6. Since lines X-P,, and Y-P, are reasonably parallel, the line X'-Y’
represents the true values of loads corresponding to measured exten-
sions since losses due to friction have been compensated.

7. Point R, constructed by intersecting X'Y’ with the line A/l’, gives the
final load sustained by the anchor, that is, the residual tension. Note
that Al' is moved a few mm beyond the measured value to include the
effect of the stretching of the tendon between the grip of the stressing
jack and the cutoff point.

Besides the foregoing test, anchor stressing in conjunction with analysis
of load-extension data can indicate anchor behavior and various failure
modes. A continuous cumulative permanent displacement indicated either
by rapid load loss or from cyclic loading will probably mean interface failure
in the fixed anchor zone. Whether this is ground-grout failure or grout—
tendon failure can be verified by loading each tendon unit individually with
a monojack and then comparing the load—displacement behavior.



7-4 FACTORS AFFECTING INTERPRETATION OF STRESSING RESULTS 317

Sources of Error. Discrepancies between the observed (actual) and the
theoretical (calculated) extensions are very common. Whether they will be
accepted depends on the consequences of anchor and ground movement on
surroundings. Most codes stipulate a maximum amount of discrepancy be-
tween measured and theoretical anchor elongation (usually 10 percent), be-
yond which the difference must be rectified and the sources of error deter-
mined.

A frequent cause of this difference involves variations in the E value of
steel tendon between short (laboratory) and long (field) length. Other una-
voidable variations reflect differences in the testing and recording proce-
dures in estimating the modulus of elasticity. Janische (1968) has noticed
from field tests that in extension measurements on long lengths of strand
(100 m or 330 ft) the associated elastic elongation yielded E values ranging
from 180,000 to 220,000 N/mm?, or a difference of more than 12 percent.
Similar variations were mentioned in Section 2-5 for the prestressing steel
used at the Wylfa nuclear reactor (Littlejohn and Bruce, 1977). A possible
explanation is that stressing multistrand tendons in the field takes a longer
period than laboratory testing of individual strands, and during this time
plastic deformation occurs in the steel yielding a larger extension and cor-
respondingly a lower E value. In this respect, the possible variation quoted
by suppliers is closer to +7} percent (see also Section 2-5). Overdrilling or
underdrilling of the hole is also known to affect the free length so that the
accuracy and reliability of the recording procedure, distinguished from the
sophistication of the instrumentation, should be checked (Littlejohn and
Bruce, 1977).

A second major cause of error is friction in the free length that is likely
to occur, irrespective of allowance made in the jack, especially with long
sheathed tendons enveloped by a protective grout column, and around the
grip assembly of the top anchorage. This friction tends to reduce the mea-
sured extension by dissipating a fraction of the applied load. This results in
an extension (measured) corresponding to a free length less than the actual,
since less than the total applied load actually produces tendon elongation.

Figure 7-13 shows load—extension diagrams from a stressing test reported
by Hennequin and Cambefort (1966). It is evident that the measured exten-
sions are markedly lower than those corresponding to the theoretical tendon
elongation, and it can be estimated that only about 70 percent the total
applied prestress was transmitted along the entire tendon length.

Types of Friction. Fenoux and Portier (1972) distinguish three characteristic
types of friction in anchor systems: (a) constant value, (b) proportional to
the applied load, and (c) variable and independent of pertinent parameters.

The effect of each type on the load—extension characteristics for a typical
anchor stressing procedure is shown separately in Fig. 7-14 in schematic
form. Friction around the top anchorage is manifested from two contribu-
tions: (a) between tendon and grout due to distortion of the tendon units
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Fig. 7-13 Load-extension diagrams showing the effect of friction. (From Hennequin
and Cambefort, 1966.)

under the bearing plate (usually on the order of 3—6 percent), which can be
avoided by proper lubrication; and (b) between tendon and bearing plate,
which may increase to 50 percent if the bearing plate and anchor block are
improperly set. If friction at the top anchorage is constant, the diagram
shown in part (a) of Fig. 7-14 is produced. The friction force f can be de-
termined by carrying out a load—unload cycle as shown. More often, how-
ever, the friction force is not constant, but varies proportionally with the
applied load, in which case the load—extension diagram is as shown in Fig.
7-14(b). Where there are several friction sources at random along the anchor
system, the more complex diagram shown in part (¢) of Fig. 7-14 is obtained.

Useful data on errors have been provided by Longbottom and Mallet
(1973), and they indicate that the difference between observed and theo-
retical load may be as much as 15 percent. A summary is presented in Table
7-3. 1t is highly improbable, however, that all these errors will occur si-
multaneously and in the same direction; hence a statistically probable error
of practical value is estimated to be +74 percent.
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TABLE 7-3 Estimated Possible Error
between Actual and Theoretical Prestress

Loads

Source Variation (%)
Different type of manometer +1
Typical manometer error +2
Internal jack friction +2
Error in reading extension +1
Stress—strain and production +6

tolerance of tendon
Calculation error +3

From Longbottom and Maliett (1973).
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7-5 IDEAL MECHANISM OF TENDON STRESSING

Chapter 4 has demonstrated that the assumption of uniform bond resistance
along the fixed anchor length is at best ideal, but in reality it may occur only
in soft and loose soils. On the other hand, the stretching of the tendon steel
is known to propagate beyond the free length and engage part of the fixed
length. The point that appears to be the extreme point of the deforming
tendon is called the ‘‘fictitious anchorage point’’ (FAP), and the anchor is
then regarded as a flexible system with a rigid connection with the ground
at the FAP. The FAP concept is illustrated in Fig. 7-15.

If the point bearing effect is ignored as being insignificant in the load-
transfer mechanism, the deformations of the two types of anchorage shown
in Fig. 7-15 are equal. This, in effect, means that the FAP is the center of
gravity of the stresses acting on the anchorage and in this case it is located
at midpoint on the fixed length.

A suggested mechanism of tendon stressing showing the stress propa-
gation to the fixed zone is illustrated in Fig. 7-16.

The following stressing pattern is evident:

1. For relatively low load magnitude, only the front (upper) or proximal
end of the fixed anchor length is under tension. The lateral friction and
shear bond develops fully and no load transfer occurs further. The far
(distal) end of the zone is not engaged in this interaction; hence it does
not move.

2. As the load increases the resisting bond strength at the proximal end
is exceeded, the engaged length increases and the fixed tendon under-
goes elongation.

3. When all the bond is mobilized, the extreme (distal) end begins to
move. At this stage the FAP is at midpoint. Since the bond resistance
has been exceeded, the entire bond length begins to move under con-
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Fig. 7-15 Schematic presentation of the fictitious anchorage point concept.
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stant stress, and it is possible to pull the anchor out by 10 ¢m (4 in)
before a stress decrease occurs.

7-6 PRECONTRACT TESTS

Precontract tests usually are carried out for either permanent or temporary
installations and prior to use on site. There are two primary purposes: (a)
to confirm that, for the particular ground type and site conditions, a partic-
ular ground anchor type can be installed and perform as expected; and (b)
that manufactured components of the selected anchor, such as tendon type
and top anchor assembly units, meet the design requirements and should be
expected to provide satisfactory performance.

Precontract Component Testing

Component testing should be carried out at the factory or laboratory, and
occasionally in the field under appropriate conditions. Ideally, it should
cover all aspects of anchor behavior and performance.

Regarding the tendon steel, the engineer should request data on load-
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extension characteristics, usually available from the steel manufacturer, for
each batch of material delivered to the site. Test certificates and stress—
strain diagrams usually must comply with applicable codes and standards.

The usual index of satisfactory stress—strain behavior is the permanent
extension method with reference to a specific proof stress, already defined
in Section 2-5 as the stress corresponding to 0.1 or 0.2 percent permanent
elongation, and shown schematically in Fig. 4-1. This nonproportional elon-
gation remains after the proof load has been removed. By reference to the
diagram of Fig. 4-1, the 0.1 percent proof stress denoted Ty is obtained from
the graph by drawing a parallel line to the straight portion of the curve (the
line of proportionality) at a distance along the elongation axis equal to 0.1
percent extension. The point of intersection of this offset line with the curve
defines the proof stress Tg.

In order to obtain the diagram of Fig. 4-1, the following test procedure
may be followed:

1. An initial load is applied to the specimen, equal to 10 percent f,, with
the gauge length set at 0.6 m.

2. The extensometer is set at zero.

3. The load is increased to the specified proof stress, and held for 10 s.
The total extension is read and recorded.

4. The load is reduced to just below the initial stress, and then increased
to the initial stress. The permanent extension is noted.

5. The resulits are plotted giving the stress-strain diagram up to the max-
imum applied load. The modulus of elasticity can be calculated from
the slope of the proportional stress—strain relationship.

Littlejohn and Bruce (1977) have provided useful data on the effect of
low temperature on the ultimate strength of steel tendons. It is conceivable
that a change in temperature of 1°C will produce a change in stress of about
2 N/mm? (290 psi). Lower temperature results in increased strength; hence
for applications exposed to significant temperature changes, the analysis of
test results may have to be adjusted to include temperature effects.

Limited data are available on fatigue resistance and impact effects on
prestressing steels, and since manufacturers do not supply endurance dia-
grams several authors (Longbottom, 1974) suggest the investigation of a
series of stress ranges each about a series of mean stresses. However, the
very successful performance of prestressed concrete structures for highway
and railway bridges in resisting impact and fatigue encourages optimistic
expectations in anchorage performance. Useful data on this subject are pro-
vided by Lee (1973), Baus and Brenneisen (1968), and Edwards and Picard
(1972).

Relevant codes and standards provide guidelines for the testing of the top
anchorage combination, which includes the tendon, grips, anchor block, and
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distribution bearing plate. Both the grip components, which secure the bar,
wire, or strand within the top anchorage, and the complete top anchorage
assembly should be tested in one procedure.

Very relevant are the three procedures specified by the British Code for
testing prestressing anchorages. These tests are as follows:

1. The load efficiency of steel tendon is confirmed in a short-term static
tensile test. The load efficiency is the ratio of the test failure load to
the average ultimate tensile strength. In general, it should not be less
than 92 percent.

2. The dynamic response of an anchored tendon is tested by a fluctuating
force between 0.60 and 0.65f,,, at frequency not exceeding 10 Hz ap-
plied for a minimum of 2 X 10° cycles. Loss of initial cross-sectional
area of the tendon under fatigue effects should not exceed 5 percent.
This test is particularly relevant where anchor function involves fluc-
tuating stresses transmitted to the tendon.

3. The transfer of force to the load-bearing plate and block is tested by
a short-term static compressive load applied to the complete top an-
chorage assembly. The load-bearing block must continuously support
a minimum force 1.1f,,.

There are no general guidelines with reference to jacking equipment, but
most jack and pump manufacturers recommend that all jacks and ancillary
equipment be tested in the factory to a proof load or pressure equivalent to
at least 1.25 times the rated capacity. However, overloading beyond the
maximum rated capacity should never be attempted in the field, and the
choice of jack should provide a rated capacity that can accommodate 85
percent f,, of the largest tendon unit in the group of anchors. It should be
mandatory for the manufacturer to furnish certificates about proof testing,
internal losses, and load—pressure conversion factors.

Wedge Draw-in and Effect on Lockoff. This movement, discussed in Sec-
tion 7-3, can cause a loss in the lockoff load. Whereas the concensus of
opinion is that the amount of wedge pullin is linearly proportional to the
applied load, for a given tendon type and capacity wedge draw-in is usually
a fixed distance independent of the tendon unit, the nominal strand diameter
and the steel grade. Assuming a linear loss of tension due to friction, the
parameters w = distance along the tendon affected by wedge drawn-in, and
AP = loss of force in the tendon, can be estimated by the following sem-
iempirical procedure, with reference to Fig. 7-17:

Y- |Al E.A, 12)
Ap

AP =2Apw (7-3)
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where Al. = wedge draw-in (usually 6 mm = 0.006 m)

E, = elastic modulus (kN/m?)
As = steel tendon cross-sectional area (m?)
Ap = loss of force per meter (kN/m) = (Py — P.)/L
P, = force in the tendon after friction loss
Py = initial applied force
Example

Given a tendon composed of 12 strands, each strand 13 mm (0.5 in) nom-
inal diameter.

Tendon length L = 50 m

Section of one strand A, = 93 mm?

Ultimate steel strength f,, = 1770 N/mm?

Elastic Modulus E; = 1.95 x 10°* kN/m?

Ultimate tendon force F,, = 12 X 93 x 1770 x 107* = 1975 kN

The initial prestressing is selected at 70 percent F,, = 1383 kN and is
immediately locked off. From a separate analysis it is estimated that the
friction loss is 18.6 percent so that the force remaining in the tendon is
0.814 x 1383 = 1126 kN. The effect of wedge draw-in (taken as 6 mm)
is estimated as follows:

. 1383 ~ 1
Estimate Ap = ——3—5—0ﬂ = 5.14 kN/m
8 -6
Estimate w \/0‘006 X 195 X 10° X 93 x 12 x 107 _
5.14
Estimate AP = 2 x 5.14 x 15.94 = 164 kN
Po — AP = 1219 kKN
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Precontract Anchor Testing

For all permanent anchorage installations, two or three test anchors loaded
to twice the design load and then to failure will give indication of the actual
factor of safety with respect to anchor pullout. The test is useful since it is
carried out under known site conditions. If practical and economically fea-
sible, on termination of the load test the anchor may be extracted for in-
spection and examination focusing on (a) the condition of the free length;
(b) the length, shape and configuration, condition, and mode of failure of
the fixed length; and (c) the condition of corrosion protection.

Since these are primarily design load tests, they should be mandatory
where unusual conditions are encountered at the site for which no previous
experience is available, when unusually long anchors are required, and
where difficulties are expected for the drilling and grouting operations. The
anchors used for the tests cannot become part of the final anchorage in-
stallation, and they are installed at an earlier stage. It may be necessary to
increase the steel section, especially if the anchor is to be loaded to failure,
but all other features should be the same as for the permanent anchors. This
similarity is essential particularly for (a) drilling methods and anchor hole
diameter; (b) length and depth of the fixed anchor zone; and (c) prefabri-
cation, homing, and grouting methods, for which the maximum intended
grouting pressure should be used.

A typical precontract anchor test may be carried out using the following
stage sequence (Nicholson et al., 1982).

1. Apply a bedding-in load equivalent to 10 percent the design load in
order to remove tendon slack, and check to ensure that all stress com-
ponents, including pull wedges, are properly engaged.

2. Set all measuring devices to zero using the 10 percent working load
initial stress as datum point for stress measurements.

3. Begin the cyclic loading using the following percentages of the design
working load (loads marked * will be kept for 30 min minimum, and
loads marked ** will be maintained for 24 hr).

Cycle (a): 10, 20, 40, 50%*, 25, 10.

Cycle (b): 10, 25, 50, 75, 100*, 50, 25, 10.

Cycle (¢): 10, 25, 50, 75, 100, 125, 150%*, 100, 50, 25, 10.

Cycle (d): 10, 25, 50, 75, 100, 125, 150, 175, 200*, 150, 100, 50, 25,
10.

Cycle (e): 10, 50, 100, 150, 200, and to anchor failure or 80 percent
fou of the steel. If no failure occurs, return load to zero and
record recovery.

4. Reduce loads to 10 percent the working load in the specified intervals,
maintaining each load level for 5 min and recording anchor tendon
recovery. Hold the same percentage at the conclusion of stages (c)
and (d) for one hour before taking final reading to determine total net
anchor rebound, hence elastic or plastic movement.
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7-7 ACCEPTANCE TESTS OF PRODUCTION ANCHORS

Variations in soil conditions and installation procedures can cause wide dif-
ferences in the actual load-carrying capacity of production anchors, and it
is thus essential for each anchor to be subjected to a test. These routine
acceptance tests are associated with the initial stressing operations and nor-
mally include quality control observations for a period of up to 24 h. The
basis for these tests generally is derived from the precontract tests discussed
in Section 7-6 and the suitability tests discussed in Section 7-8.

The first priority of the test is to establish a measured factor of safety by
overloading the anchor for a short period, usually to 150 percent the working
load and consistent with the governing codes. In addition, a load-extension
diagram plotted for each anchor will be useful in comparing measured versus
predicted performance. Finally, the test will ensure that the service load
locked off after stressing is stable. Alternatively, routine acceptance tests
are enhanced if the pattern and magnitude of fixed anchor movement has
been established from preproduction tests, and provisions are made for mon-
itoring loss of prestress with time.

Acceptance tests and methods of testing are covered in most codes, such
as the British Code, German Code (DIN 41285, 1972), French Code (Bureau
Securitas, 1972), United States (PCI, 1974), South Africa (1972), and others,
including updated versions. A brief review of the tests and the testing pro-
cedures is presented in the following sections.

Acceptance Tests According to DIN 4125, According to these recom-
mendations, each production anchor is subjected to an initial load T, equiv-
alent to 0.1 7, (0.1 percent proof load, approximately 83.5 percent f,.), after
which it is stressed to 1.2 T, (working anchor load) in a single operation
and held for at least 5 min in cohesionless soil and 15 min in cohesive soil,
while tendon extension is monitored at the top anchorage. This procedure
is identified as ‘‘type I test.”” Where the spacing between grouted fixed zones
is less than one meter, anchor interaction should be checked by loading
several adjacent anchors and observing simultaneously.

For the first 10 anchors, and thereafter one in 10 subsequent anchors, the
testing involves more rigorous procedures, and the extensions are monitored
from a fixed datum. Load increments are 0.4 7,,, 0.8 7,,, 1.0 T,,, and 1.2
T.., also taking into account possible strand slippage. This test is identified
as “‘type I1.”” At maximum test load values observation time is as in the
type I test, and on destressing to T,, the permanent extension is observed.
If the anchors are the prestressed type, the working load is reapplied and
locked off. At least 5 percent of the anchors must be tested to 1.5 T,., noting
that this cannot exceed 0.9 T,, and this procedure constitutes a ‘“‘type 11l
test.”’

Figure 7-18 shows results and load—-extension graphs obtained from type
II test according to DIN 4125 (1972). At 1.2 T,, (point X)) where unloading
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Fig. 7-18 Load-extension diagram obtained for type II stressing test. (From DIN
4125, 1972.)

is first carried out, the elastic component A,, and permanent component
A, of the total displacement A, are clearly distinguished. The line ToX, in
part (b) of Fig. 7-18 is taken as approximate path of the elastic displacement
between the two boundary lines. The foregoing procedure applies to tem-
porary anchors (DIN 4125, 1972).

Acceptance tests of permanent anchors are covered by DIN 4125 (1974).
This document specifies that each anchor should be loaded to 1.5 T,, begin-
ning at the T, initial load, with a preliminary reading at 7,,. The anchor is
then unloaded to T, and subsequently retensioned to T,,. The permanent
extension is measured at To. For the first {0 anchors, and thereafter one in
every 10, the test load is applied at increments 0.4, 0.8, 1.0, 1.2, and 1.5
T,,. The anchor is then unloaded to 7, in the same stages, and retensioned
to T,.. The displacement at 1.5 T,, from the initial loading should be measured
at 1, 2, 3, 5, 10, and 15 min after lockoff. If the displacement measured
betwesn 5 and 15 min is greater than 0.5 mm, the specified period of 15 min
should be extended since it may indicate possible creep.

Acceptance Tests According to Bureau Securitas. This document (1972)
specifies test overloading to 1.2 T,, and 1.3 7., for temporary and permanent
production anchors, respectively. For permanent installations, it is further
stipulated that S percent of all anchors should be tested to 1.5 T,,. Whereas
the test load is not correlated to the allowable steel stress, the code rec-
ommends great caution when the elastic limit (0.835f,,) is exceeded. The
test would normally be stopped if the extension reached 150 percent the
extension at 0.1 percent proof stress.

Tensioning by stages begins at 0.15-0.20 T,,, and at least five stages are
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recommended in order to obtain the load—extension diagram. In sand, the
test load is held for 1-2 min, and during this time the displacement should
not exceed 1 mm, whereas the observed free length of the tendon should
fall between the theoretical free length and the same length plus 50 percent
of the fixed length. If the anchor service life is less than 9 months, an ob-
served free length of 90 percent the theoretical is acceptable. If these tests
are satisfactory, the service load is locked off at a value that includes al-
lowance for losses (see also Section 5-8).

In cohesive soils, the test load is held for 5 min, after which the displace-
ment~time curve should show satisfactory comparison with the performance
of anchors subjected to creep tests, in addition to satisfying the extension
criteria mentioned for cohesionless soil.

Acceptance Tests According to U.S. Practice. Nicholson et al. (1982)
suggest that between 5 and 10 percent of all permanent production anchors
should be subjected to load tests similar to the preproduction tests, but with
modified loading cycles to reflect the permanent character of the work. Thus,
after applying initial stress equivalent to 10 percent the working load T,,,
checking all stress component parts, and properly setting all measuring de-
vices, the following cycles should be performed:

Cycle (a): 10, 25, 50%, 75, 100**, 50, 25, 10.
Cycle (b): 10, 25, 50*, 75, 100**, 125, 150*, 100, 50, 25, 10.

Likewise, these numbers express percentage of T,,. Loads marked * should
be held for 15 min, loads marked ** for 30 min, and loads marked * for 4
h.

After completion of the test, the anchor is retensioned and the load locked
off at the specified level. A liftoff test should be performed 24 h later, to
check for load loss. If this exceeds 10 percent the lockoff load, the load
should be restored and rechecked after a second 24-h period. If the load loss
is still maintained above 10 percent, additional tests and investigations
should be carried out to determine the cause, and whether load loss is con-
tinuous or diminishes with time, or whether the anchor should be replaced.

The remaining production anchors should be stressed to 133 percent with
extension measurements taken at the following load levels (percentage of
1.,): 10, 25, 50, 75, 100, 133. The highest load should be maintained for a
minimum of S min and extensions recorded at 1, 3, and 5 min. All stress—
strain data for production anchors should be plotted against control graphs
obtained from other critical tests and acceptability judged accordingly. The
time-displacement records will indicate creep characteristics. (See also
creep tests and acceptance criteria.)

FIP Recommendations. The FIP draft (1973) reccommends limiting the ten-
sile stress in the tendon to 0.9T, or 0.75f,,, assuming that 7, is equivalent
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to 0.1 percent proof stress. All production anchors should be tested to 1.27,,
and 1.37,, for temporary and permanent works, respectively. Results and
load-displacement diagrams from a typical acceptance test are shown in
Fig. 7-19.

Extensions are measured at 0.4, 0.8, 1.0, and 1.3 7,,. Where the ground is
not susceptible to creep, the test load is held for 2-5 min, and the anchor
is accepted if (a) no noticeable displacement is measured {<1 mm) during
this time, and (b) the measured total displacement at the top anchorage is
in reasonable agreement with the established criteria from extended accep-
tance tests. The latter involve 3-10 production anchors, which at the be-
ginning of the contract undergo special acceptance tests. The stressing pro-
gram is shown in Fig. 7-20, and this test should be applied to 10 percent of
all production anchors thereafter. In the extended acceptance test, the an-
chor is considered satisfactory if (a) the displacement of the anchor under
test load has become stable within the observation period, and (b) the mea-
sured elastic extension shows reasonable correlation with the calculated
value after allowance for test effects.

Acceptance Tests According to British Standards. B.S. *‘Draft Proposal
for Ground Anchors” (1980) permits tensile testing up to 80 percent f,,,
and the factors of safety are in agreement with the recommendations of this
author. The most common practice at present is to test load production
anchors in increments up to 1.257,, with minimum observation period five
minutes at the maximum test load. The load is thereafter reduced to zero
before retensioning in increments up to a lockoff load 1.107,,. Tendon ex-
tensions are monitored, but since during the first cycle the observed dis-
placement is composite, the interpretation and analysis of data is essentially
based on the load-extension diagram obtained from the second loading
cycle.
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Fig. 7-19 Load-displacement diagram from ac-
DISPLACEMENT AT TOP ANCHORAGE ceptance load tests according to FIP draft, 1973.
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Fig. 7-20 Stressing program for extended accep-
DISPLACEMENT AT TOP ANCHORAGE tance test according to FIP draft, 1973.

If a component of a multiunit tendon fails during the stressing stage, a
reduced anchor capacity may be acceptable in proportion to the components
left provided all individual components have compatible stresses in service.
On the other hand, if these stresses are below the allowable, it is possible
to upgrade the load in each component to compensate for the loss of load
in the redundant component. The same approach can be extended to other
components of the system, for example, if gripping wedge failure occurs and
new wedges cannot be fitted.

7-8 BASIC ON-SITE SUITABILITY TESTS

Essentially, these tests are intended to show the suitability of anchors for
the particular conditions at the site. Under static loading, load-time rela-
tionships are established and used to analyze the effectiveness of the an-
chorage. Anchors subjected to this test can be used as production anchors
in the work if necessary, or they may be additional and provided under the
contract. They should be constructed in exactly the same way and located
in the same ground as the production anchors. Such anchors are often termed
‘‘special’’ since they are more time-consuming and are costly. However,
they are now widely recognized as essential to long-term installations and
their usefulness may justify the cost, especially if they are incorporated in
the final work. The decision to specify on site suitability tests will depend
on the magnitude of the contract, the complexity of site conditions, the basic
uniformity of ground characteristics, the anchor load capacity, and the ex-
perience gained in previous projects carried out under similar conditions.
In general, the basic suitability of a ground anchor system is analyzed
from tests on two or more anchors in recognized types of ground. The entire
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work must be monitored by a specialist team, and very often this class of
tests may be combined with the precontract tests discussed in Section 7-6
in one operation in the form of proving tests.

Basic and Suitability Tests According to DIN 4125. In a basic test, ap-
proximately one week after grouting the stressing is carried out as shown
in Fig. 7-21, and top anchor displacements are measured from a remote
datum at load levels indicated and above the initial load Ty = 0.1T,, where
T, is the elastic limit at 0.1 percent extension. Load increments are applied
as shown in Fig. 7-21(a) until failure or the 7, stress of the tendon is reached.
After the load level 0.3, and thereafter at each successive higher load in-
crement, the tendon is unloaded to T, to obtain data on permanent displace-
ment and also allow estimation of the effective free length.

Prior to each unloading displacements are observed under constant load
in cohesionless soils until the movement diminishes but for not less than 5
min. At point 0.67, the load is held for 15 min and the corresponding dis-
placement A, is measured [see Fig. 7-21(b)]. At 0.9T, the observation time
is increased to 1 h minimum, producing the corresponding displacement A,.
In cohesive soils the observation time at 0.6 and 0.97, is extended until the
displacement during the last 2 h is less than 0.2 mm (see also Section 7-10).
The maximum applied test load should be at least 1.57,, but less than 0.97,
for an observation time of at least 1 h, and the working load T,, should be
held at least for 15 min. On completion of the stressing stage, the entire
anchorage is extracted for examination.

The measured displacement of the top anchorage is likewise divided into
two basic components, an elastic A, and a permanent (plastic) A, as shown
in part (b) of Fig. 7-21. For a specified anchor load X the total displacement
is A, having two components A,. and A ,,. The elastic and permanent com-
ponents of displacement are plotted in Fig. 7-21(b) for each load increment,
and it is evident the failure load is at 0.947, (continuous yielding occurs).
Ordinarily, however, the specified upper load limit would be 0.97,, and
clearly this may not always be reached in the basic test.

The stressing phase is supplemented by a technical report that assesses
the anchor test characteristics and stressing results. For the observed free
length, the elastic displacement curve shown in Fig. 7-21(b) should be be-
tween the boundary lines (a) and (b) as shown. Whereas this procedure is
termed by the German Code a basic test, the same code stipulates that an
anchor system should be subjected to suitability tests if the local ground is
disimilar to that of the basic test, or if the drilling procedure and borehole
diameter deviate from the basic test. In suitability tests, however, the an-
chors are not extracted after stressing. Interestingly, the foregoing proce-
dures apply to temporary anchors (DIN 4125, 1972).

For permanent anchors the basic tests are essentially similar but with
certain variations (DIN 4125, 1974). In this case, the load is applied in stages
as shown in Table 7-4, again beginning at seating load To. When each loading
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TABLE 7-4 Load Stages and Observation Periods for Basic and Construction Site
Suitability Tests for Permanent Anchors

Stage of Loading

Minimum Period of Observation

Basic Test Suitability Tests” Coarse-Grained Fine-Grained

o} 017, To 3 02T, Soils Soils
0.307, 0.407,, 15 min 30 min
0.457, 0.807., 15 min 30 min
0.607, 1.00T,, 1h 2h
0.757, 1.207,, ih 3h
0.907, 1.50T,, 2h 24 h

2 If the working load is not known at the time of the test or the upper limit load is uncertain,
it is recommended that smaller load stages should be selected.

From DIN 4125 (1974).

stage is reached, the anchor is destressed to 7, to obtain the elastic and
permanent extensions. Typically, anchors should be stressed to 0.97, if the
failure load in the fixed zone is not reached at an earlier stage.

Basic and Suitability Tests According to Bureau Securitas. This doc-
ument categorizes basic tests by anchor geometry and ground type, whereas
the number of test anchors is related to the number of production anchors
for each category as shown in Table 7-5. If, for example, a project involves
400 anchors of which 300 are inclined and 100 vertical, two categories are
introduced by geometry. If, additionally, 250 of the inclined are in gravel,
and all remaining (inclined and vertical) are in clay, then the project includes
three categories with corresponding test anchors as follows:

250 inclined-gravel:

3 test anchors

50 inclined—clay: 2 test anchors

100 vertical—clay: 2 test anchors

TABLE 7-5 Minimum Number of
Test Anchors for a Given Number of
Production Anchors According to
Bureau Securitas (1972).

No. of
Test Anchors

No. of
Production Anchors

1-200
201-500
501~1000

1001-2000
2001-4000
4001-8000

~N AN B W
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The characteristics of test anchors must be similar to the category of
anchors represented, except a tendon of greater capacity may be used to
accommodate an extended test load whereby failure can be induced to the
fixed anchor grouted zone.

Figure 7-22 illustrates a stressing program in ground where anchoring
behavior is available and risk of creep does not exist. It is apparent that the
anchor is test-loaded to the anticipated 0.757s and 0.607 for temporary
and permanent work, where T is the symbol used by the French Code to
designate the 0.1 percent elastic limit (equivalent to 0.835f,.).

In order to eliminate mechanical interference from unrelated parameters
(such as tendon slack and plate bedding-in), two successive load cycles are
necessary as show in Table 7-6, with pauses to record extensions. On com-
pletion of the second cycle, the stressing is carried out in stages to 0.97¢,
with observation periods at each stage to permit detections and measurement
of creep and permanent extension. After the one-hour observation period
at 0.97¢ of the third load cycle, the load is completely removed in stages,
and the anchor is then restressed to the lockoff load with pauses only for
extension readings, with a lockoff load chosen to accommodate stress loss

Period of Observation

Time{min} Symbol
10 v
3
) o
T /7End of Test
G 720 /
090% I /
o 075T; 4
065%
K OSST(; ta)
B 0.4 TEMPORARY
8 0457 ANCHORS
0.30T
0157
[¢]
Displacement at Top Anchorage
/—IrEnd of Test
S
/
72h ’/
{b)
PERMANENT
ANCHORS

Displacement at Top Anchoroge

Fig. 7-22 Stressing program in soils where anchor behavior is known, according to
Bureau Securitas (1972).
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TABLE 7-6 Recommended Load Increments and Observation Periods for Basic
Test Anchors According to Bureau Securitas (1972)

Temporary Anchors Permanent Anchors
Load Increment Period of Load Increment Period of
Initial Two Third Load Observation Initial Two Third Load Observation
Load Cycles® Cycle (min) Load Cycles® Cycle (min)

0.157, 0.15T, i0 0.157, 0.157, 10
0.307, 0.307, 10 0.307, 0.307, 10
0.45T, 0.45T, 10 0.457, 0.45T, 10
0.557, 0.55T, 30 0.55T, 0.557, 30
0.657, 0.657, 30 0.607, 0.607T, 30
0.75T, 0.75T, 30 0.657T, 30
0.907, 60 0.75T, 30

0.90T, 60

“ For these load cycles, there is no pause other than that necessary for the recording of extension
data.

due to relaxation and ground creep. After 72 h the anchor is further stressed
to regain its initial residual load, and then completely unloaded before final
stressing, where the load is increased in load increments as before but until
failure occurs by yielding, or until the extension is equal to 150 percent the
extension at 0.1 percent proof stress as shown in Fig. 7-23. At this point the
test is complete and the anchor is unloaded and abandoned.

Where the ground conditions are not known or prior experience of an-
choring is not available (both making anchor behavior unknown), it is con-
ceivable that anchor failure may occur at a load less than 0.97. In this case
the maximum test loads for the first three cycles that are carried out without
pauses are lower, as shown in Fig. 7-24(a) and (b). During these three cycles,
displacement measurements are recorded whenever there is a load change
of 5 percent Ts. In order to monitor creep and relaxation losses, the initial
residual loads at lockoff are 0.86T and 0.77T; for temporary and permanent

~
el ..
E B
) 2 i i End of
= &/ ! Test
a =~/ i
i B~/ B
bl g
gy .
VA
0 L L . . . .
01 08 12 Fig. 7-23 Typical stress—strain diagram obtained from
ol o7 | stressing procedure indicating end of test, according to

Extension (%) Bureau Securitas (1972).
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Period of Observation
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;

Dispiocement at Top Anchorage

Fig. 7-24 Stressing program in soils where anchor behavior is not known, according
to Bureau Securitas (1972).

anchors, respectively, held for 72 h. At this stage, if the displacement nec-
essary to regain the loss of the initial residual load is less than 1 mm, the
test continues as already described. If the same displacement exceeds 1 mm,
one option is to continue the same test with a second option to initiate a
second test and repeat the procedure but with a lockoff load 30 percent lower.

If the first test anchor fails at an intermediate load T;, the stressing pro-
cedure for the second test anchor should be as shown in Fig. 7-25 (for tem-
porary anchors). Whereas the stressing approach is basically the same, the
load increments are now related to T rather than T. If the actual minimum
ultimate load for the test anchors is Ty, the working load is redefined as
0.67Timin and 0.507,, for temporary and permanent anchors, respectively.
If none of the test anchors fails, the working load is 0.75T¢ and 0.607 for
temporary and permanent anchors, respectively, where T = 0.835f,, ap-
proximately.

Basic and Suitability Tests According to British Standards. In Britain,
the effectiveness of an anchorage installation is usually ascertained by basic
tests on at least three anchors (Littlejohn, 1970). In these tests, the fixed
anchor length is varied, the intent being to introduce bond failure at the
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Period of Observation

Timelmin} Symbol
10 v
30 a
10T, 60 °
-ﬁ o}
090, ]
080T ——Ar AL ]
0070-[- Al AR - A ]
Saany s 7
0 060% T 712713 7
g 050K ——
50.40T,
0.30, y . :
0.20T, Fig. 7-25 Stressing program of tempo-
0.10% y rary anchors for the second test anchor
Y after failure of the first at load T, ac-
Dispiacement at Top Anchorage cording to Bureau Securitas (1972).

ground—grout interface in which case an estimate of the ultimate side shear
and end bearing is obtained by plotting the failure load versus fixed anchor
length. This procedure yields actual factors of safety and checks the validity
of empirical design rules.

The suitability of a proposed anchorage is usually inferred from a mini-
mum stressing program on test anchors, as shown in Fig. 7-26. If the basis
of production anchor design must be established before the contract, it may
be sufficient to load the anchor to 80 percent f,,. The anchor is first loaded
incrementally to 1.25 or 1.50 T,, (working load) for temporary and permanent
works, respectively, and this is shown as load T, in Fig. 7-26. After an
observation period of 5 min the anchor is detensioned completely, and the
load—-extension graph is obtained for the full cycle. The load is then reapplied
to T, as shown, and the load T, is noted at the intersection point x, this
intersection (cross-over) indicating that extra fixed anchor displacement was
necessary to mobilize T,. If this occurs, the foregoing anchor behavior would
indicate that for the value T, shown, T,, should have a value less than T, in
order to minimize loss of prestress, particularly if the production anchors
are to be subjected to cyclic loading.

Subsequently, the anchor is locked off at 7, and held for at least 24 h to
record any loss of prestress. Thereafter, the anchor is progressively loaded

T

Tendon

: extension
I

tloss of prestress
~Tover 24 hours, say.

Tensite load
s

1
i
1
1
i
T X
t
1
¥
1

j Fig. 7-26 Minimum stressing program for test an-
chors from current British practice. (From Little-

Displacement at top anchorage john, 1970.)
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for a duration as long as practicable since the intent is to detect creep and
its effects on service behavior. Ultimately, the test continues to failure or
0.80f,, in order to obtain the actual (measured) factor of safety.

During the second load cycle and up to T, the load~extension diagram
should be expected to be essentially similar to the theoretical for the free
tendon length. Discrepancies of +5 percent between calculated and ob-
served results are acceptable, but if they approach *10 percent, an ex-
amination is appropriate to reconsile the results.

7-9 TYPICAL EXAMPLE OF ANCHOR TESTING AND STRESSING

Despite the apparent variation and differences in stressing procedures and
concepts of testing among countries where anchor practice is common con-
struction, it is interesting to note that all codes agree with the importance
of overloading an anchor. The associated benefits are mainly the measured
safety factor and a relevant stress history, which helps to understand anchor
behavior. For the most part, differences in stressing methods relate to the
staging sequence, incremental loading and observation time as well as the
number of tests considered necessary. Whereas anchor practice must remain
subject to local codes and standards, the broad concept of standards and
procedures identified in various countries is essential to broader technical
knowledge and certainly allows better engineering judgment. More impor-
tant differences are evident in the interpretation of load—extension data as
it relates to acceptance criteria, discussed in subsequent sections.

Typical Test Objectives

A typical anchor load testing and stressing program will include the following
minimum objectives:

1. As initial construction record and prior to commencing the stressing
test, prepare theoretical load-displacement diagrams with limit lines
starting at the origin point for the following anchor lengths:

(a) Theoretical free anchor length plus 50 percent fixed anchor length.
{b) Anchor length equivalent to 80 percent the free length.
(¢) Free anchor length (theoretical elastic line).
These lines represent the elastic movement-under load for the stated
length, and (a) and (b) represent the boundary lines of Fig. 7-18(b).
2. Carry out the specified tests (under applicable procedures) and use
load-extension data to construct appropriate diagrams.
3. If the testing program includes creep tests (discussed in subsequent
sections), draw diagrams on semilog graph paper to study creep char-
acteristics.
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4. Analyze load—-extension diagrams to determine whether the load is
resisted in the fixed zone and whether the anchor is fairly below the
failure point. Study anchor behavior under constant load.

5. Precontract test anchors will provide design parameters, and may dic-
tate changes in the initial theoretical criteria. Acceptance tests of pro-
duction anchors will confirm the validity of precontract test results,
and compare data. Basic or suitability tests will enhance this record
and amplify load—extension and load-time data.

6. Where creep tests are carried out, the associated characteristics of
long-term ground behavior should be established to allow predictions
about potential load loss with time. The recommended procedure is
discussed in the section on creep tests.

Example of Suitability Test of Permanent Anchors

Selected Accuracy of Measurements. For the measurement of axial an-
chor head movement, anchor plate displacement, and residual force in the
anchor during the test, the selected (specified) accuracy is as follows:

For axial movement Al of anchor head with respect to a fixed point, and
anchor plate movement Al, in the axial direction: absolute accuracy 2
percent Al; (calculated theoretical elastic elongation of tendon); rela-
tive accuracy 0.5 percent Al,.

Movement of anchor plate A, (deformation of the foundation or anchor
block): absolute accuracy 2 percent Al; relative accuracy 0.5 percent
Al

Anchor force in the tendon (behind the anchor head): absolute accuracy
3 percent T, (test load); relative accurracy 0.5 percent T,.

Staging and Sequence of Test. The test anchor is tensioned in successive
steps, and at each step the load—extension data are obtained and recorded.
On completion of the test the anchor may be removed for inspection and
examination. The operation is carried out following the process shown sche-
matically in Figs. 7-27 and 7-28, and involves several steps.

1. An initial bedding load Ty = (0.1 --- 0.2) T, is selected, and the dif-
ference or range between T, and Ty is divided into 6-10 equal incre-
ments A7, each defining a step in the loading process.

2. A fixed point is established as reference datum for measuring A/ (com-
posite axial movement of anchor head representing tendon elongation).
This movement has two components, Al, (elastic deformation), and
Al, (plastic deformation).

3. The stressing and recording program is carried out to the selected
maximum load (usually this test load 7, is 150 percent the working load
T.).
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4. The observation time periods A, are selected as follows (subject to
applicable standard and code):
(a) Rock and cohesionless ground, A, = 5 min minimum
(b) Relatively cohesive materials and overconsolidated clays, A, = 15
min minimum
(c) Clays and clayey silts in the normally consolidated condition,
A, = several hours to days.
5. After each increment, the anchor is unloaded to Ty, and the permanent
extension Al, is recorded. The stressing, unloading, and recording pro-
cess continues up to the maximum selected load T,.

Interestingly, at each load step observations are made either of the load
decrease AT’ as shown in Fig. 7-27 with the deformation remaining constant
(relaxation), or of the deformation increase Al’ as shown in Fig. 7-28 with
the load remaining constant {creep behavior).

Assessment of Results for Test Load T, > 200 kN (45 kips). The anchor
parameters to be evaluated from this test are the limit load 7, the free
anchor length /s, and the plastic deformation Al,.

The limit load T, is the maximum load at which the following two con-
ditions are satisfied (taken from applicable criteria):

A Failure of fixed anchor.

37
- T Al = Td4EA, P
-7 %%
__/‘h ------- Tttt ] Load decrease AT
4 . .
Elastic /- _/r___T_ during time n At
Ti = 0.9fpu extension  / ‘.

(theoretical)

L - Al
!
i

To
i
l al, l al, r

Fig. 7-27 Load-displacement diagram for a typical load test; load decreases with
constant deformation (relaxation).
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Fig. 7-28 Load-displacement diagram for a typical load test; deformation increases
with constant load increments (creep).

(a) The change of deformation (creep) or load (relaxation) should not
exceed the limit values given in Table 7-7. If the condition as shown in (1a)
of Table 7-7 is not satisfied, the observation time is increased to 3A,. If
condition (1b) is not satisfied, the observation time is increased to 10A,.

(b) The second condition is satisfied if the following inclination ratio is
within the limit indicated:

tan a,
—_— =
tan a,

0.90

TABLE 7-7 Limit Values; Deformation Increase and Load Loss (Data to Be used
for Load Test of Figs. 7-27 and 7-28).

QObservation Time Limit Values

(According to Deformation
Condition Step 4) Increase Al° Load Loss AV’?
(1a) 0-At Maximum 2% of Al, Maximum 2% of T,
(1b) Ar-3A¢ Maximum 1% of Al, Maximum 1% of T,
(Ic) 3At-10A1t Maximum 1% of Al, Maximum 1% of T,

¢ if the load is kept constant during the observation time
% if the deformation is kept constant during the observation time
¢ T = Test load shown in Figs. 7-27, 7-28; usually 150 percent of the working load.
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where (see Fig. 7-27) a; = angle of inclination of the unloading curve
a, = angle of inclination of the reloading curve

The effective free length of the anchor I, results from the straight line
A'X, with reference to the diagram of Fig. 7-29. This length is estimated as
follows

A7 A

=< F 7-4
ks L-R—RE (7-4)

where A, = cross-sectional area of the steel tendon
E, = modulus of elasticity of the steel
Al = elastic deformation of the tendon under load T,
Ty = initial load
R = frictional force (distance AA’')

Additionally, the effective free length /; should have a value between the
following limits

lf = 0.9 Ifr (7-5)
Iy <l + K,

where [;, and [, are the initial (calculated) free length and fixed lengths,
respectively, and k is a numerical coefficient; £ = 0.5 in anchor systems
where the force is introduced into the anchorage body by the tendon along
the anchor length.

Fig. 7-29 Diagram of elastic and plastic de-
formations. Tests of Figs. 7-27 and 7-28.

Al,
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The plastic deformation Al, is determined by direct reading from Fig. 7-
29. The permissible value for the basic test is determined by codes, or if a
criterion is not available, by the engineer jointly with the contractor.

Assessment of Results for Test Load < 200 kN (45 kips). In this case
the evaluation of parameters is simplified. During the test the yield stress
of the tendon should not be exceeded, but it is conceivable that the test load
could be large enough to cause failure of the fixed zone. The mean value of
the ratio of inclination tan a,/tan a, should be greater than or equal to 0.80
over at least three loading cycles.

Quantitatively, the test procedure described in the foregoing section may
be modified if the criteria applied to the limit load, the free anchor length,
and the plastic deformation are different, reflecting various codes and stan-
dards of practice.

7-10 CREEP TESTS

Basic and Acceptance Tests

In soils susceptible to creep, the ultimate load is assumed to have been
reached when the displacement does not decrease with time but is continuous
under constant load. Interestingly, in some soils such as medium to highly
plastic clays of stiff consistency, creep values are known to increase rapidly
at only 40 percent of the failure load (see also Fig. 4-35). In these conditions,
the test load is held sufficiently long in order to allow time-displacement
curves to be compared with those of anchors subjected to creep tests, in
addition to complying with standard extension criteria.

One of the early codes to recognize creep effects, the Czechoslovakian
draft standard (Klein, 1974) stipulates a test loading of all temporary anchors
to 1.2T.., and a higher loading for permanent installations. The permanent
displacement due to load increase from T, to 1.2T,, should not exceed by
more than 10 percent the permanent displacement obtained in the basic
anchor test over the same load range. For creep under constant service load,
the displacement should not exceed 0.135 mm/m of free tendon for every
tenfold increase in time. For the specific time intervals shown in Fig. 7-30,
the displacement must be less than 0.02 mm/m of free length, and the total
observation period must be at least 10 min.

For the basic tests according to DIN 4125 (1972) and shown in Fig. 7-21,
the limit load for minimal or acceptable creep T is determined by measuring
the displacement under constant load prior to unloading at 1, 3, 5, 10, and
30 min, and then recording as shown in Fig. 7-31. The required minimum
observation periods are as shown in Table 7-4, but can be extended if nec-
essary until the creep coefficient K, is reasonably determined. This param-
eter is calculated according to Eq. (4-21) and in conjunction with Fig. 4-34,
where the time-displacement curve for an anchor in clay is plotted on log-
arithmic scale.
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Fig. 7-30 Working diagram relevant to acceptance
criteria for creep displacement according to Czech

Displacement at Top Anchorage Draft Code (1974).

Creep displacement versus observation time is also shown in Fig. 7-32,
where the results are recorded and plotted according to DIN 4125 (1974).
All symbols correspond to the notation of Eq. (4-21), whereas the load covers
the range from 0.4 to 1.57,,. Values of K, are determined at various loading
stages and recorded as shown in Fig. 7-33, and according to this code of
practice the limit force T, corresponds to a creep value K, = 2 mm. Fol-
lowing this stage, the anchor is subjected to 20 load cycles (in the range 0.3-
0.6T,), and the extension at the maximum and minimum loads is measured
at least every five cycles. Thereafter, the anchor is detensioned to 7y, then
retensioned to 0.6T, with an observation period.

{

Observation Time(minutesg
1 iminutes

Creep Displacement (a)

Fig. 7-31 Creep displacement as function of obser-
] vation time, plotted according to DIN 4125 (1972).
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Fig. 7-32 Creep displacement versus time, according to DIN 4125 (1974).

The same aproach is likewise used for suitability tests at the site; however,
these tests are carried out under the most unfavorable ground conditions.
The loading stages are as shown in Table 7-4 with suitable times for obser-
vation. Twenty load cycles are carried out thereafter, and if the tests are
completed in a satisfactory manner, the permanent load is locked off.

Creep tests according to Bureau Securitas are essentially an extension of
the suitability tests discussed in the foregoing sections and shown in Fig. 7-
24(a) and (b). The initial residual load at lockoff is held for 72 h, and if the
creep displacement during this period exceeds 1 mm, it may indicate creep.
In this case a second test may be carried out with a lockoff load 30 percent
lower as shown in Fig. 7-34. Interestingly, the displacement value of 1 mm
used as creep criterion is rather arbitrary, and the same code regards the
deformation as a provisional index only.

Example of Creep Test

In this example it is assumed that an initial test has been carried out as part
of a program to either check the failure strength of the ground in the fixed
anchor zone or determine the limit tension of the tendon in order to eliminate
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T (From DIN 4125-1974).

creep along the anchorage. If, on the other hand, the purpose of the test is
to check and establish a measured factor of safety, failure is not necessarily
the objective or the end result.

For the second (creep) test the loads are chosen on the basis of results
from the first test. The maximum test load is 0.97;, where T is the 0.1
percent elastic limit of the French Code, approximately 0.85f,,,. In this case,
the maximum test load is 1.57,,, that is, the latter is selected with the factor
of safety 2 from f,,. All loads are held for one hour, but much longer for
the long duration creep cycle. The general testing procedure consists of two
main steps as follows:

1. Obtain creep curves from the first test for one-hour sustained loads,
and determine from the creep curves the critical creep tension, or
failure tension.

2. During the second test and from the critical or failure tension, deter-
mine the increments of the loading stages and the load at which long-
term creep should be measured.

Load-displacement diagrams from the first test are shown in Fig. 7-35.
The interpretation of test results must consider two possibilities: (a) the fixed

Period of Observation
Timelmin) Symbol
°

Fig. 7-34 Stressing program where
creep displacement is excessive, ac-
Displacement at Top Anchorage cording to Bureau Securitas (1972).
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Fig. 7-35 Load-displacement diagram from first test; example of creep program.

anchor length develops its ultimate bond strength before 0.97 is reached,
in which case the failure load Ty will be used as reference load for the second
test; or (b) the maximum test load 0.97; is reached without failure of the
fixed anchor length. If the latter is the resulting possibility, creep curves are
drawn as shown in Fig. 7-36(a), where the cumulative creep displacement
is plotted versus the logarithm of time. From these curves the slope tan a
is measured for each load increment, and these results are plotted versus

08T K;Aw" :

3NN

.- '06Tg

Cumulative displacement

/
- :0.7TG / .
1

5\

"‘:O‘STG
-~ Foarg | |
= [v0.37¢ ]| [
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i

1 min 10m 60m

Fig. 7-36 Interpretation and diagrams of results from the first test; example of creep

program: (a) creep curves, (b) critical creep tension.
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the applied load resulting in the diagram shown in part (b) of Fig. 7-36. If
the critical tension value T is not easily identified as the tangent point where
the straight line converts into a curve, it can be taken as 0.97;, where T, is
defined as the point of intersection of the two tangents to the curve as shown.
Furthermore, if the plot of the a/load function is not regular and smooth as
shown in Fig. 7-36(b), or if it does not consist of a straight line followed by
a curve with an upward concavity, it will indicate an anomalous result which
should be investigated (Pfister et al., 1982).

The second test is carried out for load increments with one-hour obser-
vation periods for creep. For a specific load value Ty, a partial cycle test is
completed, followed by a 72-h creep observation period. The limiting tension
T is selected as follows: Ty = 0.9T. or 0.877. If, however, the first test
did not reach the critical tension T, (meaning that the diagram a/tension load
is a straight line), then T}, is taken as two-thirds of 0.97 or T,y = 0.6 T;.

During the second test, it is conceivable that a critical tension value may
be reached before the limiting tension T;,. This may be inferred by observing
the shape of the creep curve, whereby point T, is reached where the straight
line begins to curve and its slope increases with time. In this case, the long
duration creep test will be necessary at the value T, rather than the initial
limiting value. The end of the test may be reached and concluded as shown
in Fig. 7-37.

Estimation of Working Load from Creep Test. If the creep curve for the
long-duration loading stage is nearly a straight line, two criteria must be
satisfied simultaneously: (a) the diagram must reasonably agree with the
curve obtained for the same tension during the first test (one-hour obser-
vation period), and (b) after correction for steel creep the absolute displace-
ment between the end of the first hour of loading and the end of the 72nd

V4

l Fixed part of program / Optional program

09Tg |- "~~~ """ T T oo T to continue
: [ until anchor
08Tg - -~ - -~~~ =-— === - -~ ! pullout
14
72h
Ty~~~ — ~~77

.

- __M_. _- - Cycle
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3 I
c
= T

Displacement

Fig. 7-37 Load—displacement diagram for second test; example of creep program.
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Fig. 7-38 Extrapolation of creep curves for determining limiting working load; ex-
ample of creep program.

hour should be less than or equal to 0.2 x 1072 times the free length of the
anchor. In this context, the limiting (maximum) load is taken as the lowest
of the following values: T;, 0.97,, or any failure value that may have been
reached during the tests. If only one of the two criteria is satisfied, the
limiting working load is taken as the nearest load for which the extrapolated
displacement between 1 and 72 his less than 0.2 x 10~ times the theoretical
free length L;, as shown in Fig. 7-38.

If the creep curve for the long-duration loading stage is not a straight line,
it is conceivable that a curved diagram with an upward concavity will appear
after plotting the data. In this case, the anchor should be considered un-
acceptable unless a third test on a different anchor shows that the results
obtained initially were not representative.

7-11  LONG-TERM MONITORING TESTS

Long-term monitoring is required to check service behavior of production
anchors and to ensure anchor performance. This program includes also col-
lection of data relating loss of prestress or creep displacement to time, type
of ground, and anchor type and geometry.

Long-term losses in the anchor system are caused by a combination of
steel relaxation and anchor creep. Whereas relaxation characteristics of
prestressing steels are well documented and pertinent data are available from
steel manufacturers, long-term creep losses can be significant and difficult
to estimate. At best, they should be judged from creep tests carried out well
in advance of full-scale production.

The monitoring requirements are usually determined by local codes and
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standards. In Great Britain, for example, periodic checks on production
anchors are recommended as follows:

1. The load in all anchors should be checked 24 h after stressing to detect
load loss, and this is necessary for both temporary and permanent
anchors.

2. When justified by the size and scope of the contract, the first 10 anchors
should be checked weekly for one month, then monthly for the fol-
lowing 3 months.

3. Hresults are satisfactory after four months, S percent of all production
anchors should be checked at six months, and again at 12 months.

The allowable variation in anchor load is =0.17,,, and restressing is not
carried out unless all pertinent factors are considered. For instance, if a
retaining wall is braced with several rows of tiebacks installed in weak shale,
loss of prestress due to normal consolidation of the shale may be observed
without accompanying movement of the wall. In this case, anchor restressing
will not be required.

Bureau Securitas (1972) recommends a monitoring plan or control pro-
cedure whereby possible failures can be detected before their effects are
manifested. Consequently, periodic monitoring of permanent installations
for at least 10 years is mandatory under the French Code. For the first year,
monitoring is scheduled at 3-month intervals, for the second year at 6-month
intervals, and yearly thereafter. For each category shown in Table 7-5, the
minimum number of anchors to be monitored is as follows:

10 percent of production anchors (total installed, 1-50)
7 percent of production anchors (total installed, 51-500)
5 percent of production anchors (total installed, >501)

The FIP recommendations (1973) specify that for extended acceptance
tests an initial number of 3—10 anchors should be monitored, to be followed
by a percentage of all others, usually 10 percent.

The most rigorous approach to monitoring probably is recommended at
the present time by the South African Code (1972). According to this code,
unless anchors are permanently protected by grouting, they should be tested
as follows after stressing:

Not less than 24 h and not more than 48 h.
Seven days if the 24/48 h test is satisfactory.
One month if the 7-day test is satisfactory.

Monthly intervals for the first 6 months, and thereafter at 3-month
intervals if the first monthly test is satisfactory.

W N e
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5. After 12 months, all anchors still in service should be tested at intervals
to be specified by the designer, but in no case exceeding 6 months.

Anchor monitoring in ground susceptible to creep is essentially based on
the observation that creep displacement increments increase with load in-
crease, and when the stresses at the fixed anchor-ground interface approach
the ultimate strength of the ground the displacement accelerates in relation
to time on a semilogarithmic scale. In this context, creep displacements may
be considered stabilized when, for a constant load, the displacements are
successively smaller, or they do not increase more than linearly (acceleration
= 0) when plotted on a semilogarithmic scale versus time.

Useful data on the criteria of long-term performance and monitoring are
provided by Buro (1972), Mitchell (1974), Australian Standard (1973), Gos-
schalk and Taylor (1970), Chen and McMullan (1974), Morris and Garrett
(1956), and MacLeod and Hoadley (1974).

In most cases, monitoring is extended to the complete anchor—structure—
ground system in the form of quality control and structure behavior. This
work is particularly important in urban excavations, where it is advantageous
to observe the overall performance of the project in order to control long-
term effects on surroundings. Undoubtedly, overall monitoring is time con-
suming and expensive, but clearly essential to important civil engineering
projects. The observed performance of anchored structures is discussed in
the end sections of this text.

7-12 SERVICE BEHAVIOR AND ACCEPTANCE CRITERIA

importance of Acceptance Standards

The load-extension behavior derived from basic and suitability tests has
produced a variety of interpretation methods, which in substance yield ac-
ceptable limits in close agreement and in spite of differences in the basic
approach. Unlike the load—extension behavior, acceptance criteria related
to service behavior are widely diversified with reference to the duration of
monitoring and with regard to what aspects of anchor behavior should be
monitored. For example, several countries (Britain, United States, South
Africa, and Australia) tend to recommend relaxation criteria (such as a pre-
stress loss of S percent in 24 hs), whereas Continental Europe and Eastern
Block countries tend to favor creep criteria (e.g., a creep displacement up
to 4 mm in 72 h). Anchor specialists, on the other hand, recognize the ar-
bitrary nature of these limits and suggest that inflexible controls are often
irrevelant to a specific anchor and field application. As an example, the same
standard may judge acceptable an anchor that shows negligibie fixed zone
movement but has undergone some debonding in the same zone. Likewise,
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an anchor which transfers only 85 percent of the applied load to the fixed
zone may be considered satisfactory by several codes.

Littlejohn (1981) recommends that for economic and operational expe-
diency the time necessary for stressing and testing should be kept to a min-
imum. The same investigator also suggests that a standard sequence of time
intervals is ideally relevant since what should dictate the overall time of
monitoring is the actual anchor behavior as opposed to other factors (e.g.,
a prejudgment based on the type of ground).

In order to alleviate problems of interpretation related to observed short-
time behavior in basic, suitability, and routine acceptance tests, engineers
must thus focus on and agree with standards and guidelines based on uni-
versally applicable criteria, and invariably these should include both load
relaxation and creep displacement considerations.

Review of Load—Extension Limits from Current Practice

For type 1 tests according to DIN 4125 described in Section 7-7, the accep-
tance criteria are met when at load 1.27,, the displacement stabilizes within
the observation time, and when the elastic extension diagram lies between
the two boundary lines ¢ and b shown in Fig. 7-18(b). The upper boundary
line a represents tendon extension for a length equal to the free length plus
one-half the fixed length, or 110 percent the free length for a fully decoupled
tendon with end bearing plate. The lower boundary line b is for a length
equal to 80 percent the free length. The permanent displacement obtained
from the approximate elastic extension line ToX, in Fig. 7-18(b) should com-
pare closely with the results of the basic test, but the permanent displacement
Ap should not be greater than the observed for the basic tests in the range
T, to 1.2T,,. For type 1II and 1II tests, DIN 4125 states that anchors meet
the criteria when at maximum test load the creep displacement stabilizes
within observation time, and the free length together with the permanent
displacement have been proved as in type I test.

For permanent anchors, DIN 4125 considers the acceptance test satis-
factory if the elastic extensions likewise fall between the two boundary lines
a and b, and if the creep is less than 2 mm at a load 1.57,,; otherwise a limit
load is established based on this creep value (see also Section 7-10).

According to current British practice, anchor testing should focus on mon-
itoring loss of prestress with time as opposed to monitoring creep displace-
ment favored by the French and the German codes. A check is carried out
immediately after lockoff to measure the residual load in the anchor, usually
1.107,,, and then again after 24 h. A loss of as much as 5 percent is acceptable
mainly on account of possible errors in the method of measurement. Thus,
if the load at 24 hours is less than 0.957,,, the anchor should be replaced or
the discrepancy rectified. If the load is between 0.95 and 1.057,,, the tendon
should be restressed to 1.107,, and retested after a second 24-h period. If
after three such tests the anchor fails to retain a load 1.057,,, it should be
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rejected and replaced. If mutually agreed, however, the same anchor may
be derated in which case the load is reduced until prestress loss is no longer
observed over a period of one week. If a stable load is obtained in this
manner, a safe working load is derived using the applicable factors of safety
from this reduced stable load.

According to current French practice, acceptance criteria of permanent
anchors relate to (a) displacement of the fixed length during proof testing,
and (b) apparent free length. For the proof test, the load is held for 6 min
if the fixed zone is in ground not susceptible to creep. For plastic soils the
load is maintained for one hour on the first anchors, and 14 min for the
remainder.

The time for measuring fixed length displacement is shown schematically
in Fig. 7-39 (Pfister et al., 1982). Measurements are made 4 min apart. If Ae
denotes displacement, A., , is the displacement occurring between ¢; and £,,
and so forth. For soils not susceptible to creep, the proof test is satisfactory
if A., =2 mm (0.079 in). If A,,, is larger, the test is still satisfactory if
A, < 1 mm (0.039 in). If the second condition is not satisfied, then the
proof test at the specified load T, is continued until time ¢, = T, + 58 min,
and the anchor is accepted if A, , < 4 m