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FOREWORD

Highway engineers in the United States have been reluctant to specify
permanent tiebacks as the primary support for highway structures. They
are concerned about the lack of data on 1ife expectancy of corrosion-
protected tiebacks and the ability of foundation soils to sustain long-
term loads without excessive movement.

This report describes tiebacks and their applications to highway work,
reviews the uses of tiebacks, investigates the causes of the few reported
failures, mainly in Europe, 100ks deeply into the problem of corrosion
and creep and develops recommended procedures to assure Tong 1ife to.
permanent tiebacks. “This report consists of two volumes: the Executive
Summary, FHWA/RD-82/046 and the full report "Tiebacks,"” FHWA/RD-82/047.

Suffﬁéient C6p1es of the report are being distributed to prdv{de a
mi nimum of;tWQ.copjes to each regional office, one copy to each division

office and two copies to each State highway agency. Direct distribution.
is being made to the division offices. S ,

N

Richard E. Hay, Direc

office of Engineering
and Highway Operations
Research and Development
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PREFACE

This report presents a summary of current tieback technology.
Recommendations for the corrosion protection, design, specification,
and testing of permanent and temporary tiebacks are included.
Tieback applications and construction methods are also described.

This report is intended for use as a reference and a guide for
design engineers, construction engineers, contractors, and
inspectors.
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CHAPTER 1 - INTRODUCTION

A tieback is a relatively new construction element which can be used to

transfE\"I””a“f6‘EE7ZEEE3?“fbrmed~tnfthg:ggtﬁﬁﬁﬁ Tiebacks have been
developed, in a large part, by specialty contractors who design and build
temporary excavation support systems. Each contractor has evolved his own
methods of performing the work, and many of the techniques are proprietary.

Permanent tiebacks have been used to support structures in Europe since
"the mid-1960's, and since the early 1970's in the United States. In the
United States, permanent tiebacks have not been frequently used because the
engineering profession has not found adaquate answers to the following

questions:
1) Can the tieback tendon be protected from corrosion?
2) Will a tieback maintain its load without excessive movement?
3) What type of test should be used to verify the short-term and
long-term load holding capacity of a tieback?
4) Where can tiebacks be effectively used? .
5) How can tiebacks be specified, since many tieback systems are

proprietary and an accepted standard or code does not exist?

This report is intended to help answer these questions. It summarizes
the current state~of-the-art concerning permanent tiebacks, and makes
recommendations for improvements in current practice. The writer has
attempted to:

1)
2)

3)

4)

5)

6)

Show a variety of applications to illustrate how permanent tiebacks
have been sucessfully used.

Provide guidelines for determining whether or not permanent tiebacks
can be used at the site.

Develop tieback corrosion protection recommendations which enable
the engineer to determine the protection required based on four
simple tests.

Provide guidelines for estimating the load carrying capacity of the
tiebacks. ‘

Provide guidelines for developing a performance specification which
would enable the engineer to specify permanent tiebacks without
eliminating suitable proprietary systems.

Recommend a testing procedure which can be used to verify the
short~term load holding capacity of each tieback and predict their
long-term load holding behavior.

This report is not intended to be a cookbook with a step by step
description of a tieback installation. It does provide the engineer with the
background and information necessary to confidently use permanent tiebacks to
support a variety of structures.



CHAPTER 2 - DEFINITIONS AND TIEBACK TYPES

A tieback system is a structural system which uses an anchor in the
ground to secure a tendon which applies a force to a structure. Figures 1
and 2 show typical tiebacks and their components. Vertical or near vertical
tiebacks are called tiedowns. Tiebadks are also referred to as ground
anchors.

Tiebacks are used for temporary or permanent applications. A temporary
tieback is used during the construction of a project; its service 1life is -..
usually less than two years. A permanent tieback is required for the life
of a permanent structure. S

The tendon is made up of prestressing steel with sheathing, and an
anchorage. The anchor transmits the tensile force in the prestressing steel
to the ground. Cement grout, or polyester resin, or mechanical anchors are
used to anchor the steel in the ground. The anchorage is made up of an
anchor head or nut, and a bearing plate.

The anchor head or nut is attached to the prestressing steel, and
transfers the tieback force to a bearing plate which evenly distributes the
force to the structure. Anchor heads can be restressable or
nonrestressable. A restressable anchor head is one where the tieback force
can be measured or increased any time during the life of the structure. The
load can not be adjusted when a nonrestressable anchor head is ugsed. A
coupling can be used to transmit the anchor force from one length of
prestressing steel to another.

The anchor length is the designed length of the tieback where the
tieback force is transmitted to the ground. The tendon bond length is the
length of the tendon which is bonded to the anchor grout. Normally the
tendon bond length is equal to the anchor length. The unbonded length of
the tendon is the length which is free to elongate elastically. The jacking
length is that portion which is required for testing and stressing of the
tieback. The unbonded testing length is the sum of the unbonded length and
the jacking length. A sheath or bond breaker is installed over the unbonded
length to prevent the prestressing steel from bonding to surrounding grout.
The anchor diameter is the design diameter of the anchor. y

Anchor grout is used to transmit the tieback force to the ground. The
anchor grout is also called the primary grout. Secondary grout is injected
into the drill hole after stressing to provide corrosion protection for
unsheated. tendons.

Tiebacks carry various loads during their lifetimes. The design load is
the maximum anticipated load that will be applied to the tieback. The test
load is the maximum load applied during testing. The lock-off load or
transfer load is the load transferred to the tieback upon completion of
stressing. The alignment load is a nominal load maintained on a tieback
during testing to keep the testing equipment in position. The lift-off load
is the load required to 1lift the anchor head or nut from the bearing plate.
The residual load is the load carried by the tieback at any time. The load
transfer rate is the tieback capacity per unit length of anchor.
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Figure 1. Components of a tieback.
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Figure 2. Components of a compression tieback.



The basic types of tiebacks are: pressure-injected;
low-pressure-grouted, straight-shafted; single~underreamed;
multiunderreamed; and postgrouted. These tiebacks are shown in Figure 3.

ssures in excess of 150 psi (1034 kPa) are used to achieve high load —

tf/’Pressure-in;]ect:ed tiebacks are used inhsaﬂdy or gravelly soils. Gqut
pte
ransfer rates.

1’

Low-pressure-grouted, straight-shafted tiebacks are installed in rock,
ohesive soils, and sandy or gravelly soils. They can be made using a

variety of drilling and grouting techniques. The grout pressure is less
than 150 psi (1034 kPa).

Single-underreamed tiebacks are installed primarily in the United States
using large uncased drill holes in cohesive soils. Sand-cement grout or

concrete is used in grouting the tieback and the grout or concrete is not
lplaced under pressure.

i

f Multiunderreamed tiebacks are used in stiff cohesive soils and weak
?rocks. The spacing of the underreams is selected in order to induce a shear
failure along the cylinder determined by the tips of the underreams.

\

Postgrouted tiebacks are primarily used in cohesive soils. In granular
soiis and rock, postgrouting is used to increase the rate of load transfer.

!

T
e



¢) Multiunderreamed.

d) Postgrouted.

Figure 3. Tieback types.



CHAPTER 3 -~ HISTORY

Tiebacks were d to anchor structures in rock. The earliest
permanent rock tiedown installat w1933 at Cheurfas Dam, Algeria

[1]1/. Two thousand two hundred and five kip (9810 kN) tiedowns were
employed during the reinforcing of the existing dam. By the late 1950's,
permanent rock tiedowns had been used during the renovation or construction
of numerous other dams [2], [3], and [4].

In the 1950's, contractors began using tiebacks to temporarily support
the sides of deep excavations. These tiebacks had load carrying capacities
of 40 to 200 kips (178 to 890kN). ‘In the United States, soil tiebacks were
first made in cohesive soils using truck mounted caisson drills. They were
either large diameter single-underreamed or large diameter straight-shafted
tiebacks. Large diameter straight-shafted temporary tiebacks were first
installed in California in the mid-1950's. Hollow-stem-augered tiebacks

were first used in the United States for temporary application in the early
1960's.

Multiunderreamed piles were developed in South Africa in 1955 [5]. Im
1961, small diameter underreamed tiebacks were installed in a clay at
Westfield Properties in Durban, Scotland [5]. By the late 1960's,
multiunderreamed tiebacks were commonly used in stiff London clay. 1In
Germany in 1958, Bauer made the first pressure-injected tieback in dense
Munich sand [6]. Multiphase postgrouted tiebacks were introduced in France
in 1966 by S. I. F. Bachy [7]-

Hunt and Costa Nunes [8] reported that permanently tiedback walls have
been the most common method of slope retention in Brazil since 1958. The
first permanent soil tiebacks in the United States were installed in a very
stiff silty clay in Detroit, Michigan, in 1961 [9]. They were large
diameter, single-underreamed tiebacks used to support a retaining wall for a
highway. By the mid-1960's permanent soil tiebacks had been installed 1in
Switzerland, Germany, England, and France (71, [10], [11], and [12].
Compression tube permanent tiebacks were developed by Stump A.G., a Swiss
contractor in the late 1960's [13].

1/ Number in brackets indicate the literature reference on Page 218.



CHAPTER 4 - APPLICATIONS

Tiebacks are classified as temporary or permanent. A temporary tieback
is only required during construction. A permanent tieback is required for
the support of a permanent structure or to increase its factor of safety.

TEMPORARY TIEBACKS

Temporary tiebacks are normally used to support the sides of deep
excavations during the construction of a basement. The type of wall they
support depends upon the soil or rock conditions, the ground water
condition, local regulationms, avallability of materials, and performance
requirements. In the United States, most deep excavations are supported by
tiedback H-beams and lagging systems. Figure 4 shows an H~beam and lagging
sheeting system used for the construction of a cut-and-cover subway station

~ for the Center City Commuter Rail Connection, Philadelphia.

e o, o i e

The sides of temporary excavations may also be supported by cross-lot or "
inclined braces. Normally tiedback systems deform less than braced
excavations because: a force at or above the active earth pressure is

. locked-off in every tieback, tieback construction operations do not allow

/ over excavation, tiebacks are not subject to significant temperature-caused

_ deformations or loads, and rebracing is set required for tiedback wallg. /

en the depth of the excavation exceeds 15 or 20 feet (4.6 or 6.1 m) and

the width exceeds 60 feet (18.3 m), or when obstructions significantly
impact construction, tiedback walls are usually cheaper than braced support
systems. Internally braced walls interfere with excavation, concrete work,
structural steel placement, and backfilling. Tiedback walls provide a clean
open excavation.

Temporary tiebacks have also been used for special applications such as
reactions for pile load tests, nondestructive testing of an elevated rail
line, and salvaging of a ship [14]. :

PERMANENT TIEBACKS

Since the mid-1960's, permanent tiebacks have been used to solve a
variety of structural problems. The following describes how they have been
successfully incorporated in different types of work.

A. RetainingﬁWalls

Retaining walls are often supported by permanent soil or rock tiebacks.
Permanently tiedback walls are used to support earth pressures resulting
from the soil behind a wall or to stabilize landslides. Landslide
stabilization walls are described on Page 26.

Figure 5 shows a permanently tiedback retaining wall built in lieu of a
cantilevered wall in Alexandria, Virginia. A cantilevered wall would have

required temporary sheeting, and the underpinning of the retaining wall



a) Permanently tiedback wall under construction.

Composite wall
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b) Section.

Figure 5. Permanently tiedback composite sheeting and cast-in-place
concrete wall in Alexandria, VA.
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a) Station wall under construction.

L
0

//r—-Existing

Building

et T 1T ]
CP Lt 1 R
4 R

Temporary Sheeting

]

\¥

L\\
v
: _
[
©
*H
o C
o
=
b+

Temporary
Tiebacks

~——Future Station

b) Section.

Figure 4. Tiedback H-beam and lagging sheeting system for
a cut-and-cover station in Philadelphia.
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visible in the background. The cantilevered wall also would have required
foundation piles, and a large pile cap since the soil at subgrade did not
have adequate bearing capacity. The tiedback wall was constructed by
placing a cast-in-place concrete face on the soldier beams. Underpinning of
the existing wall was not necessary since the tiedback wall did not require
piles or a large footing. Backfill was not needed since the wall was cast
directly onto the temporary sheeting.

Figure 6 shows two bored pile and shotcrete retaining walls supported by
permanent tiebacks. The walls are located on the Autobahn south of
Innsbruck, Austria. They provide two benches for a highway. The walls were
built from the top down, and they are finished using architectural stone.

The permanently tiedback composite cast-in-place reinforced concrete
retaining wall shown in Figure 7 was used to control ground movements and
settlement of an adjacent structure. The wall also prevented large earth
pressures from being applied to a masonry structure which was to be bullt
directly in front of the wall. Temporary sheeting was installed and
supported with corrosion protected permanent tiebacks. 'The soldier beams,
which were double channels, were used as a composite member with the
cast-in-place concrete. This project was at Brookwood Medical Center,
Brookwood, Alabama.

Tiedback walls are used to support highway or railway cuts in
mountainous regions. Figure 8 shows a wall built along a highway near
Rossberg, Switzerland. The wall was built from the top down. A very large
counterforted retaining wall, requiring temporary sheeting or removal of a

significant portion of the slope, would have been necessary if a
conventional wall had been built.

Tiedback walls are built in cuts. If temporary sheeting is required for -

the construction of a retaining wall, then a permanently tiedbhack wall

offers many advantages. They are not economical if extensive fills are
required behind the wall. Cantilevered retaining walls, or reinforced earth -
normally will provide a more economical wall in a fill. Permanently 1 o OV .L
tiedback walls provide the following advantages over conventionale{{yﬂﬁszg Y

cantilevered walls in cut situations (see Figure 9):

/1) Incorporation of the temporary excavation support system into the
permanent wall.
2) Reduction in the quantities of excavation.
3) Elimination of footing excavation and concrete.
. 4) Reduction in the amount of blasting in rock.
. 5) Elimination of foundation piles in soil.
© 6) Reduction in the quantity of reinforced concrete for the wall,
i since it may be designed for short spans.
+ 7) Elimination of backfill.
8) Reduction of construction disturbance, since a large footing is not
1 required. The temporary wall is on line with the permanent wall.
9) Improved worker and public safety since the wall does not require
N wide construction easements behind the wall.

. . ‘ e ‘“——\.__—’//———_—_“\-_//

e S
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a) Tiered wall under construction (courtesy Karl Bauer).

Bored Piles

Permanent
Tiebacks

W

b) Section.

Figure 6. Tiered permanently tiedback bored pile wall with
masonry finish near Innsbruck, Austria.
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a) Completed wall (courtesy Karl Bauer),
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wall

Permanent
Tiebacks —
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b) Section.

Figure 8. Permanently tiedback tiered retaining wall for a highway
cut near Rossberg bei Winterthur, Switzerland.
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a) Composite concrete and sheeting wall under construction.
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b) Section.

Figure 7. Permanently tiedback composite sheeting and concrete wall
at Brookwood Medical Center, Brookwood, AL.
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Figure 9.

Comparision of a conventional retaining wall with
a permanently tiedback wall.
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Permanently tiedback walls have the following disadvantages when
compared to cantilevered walls:

1) Permanent easements are required for the tiebacks.

2) Permanent tiebacks may limit the development where they are
installed.

3) The current tiebacks systems cannot effectively be used in soft
cohesive soils.

4) Controlled blasting techniques must be used in order to produce a
rock cut which can be cast against.

Permanently tiedback walls can economically support depressed cuts for
rall lines and roadways. Figure 10 shows the advantages tiedback walls can
provide. The construction of the conventional wall shown in Figure 10 would
require the closing of traffic lanes behind each wall, and these closings
could last for more than a year. If the permanently tiedback wall shown in
Figure 10 was built, construction would extend about 2 feet (0.61 m) beyond
the face of the permanent wall, and traffic would not have to be
interrupted. Easements for the permanent tiebacks at this site would not
have been a problem since the existing roadways would be public property.

Figure 11 shows three permanently tiedback depressed excavations. A
variety of finishes are attainable with a depressed wall. The wall built in
Munich used exposed bored piles, and the depressed metro-railroad cut in
Zurich was made using a precast diaphragm wall. Bored pile walls in Zurich
have also been painted flat black, and architectural ceramic panels have been
hung from the wall. : '

B. Foundation Walls

Permanent tiebacks normally are not used to support building walls since
permanent easements are required from adjacent property owners. It is very
expensive to obtain these easements in urban areas, since ad jacent owners
demand a high price for restricting the development of their land. However,
tiebacks are used to support foundation walls in certain situations. Figure
12 shows the most common application for a permanently tiedback building
wall. 1In this case the building is located on a steeply sloping site and 1it
is subjected to large unbalanced lateral forces. A normal building
foundation is not designed to resist these forces. When this type of site
is developed, permanent tiebacks can be used to resist the lateral load.

The cost for the tieback easements is often less than the cost of abandoning

the site, sacrificing floor space, or designing the building to resist these
forces.

When designing walls of this type, care must be taken to ensure that the
wall and the building can accommodate relative movements. If the wall is
rigidly connected to the structure, relative movement could cause damage. A
separate retaining wall may be built in order to prevent wall deformations
from affecting the building.

16
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Figure 10. Comparision of a conventional depressed highway cut with
a permanently tiedback highway excavation.
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a) Highway in Munich, Germany (courtesy Karl Bauer).

b) Precast diaphragm.wall for metro and railroad
in Zurich, Switzerland.

c) Highway and railway line in Zurich, Switzerland.
(courtesy AG Heinr Hatt-Haller).

Figure 11. Permanently tiedback depressed right-of-ways.
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b) Permanent tiebacks used to resist unbalanced lateral pressures.

Figure 12. Comparision between structural support and tiedback wall
support of unbalanced lateral forces.
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C. Tunnel Portals

Many tunnel portals are located on the sides of steep slopes or in mixed
soil and rock cuts. The construction of the portal is often more difficult
than the remainder of the tunnel because of poor ground conditions, the
variable nature of the stratigraphy, groundwater, and existing or potential
landslides. Figure 13 shows a tunnel portal protected with permanently
tiedback elements. This tunnel is located on Swiss National Highway N4,
between Zurich and Altdorf. The concrete bearing pads were anchored with 82
foot (25 m) long rock tiebacks having a 19.7 foot (6 m) anchor length and a
design load of 449.6 to 539.5 kips (2000 to 2400 kN). The tunnel protection
shown in Figure 14 was built using 134.9 kip (600 kN) design load soil
tiebacks to support a permanent shotcrete and bored pile wall for the Tauern
Autobahn, Austria.

By using a permanently tiedback wall at the tunnel portal, it is
possible to handle difficult subsurface conditions in an open cut. As a
result, the tunneling method can be selected based upon the geological
conditions to be encountered along the bore and not at the portal. The wall
also can be designed to provide permanent protection against slides at the
portal.

D. Bridgg Abutments

Permanent tiebacks enable bridge abutments to be built from the top
down. Figure 15 shows the sequence used to comstruct a tiedback underpass.
First, a bored pile, or a cast-in-place diaphragm, or a precast diaphragm
wall i1s constructed from existing grade. Since these wall systems are built
in segments, only a portion of the existing roadway needs to be closed to
traffic at any time. Bored pile walls are economical to install since
drilling equipment is readily available, and they create the least
disturbance.

After the wall is installed, beam seats are poured, beams are placed,
and the deck is constructed. This operation can also be done in segments
enabling traffic to be maintained. Upon completion of the deck, traffic can
be restored without restrictions.

Once the deck is built, excavation proceeds without interrupting
traffic. When the excavation reaches the tieback elevation, the wall and
the tiebacks are installed. After the tiebacks are tested and locked~off,
the excavation is continued to the next level of tiebacks or subgrade.

Figure 16 shows a bridge abutment built in Zurich, Switzerland. In this

case, the deck was not placed since it was not necessary to maintain traffic
over the excavation.

20



a) Tiedback bearing pads (courtesy VSL Corporation).
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b) Section.

Figure 13. Permanently tiedback concrete bearing pads for protection of a
tunnel portal on National Highway N4, Arth-Goldau, Switzerland.
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Figure 14. Permanently tiedback wall and elements for protection
of a tunnel portal on the Tauern Autobahn, Austria.
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Figure 15. Construction of permanently tiedback abutments.



Figure 16. Permanently tiedback bridge abutment in Zurich, Switzerland.

Permanently tiedback underpasses offer the following advantages:

1) The bridge is built in segments while traffic is maintained.

2) The bridge abutments do not require footings for bending
resistance. Footing construction would disrupt traffic on nearby
roadways perpendicular to the bridge.

3) The tiedback abutment wall functions as the temporary earth support.

4) The quantity of excavation is reduced.

5) The backfill is eliminated.

Permanently tiedback bridge piers must bear on soil or rock capable of
carrying the traffic load plus the vertical component of the tieback force.
Each wall type can be extended to a bearing stratum located below subgrade.
However, the precast diaphragm wall is restricted in depth by the weight of
the panel and available crane capacity.

E. Hydrostatic Uplift

Permanent tiedowns are commonly used in the United States to resist
hydrostatic uplift pressures. Structures located below the groundwater
table will tend to float unless the structure has sufficient weight or is
tied-down. Sewage treatment tanks, retention basins, basement slabs,
depressed roadways or railways, dry docks, and shallow tunnels have been
tied-down.
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Figure 17 shows a thick concrete mat used to resist hydrostatic uplift
forces applied to a depressed section of I-95 in Philadelphia. Permanent
tiedowns could have economically replaced the 10-foot (3.04 m) thick mat and

reduced the quantity of temporary sheeting and excavation required. Figure

18 shows permanent tiedowns used to anchor a basement slab for a building in
Harrisburg, Pennsylvania.

4:i:Concrete mat

a) Concrete mat under construction. b) Section.

Figure 17. Thick concrete mat used to resist hydrostatic

uplift pressures acting on a depressed section
of I-95, Philadelphia, PA.

mn

ermanent tiedowns

a) Completed tiedowns. b) Section.

Figure 18. Permanent tiedowns for a basement slab in Harrisburg, PA.
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When permanent tiedowns penetrate a slab subjected to uplift pressures,
these penetrations must be watertight. Installing the tiedowns prior to
placing the slab and then pouring the bearing plate in the concrete is one
way to prevent leakage. This method is only suitable when unstressed
tiedowns can be used. They can also be installed with a rigid sheath over
the unbonded length. The rigid sheath extends through the slab allowing the
tiedown to be locked-~off. The slab can also be sleeved and the tiedowns
installed through the sleeves. 1In this case, the annular space between the
sleeve and the tendon must be sealed.

Tiedowns used to resist hydrostatic uplift forces must develop
sufficient individual capacity to resist the uplift pressures and they must
be long enough to tie together a mass of soil or rock which has a buoyant
weight greater than the total uplift force.

Tank, retention basin, and dry dock tiedowns are only required to
function when these structures are empty. These structures are built while
the site is dewatered and they will settle under the applied tiedown loads.
When the tank settles, the tiedown load is reduced. After the tank is
completed and prior to filling, the groundwater level is restored and the
tiedowns function to restrain the structure. When the tank is filled, its
welght increases, and the structure settles. The tiedowns must be designed
so that the unbonded length is long enough to allow these tank movements
with only minimal effects on the load locked-off in the tendon. If
settlements larger than the elastic extension of the unbonded length are
expected, bar tendons will be placed in compression. Strand or wire tendons
should be used if this condition is expected.

F. Landslide Stabilization

Permanent tiebacks have been effectively used to stabilize or to prevent
soil and rock slides. The tiebacks support a variety of wall systems,
concrete buttresses, or elements. Hunt and Costa Nunes [8] described a
permanently tiedback wall system built in Brazil. The wall was built from
the top down using cast-in-place concrete wall segments. Concrete
buttresses similar to those shown in Figure 19 are used to prevent competent
rock from sliding along structural discontinuities. Anchored concrete
elements, see Figure 20, also are used to stabilize or to prevent failures
of rock slopes. Anchored walls, which are used for slide stabilization, are
designed to support the soil behind them and to provide the necessary
external force required for stability.

There are two common types of slides associated with cut and fill rail
or highway construction. These slides result when an existing slope 1s cut
or when a fill is placed on a slope. Figure 22 shows these two conditions.
Often these slides do not occur immediately upon construction, but become
unstable as a result of changing groundwater conditions, frost, or loss of
soil strength with time. 1In this case permanently tiedback walls can be
constructed to stabilize either type of slide without completely closing the
highway. Figure 21 shows a tiedback wall constructed on the Clinchfield RR
line near Spruce Pine, North Carolina. The wall was used to stabilize a
fill which was sliding along the natural slope. This wall was built without
disrupting the rail traffic.
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a) Completed tiedback elements (courtesy Stahlton AG).
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b) Section.

Figure 20. Permanently tiedback concrete elements used to support
a rock slope near Alpnach-Stad, Switzerland.
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a) Completed tiedback buttresses (courtesy Karl Bauer),
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b) Section.

Figure 19. Permanently tiedback concrete buttresses
used to support a rock cut in Germany.
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Figure 21. Permanently tiedback wall used to stabilize
a fill slide near Spruce Pine, N.C.
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Figure 22. Cut and fill landslide.

Figure 23 shows a permanently tiedback wall used to prevent a landslide
in a cohesive 80il. The owner of this site wanted to build a retaining wall
near the rear of his property in order to obtain a level site. The site was
located in an area of Fairfax County, Virginia, which has a history of slope
instability. When a stability analysis was performed, assuming the wall in
Place, it was determined that a deep seated failure would occur below the
wall footing. To prevent this slide from developing, a tiedback wall was
built. This wall allowed the owner to completely develop his site. The
wall was constructed using a composite steel sheet piling and cast-in-place
concrete face. Portions of the wall were designed with the sheet piling
driven below the failure surface and anchored with one row of tiebacks.
Another part of the wall was designed to be anchored with two levels of
tiebacks. Where two rows of tiebacks were used, the piling did not extend
below the failure surface.

The Tauern Autobahn administration used an observational approach to
design and build a landslide stabilization wall south of Salzburg, Austria.
Prior to construction, they determined that this area would be supported
with a tiedback wall. The wall is located in an existing fault zone where
the rock was deeply weathered. The residual strength of the weathered rock
was very low compared to its intact strength, and the actual strength was
difficult to determine. A small change in the strength caused a large
change in the number of tiebacks required. Therefore, the wall was designed
assuming a reasonable strength, and extensive monitoring of the wall was
specified. Load cells, extensometer, and a visual survey were used in the
monitoring program. The monitoring indicated that the wall was performing
satisfactorily after completion, but extremely high snow fall and a very wet
spring caused the wall to commence moving. When this occurred, additional
tiebacks were installed and the wall was stabilized. However, the wall
began moving again, and another group of tiebacks were installed. The last
group was installed in the fall of 1976. Since then, the wall has performed
satisfactorily.

30



GEE DB
L L1y £

a) Wall under construction.

uture Building

Potential Failure
Surface

Figure 23.

Permanent Tieback

b) Section.

Permanently tiedback wall used to prevent a
landslide in Fairfax County, Va.

31



Permanently tiedback walls are used to prevent slides from occurring,
and to allow structures to be built into a potential slide area. Figure 24
shows a wall installed at Mercy Hospital, Scranton, Pennsylvania. A dipping
coal layer, that would be exposed upon excavation for the hospital, is
shown. A stability analysis was made assuming a failure would occur along
the coal seam. The analysis indicated that a slide would occur. The
analysis also showed that the forces required to support this cut
substantially exceeded the earth pressure which the structure was designed
to resist. Therefore, a permanently tiedback wall was designed to support
the soil and rock cut. The permanent rock tiebacks extended below the
"~ failure surface and provide the force required for equilibrium.
Double~channel soldier beams were installed prior to excavation. As the
excavation proceeded, timber lagging was installed between the beams in the
soil portion, and rock bolts were used in the rock portion. The permanent
tiebacks were installed as the excavation proceeded. Upon completion of_fhe
excavation, concrete was cast onto the wall face and structurally connected
to soldier beams and fiebacks+—ThIs particular wall was not structurally
tied to the building. This was done to prevent transferring any load to the
structure 1f the wall deflected.

In rock and residual soils, slides occur along structural fractures such
as joints, shears, faults, deep weathering, or variations in stratigraphy.
The potential failure surfaces usually can be identified during a
geotechnical study or upon exposure in a cut. When they are identified, a
tiedback wall can be designed to provide the force required to stabilize the
mass.

In soils, potential landslides are not as easy to identify. Even flat
slopes fail as a result of seepage forces, loss of strength with time, and
unidentified thin, weak soil strata. Soil slopes may be stable for many
years before failing; normally, soil slopes fail gradually and corrections
can be made prior to failure. The determination of the strength parameters,
the location of potential failure surfaces, and the estimation of seepage
pressures make the analysis difficult.

G. Tower Tiedowns

Elevated structures subject to large lateral loads can be supported
using permanent tiedowns. Tiedowns can economically resist overturning of a
tower when the loads are high, when large amounts of rock or soil must be
removed in order to construct a footing, when the site is inaccessible to
large drilling or excavating equipment, or when the tower requires high
capacity guys.

The anchoring of towers with rock tiedowns was one of the earlier
applications of permanent tiedowns. Figure 25 shows tower guys which were
anchored using groups of permanent soil tiedowns. These were installed for
Bonneville Power in Washington State. Figure 26 shows permanent rock
tiedowns being installed to anchor the foundations of a tower directly.

Tower tiedowns are designed similarly to the tiedowns used to resist
hydrostatic uplift. .They must develop sufficient capacity individually and
they must be long enough to mobilize a soil or rock mass with sufficient
weight to resist the applied load and moment.
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a) Completed tiedown towers (courtesy Donald B. Murphy),
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b) Section.

Figure 25. Permanently tiedown tower guys
for Bonneville Power.
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Figure 24. Permanently tiedback wall used to prevent a landslide
and protect Mercy Hospital, Scranton, PA.

33



Tower

Permanent
/ Tiedowns

Figure 26. Permanent tower tiedowns.

H. Tiedowns

Two of the earliest permanent soil tieback applications were to tiedown
the Munich Olympic Stadium and the Lufthansa hanger in Munich, Germany.
Figure 27 shows the Lufthansa hanger. Both of these structures were
anchored in soil using pressure-injected tiedowns. The cable supported tent
roof of the Jeddah International Airport in Saudi Arabia and the Montreal
Olympic Stadium are also anchored with permanent tiedowns.

I. Waterfront Structures

Existing waterfront walls are often strengthened or replaced with
permanently anchored walls. Figure 28 shows a permanently tiedback wall
supported by permanent rock tiebacks in Salem, Massachusetts. Numerous
permanently tiedback walls have been installed in saltwater without a
reported tendon corrosion failure. The oldest saltwater wall was built in
Aberdeen Harbor, Scotland, in 1968. The tendons used for the tiebacks have
no special corrosion protection and the anchor heads are exposed. Tiebacks
installed for the replacement of an existing wall usually involve difficult
and expensive drilling techniques but they are economical since they allow
complete replacement of an existing wall without interrupting activities
behind the wall.
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a) Sideview (courtesy Karl Bauer).
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Figure 27. Permanent tiedowns used to anchor the roof of
the Lufthansa Hanger, Munich, Germany.
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Figure 28. ©Permanent tiebacks used in the renovation
and deepening of a harbor.

Permanently tiedback walls are used when existing harbors are deepened.
Nolan [15] described a tiedback sheet pile and H-beam composite wall
supported by permanent hollow-stem-augered soil tiebacks. This wall was
built for the deepening and repair of Hollywood Harbor, Port Everglades,
Florida. These tiebacks used the grout for corrosion protection.

New waterfront walls are also supported by permanent tiebacks. Figure
29 shows a cast-in-place diaphragm quay wall at the Port of Le Havre,
France. Postgrouted tiebacks were used to support the wall. This wall was
constructed from the existing ground surface. After locking-off the
tiebacks, the soil in front of the wall was dredged to the desired depth.

J. Repair and Alterations to Existing Walls and Abutments

Many existing retaining structures can be stabilized or strengthened
using permanent tiebacks. Prior to the development of tiebacks, these
structures were either replaced, underpinned, or buttressed. Figure 30
shows an old brick gravity wall on a depressed rail line north of London,
England. During the renovation of the roadbed, the elevation of the roadbed
was lowered in order to increase the clearance under overhead structures.
After lowering the roadbed, it was discovered that the existing wall was
rotating, and translating laterally. A combination of micro piles and
permanent, multiunderreamed tiebacks in London clay were used to underpin
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a) A view of completed quay wall (courtesy SIF Bachy).
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Figure 29. Permanently tiedback cast-in-place diaphragm quay
wall for the Port de Havre, France.
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a) Permanent underreamed tieback installation (courtesy Fondedile).
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Figure 30. Permanent tiebacks used to stabilize a failing
gravity retaining wall in London, England.
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and stabilize the wall. A similar tieback installation was used during the
renovation of the Red Line Extension in Boston, Massachusetts. The tiebacks

were installed in order to allow the existing roadbed to be lowered at four
bridge abutments.

California and Washington State highway departments have used
permanently tiedback walls to widen roadways under existing bridges. Figure
31 shows how these walls were built. The wall installed in Sacramento,
California was designed to support the fill behind the abutment, and the

wall at Swamp Creek, Washington was designed to underpin the abutment and
support the fill behind it.
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Figure 31. Permanent tiebacks used for the widening of a
highway under an existing bridge.

Figure 32 shows walls which were tiedback in a glacial till in Tacoma,
Washington. The walls were old basement walls which were left in place upon
demolition of the structures. Anchoring the walls allowed the city of
Tacoma to build parking lots in the downtown area without disrupting

traffic. These walls also were very inexpensive when compared to the cost
of a new wall.

Existing retaining structures which are overturning or involved in a
landslide can be stabilized by permanent tiebacks. Figure 33 shows a
tieback scheme used to stabilize an existing wall near Pittsburgh,
Pennsylvania. It was determined that the soil behind and underneath the
wall was moving down the slope carrying the wall with it. The wall was
stabilized by a combination of permanent rock tiebacks and bracket piles.

K. Dam Tiedowns

Existing gravity dams are often strengthened using tiedowns. The
tiedowns are used to increase resistance to overturning and sliding. They
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a) Completed parking lot wall-(courtesy Donald B. Murphy).

Existing Roadway

/SIS S

Permanent ok
Tieback

e

Existing
Foundation
Wall

o IR
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Figure 32. Tiedback existing foundation walls
in Tacoma, Washington.
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Figure 33. Permanent tiebacks used to stabilize a failing retaining wall,

are also used for the raising of existing dams. Figure 34 shows how rock
tiedowns were used at Habersham Millg Dam, Habersham County, Georgia. The
tiedowns were installed to increase resistance to overturning and sliding.
Tiedowns were used at the Conowingo Dam on the Susquehanna River in
Maryland. They were installed to allow a higher pool elevation. Without an
increase in pool elevation, additional spillways would have been required to
permit the passing of the probable maximum flood [16].

L. Bridge Piers

In mountainous areas it is necessary to construct new bridge piers into
the sides of existing slopes. Piers built at such locations must be capable
of withstanding lateral loads. Figure 35 shows how permanent tiebacks were
used to protect a bridge along Tauern Autobahn, Austria. The permanently
tiedback wall and buttresses were installed prior to constructing the pier
and they were also used to support the slope and to protect the pier.

M. Underground Caverns

Underground caverns are built for storage, power houses, ventilating
buildings, and other purposes. Today, many of these large rock openings are
supported using permanent rock tiebacks, bearing pads, and shotcrete. When
the tiebacks are tensioned, they create a rock compression ring around the
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Figure 35. Permanent tiebacks used to protect a bridge pier on the Tauern Autobahn, Austria.



a) Installation of dam tiedowns.
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Figure 34. Permanent tiedowns used to increase the stability
of Habersham Mills Dam, Habersham County, GA.

43



cavern. This post-tensioned ring is capable of accommodating the changes in

the state of stress around a large opening and controlling the deformations
of the rock mass.

N. Reactor Containment Vessels

The secondary containment structures for the R. E. Ginna Nuclear Power
Station, Wayne, New York; and the Bellefonte Nuclear Power Plant, Jackson
Alabama, are anchored to the foundation using rock tiedowns.
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CHAPTER 5 - CORROSION PROTECTION

Temporary and permanent tiebacks are performing well in a variety of
environments. There have been no reported tieback corrosion failures where
the tendon was properly encased in cement grout (See Page 71). However, few
permanent tiebacks have been in service for more than 25 years, and most
structures are designed to last longer than 25 years. Since it is not
possible to prove the long-term corrosion performance of a tieback from
actual installations, it is necessary to study the corrosion performance of
other structures and extrapolate their behavior to tiebacks. It is evident
from many existing structures, that with adequate attention to design
detalls and construction, tiebacks can be used with 1life expectancies
comparable to normal well-constructed reinforced concrete structures.

This chapter contains a review of basic corrosion theory, an evaluation
of the corrosion performance of selected structures, identification of the
corrosion mechanisms that might affect a tieback, an explanation for the
excellent corrosion performance of tiebacks, and recommendations for the
corrosion protection of tiebacks. The selection and durability of cement
grouts and the selection of corrosion protection materials are discussed in
Chapter 8.

THEORY

Corrosion of steel is an electrochemical process. Romanoff stated:

"For electrochemical corrosion to occur, there must
be a potential difference between two points that are
electrically connected and immersed in an electrolyte.
Whenever these conditions are fulfilled, a small current
flows from the anode area through the electrolyte to the
cathode area and then through the metal to complete the
circuit, and the anode area i1s the one that has the most
negative potential, and is the area that becomes corroded
through loss of metal ions to the electrolyte. The
cathode area, to which the current flows through the
electrolyte is protected from corrosion because of the
deposition of hydrogen or other ions that carry the
current.

"The electrochemical theory of corrosion is simple,
i.e., corrosion occurs through the loss of metal ions at
anode points or areas. However, correlation of this
theory with actual or potential corrosion of metals
underground is complicated and difficult because of the
many factors that singly or in combination affect the
course of the electrochemical reaction. These factors
not only determine the amount or rate at which corrosion
occurs but also the kind of corrosion.” 2/

2/ Reprinted from Underground Corrosion by Melvin Romanoff [16]
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Digsimilar metal electrodes immersed in an electrolyte form a galvanic
cell. Figure 36 shows a galvanic cell. An electrolyte is a solution
capable of conducting electrical current by ionic flow. When the electrodes
are connected by a wire, current flows through the wire from the positive
electrode to the negative electrode. In a current generating cell, the
electrode with a negative charge is the anode. Current is assumed to flow
from the positive to the negative electrode through the wire even though
electrical current results from the flow of electrons. Electrons travel
from negative to positive electrodes opposite to the flow of current.

Electrical
Current

Agion§ -
Ccl ,0H ,soz

™Corrosion
Products

Electrolyte im

Cathode

{
‘Cations <
B, NaT,

\ {

Figure 36. Galvanic cell.

\‘\\ Anode |

The electrode at which chemical reduction occurs is called the cathode.
At the cathode, current enters the electrode from the electrolyte. Examples
of cathode electrochemical reactions are:

2HY + 2¢ —— 2H ——» H) (1)
0y + HyO + be ~—= 4OH™ (2)
The electrode at which chemical oxidation occurs is called the anode.
At the anode, current leaves the electrode and enters the electrolyte.
Corrosion at the anode is the result of metal ions entering the elec-

trolyte. An example of an anode electrochemical reaction is:

Fe —— Fet2 + 2¢ (3)

In a galvanic cell, the cathode is the positive pole and the anode is
the negative pole. Cations, positively charged ions (H*, Na*, K%),
migrate toward the cathode when current flows. Anions, negatively charged
ions (C17, OH, SOZ-), migrate toward the anode. ”
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Faraday's law is used to give the weight of metal reacting in a galvanic
corrosion cell:

Weight of metal reacting = kIt (4)
where: I = Corrosion current in ampheres

t = Time in seconds
k = Electrochemical equivalent in grams per coulomb.

A. Electrochemical Cells

Corrosion is an electrochemical process and it is divided into two broad
classifications; galvanic and stray-current corrosion.

Galvanic Corrosion

Galvanic corrosion of a metal in an electrolyte occurs when a galvanic
current orginates between discrete areas of oxidation (anode) and reduction
(cathode) reactions. Galvanic currents are the results rather than the

cause of corrosion.

The most common types of galvanic corrosion cells are dissimilar metal
and differential concentration cells. Differential concentration cells
include a common metal in contact with different salt concentrations or more
importantly in contact with different oxygen concentrations (differential
aeration cell).

Macrocell corrosion systems have anodic and cathodic areas which are
easily discernible to the naked eye. The anodic and cathodic areas of
microcell corrosion system are not easily visible. They usually are less
than 0.04 inches (1.0 mm) in size. The relative size of the anode and
cathode is a significant factor in déféfﬁIEiﬁg:EEE:EB;gnﬁifi:Ef:Eﬁg—_ﬁ—
corrosion. II the anode area 1s laree nd the cathode g all, the
corrosion current density at. the an6%E’izTI_BE‘TBG_EEE~Z§ii;2T;;~;Z11 be
uniform and negligible. For—the—game potentizl ference, if the cathode
area is large and ode area is small, the anode corrosion density will
be ﬁ;;ﬁ:\;;E‘THE;;§2£;??EIE§~T§—TIEET§ t6 occur. The smaller the anodic
area the more severe the attack since the metal loss is directly related to

the corrosion current by Faraday's law (Equation [4]). The anode corrosion
density is the corrosion current divided by the anode area.

Dissimilar metal cells (galvanic cells) result when two metals such as
iron and copper are metallically coupled in a common electrolyte (See Figure
36). These cells may also develop when cold-worked metal is in contact with
the same metal annealed, grain-boundary metal is in contact with metal
grains, a single metal crystal is in contact with another crystal of
differing orientation, and steel with mill scale is in contact with areas
where the mill scale has been removed.

Differential concentration cells may be established when a metal is
located in electrolytes whose ionic concentrations vary along their length
(See Figure 37). The portion of the metal in the delute solution would be
attac i ential concentration cells often cause pitting corrosion.
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Figure 37. Differential concentration cell.

Differences in oxygen concentraticn on the surface of a metal produces
differential aeration cells (See Figure 38). The area that is poorly #*
aerated is the anode, and the better aerated area is the cathode. Corrosion
occurs at the anode, and it ofte form of pittin en.

Differential aeration cells frequently exist on stéel in concrete in the
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Figure 38. Differential aeration cell.
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Figure 39. Stray-current corrosion system.
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B. Types of Corrosion

Steels are subject to uniform surface corrosion, pitting and
embrittlement corrosion.

Uniform Surface Corrosion

Uniform surface corrosion is caused by electrochemical reactions which
proceed uniformly over the entire metal surface. When a metal uniformly
corrodes, the metal loss can be estimated. Uniform surface corrosion is a
result of microcell corrosion. -

Pitting Corrosion

Pitting corrosion of a metal is the result of intense localized attack
in an electrolyte. Pitting is one of the most destructive forms of
corrosion. It is unpredictable, both in rate and location. This form of
cdjfﬁﬁiﬁﬁ'does not require stress, but stress will accelerate the
development of a pit. Pitting corrostom IS of particular concern with
prestressing steels since they are subjected to high stresses and have small
cross-sectional areas. Reduction in area at a pit, if allowed to continue,
will lead to a ductile failure of a stressed member. Stress-corrosion
cracking may appear to be similar to pitting, but it causSes a br e
failure. Stress corrosion is discussed on Page 53.

Pitting corrosion is a unique type of galvanic corrosion. Once
initiated, the corrosion process within the pit produces a condition
stimulating and sustaining further corrosion. Figure 40 illustrates the
pitting process of a ferrous metal in an aerated electrolyte containing
sodium chloride.

NaCl NaCl

Corrosion products

Figure 40. Pit development in a ferrous metal.
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The pit is formed at an area where chloride ions locally weaken the
passive film which protects the steel. The anode is established where the
passive film is destroyed and the surrounding steel becomes cathodic. The
oxidation reaction at the anode is given by the Equation (3), and the
reduction reactions at the cathode are given by equations (1) and (2).

The overall reaction that produces the corrosion products surrounding the
pit is given by the equations:

2Fe + 2H0 + 07 —»= Fett + 40H~ —— 2Fe(0H), (5)

In oxygenated waters the reaction would continue to yield rust (corrosion
products) in many forms such as: '

Fe304
4Fe(OH)p + 2H,0 + 0, — Fe(OH)3 (6)
Fe203'nH20

Clear [123] reported that a different anode electrochemical reaction may
cause the corrosion of reinforcing bars in chloride contaminated concrete.

With oxygen absent at the anode, he suggests that the anode reaction would
be:

Fe® + 2C1~ ——» (Fett 42¢17) + 2e (7
followed by:
Fett(cly) + 2H)0 — Fe(OH)» + 2H* + 2c1™ (8)

The C1™ ions facilitates the corrosion at the anode through iron chloride

complexing and hydrolysis. The H' ions generated are responsible for the
low pH in the pit.

Regardless which reaction occurs, as the corrosion process continues,
the pH of the cathode increases as hydroxyl ions accumulate. The corrosion
products also retard the diffusion of oxygen into the pit sustaining a
differential aeration cell between the pit and the better aerated cathodic
area. In addition, chloride and the other anions present in the electrolyte
migrate into the pit (anode) under the influence of the corrosion current.
The pH within the pit then becomes lower with time. Hydrogen ion
concentrations (pH) as low as 2.5 have been measured within pits. When the
pH drops below 9.5 the passive film which protects the steel will not
develop, and when the pH drops below 4.5 acidic attack occurs.

Bacterial Corrosion

Sulfate-reducing anerobic bacteria are often responsible for
accelerating the corrosion of iron and steel in deaerated soils. These
bacteria exist throughout the world when moisture, sulfates, and organic
matter are present. They are most active in soils with a PH between 6.2 and
7.8 [17]. They do not survive in high pH environments. Wet clays, marshes,
and organic soils below the water table are likely to have active
sulfate-reducing bacteria.

These bacteria reduce inorganic sulfates to sulfides in the presence of
hydrogen or organic matter. If the bacteria are in direct contact with bare
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iron or steel; the metal will supply hydrogen, which is absorbed on its
surface, to be used in the reduction of the sulfates. As the hydrogen is
consumed, ferrous ions from the metal enter solution to form rust and
ferrous sulfide.

Stress-Corrosion Cracking

Stress—corrosion cracking is a brittle failure which occurs when a
normally ductile metal or alloy is subjected to tensile stresses above a
threshold level in the presence of specific corrosive environmments. The
metallurgical and environmental factors which control the cracking are not
completely understood. Most research to date has concentrated on
identifying alloys which are resistant to attack in specific environments.

Stress-corrosion cracking is an anodic corrosion process with the crack
developing at anodic sites. As corrosion continues, the crack tip moves
deeper into the metal until the cross-sectional area is reduced causing a
brittle failure. Uhlig [18] indicates that high strength steels with yield
strengths above 180 ksi (1,241 MPa), or a Rockwell C hardness value greater
than forty are susceptible to stress-corrosion cracking. Phillips [19]
furthered stated that if sulfides are present, steels with a Rockwell C
hardness greater than twenty-two are susceptible to stress-corrosion
cracking.

Hydrogen Embrittlement

Hydrogen embrittlement occurs when atomic hydrogen resulting from a
corrosion reaction or cathodic polarization enters the metal lattice at
cathodic sites, and upon reaching a void of favorable site, combines to form
molecular hydrogen. Sulfide lons accelerate hydrogen embrittlement by
"poisoning” the steel surface enabling atomic hydrogen to easily penetrate
the metal. The interstitial molecular hydrogen significantly reduces the
ductility of the metal. Hydrogen embrittlement does not have to be
accompanied by visual evidence of corrosion, but under high tensile
stresses, cracking and brittle failures result. Hydrogen may enter the
metal over an extended period of time, and hydrogen embrittlement failures
have been reported years after completion of the structure.

CORROSION PERFORMANCE OF STEEL IN SOILS

A. National Bureau of Standards Tests

The National Bureau of Standards (NBS) performed extensive studies of
underground corrosion between 1910 and 1955. More than 36,500 metal samples
were ex t locations throughout the Uniféd States. 1In 1957
Romanoff presented the results of these Investigations in Underground
Corrosion [17]. When the NBS work was begun, stray electrical currents were
assumed to be responsible for underground corrosion. The studies showed
that most underground corrosion was a complex electrochemical process

dependefit—upon—the—properties—of—the—sotti—

The NBS studies were primarily concerned with buried pipeline
corrosion. Since pipes are installed in backfilled trenches, the NBS work
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was performed on specimens placed in trenches ranging from 18 inches (46 cm)

to 6 feet (1.8 m) deep. The following conclusions can be drawn from these
studies:

1) Stray electrical currents were not solely responsible for
underground corrosion.

2) Atmospheric oxygen or oxidizing salts stimulates corrosion by
combining with metal ions to form oxides, hydroxides, or metallic
salts.

3) The permeability of the soil, moisture content, and soluble salt
content determine the electrical conductivity of the soil.

4) Corrosive soils contained large amounts of soluble salts.

5) The least corrosive soils had resistivities above 3,000 ohm-cm and
low soluble salt concentrations.

Underground Corrosion [17] also contained a complete description of the soil
at each test site. These descriptions can be used as a guide to identifying
corrosive soils.

{& In 1972 Romanoff [20] reported that driven steel piles did not

experiencé appreciable corrosion whe Tiv 0 un soils. These
fimmmﬂ on. Romanoff
also stated that the NBS corrosion data for steel exposed in disturbed soils
was not applicable to steel piles driven in undisturbed soil. He concluded:

"that soil environments which are severly corrosive
to iron and steel buried under disturbed conditions in
excavated trenches were not corrosive to steel pilings
driven in the undisturbed soil. The difference in
corrosion is attributed to the differences in oxvgen
concentration. The data indicates that undisturbed soils
are so deficient in oxygen at levels a few feet below the
ground line or below the water tablée zo el
pilings are not appreciably affected by corrosion,
regardless of the soil types or the soil properties.
Properties of o115 such as type, drainage, resistivity,
PH, or chemical composition are of no practical value in
determining the corrosiveness of soils toward steel
pilings driven underground.” 3/

These two NBS studies provide the following information that is helpful
in developing the corrosion protection requirements for tiebacks:

1) Oxygen would be required at cathodic sites to support underground
corrosion of a tieback tendon.

2) Disturbed soils (fills) contain an adequate supply of oxygen to
support underground corrosion, at least at shallow depths. The
unbonded length and the anchor head of a tieback must be well
protected if thay are in a fill.

3/ Reprinted from "Corrosion of Steel Pilings in Soils"” by Melvin Romanoff
- [20]. Contained in National Bureau of Standards Monogram 127, NBS Paper

on Undergound Corrosion of Steel Pilings (1962-1971, March 1972.
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3) The aggressiveness of disturbed soils can be measured, and they can
be classified as aggressive and nonaggressive.

4) Undisturbed soils were deficient in oxygen a few feet below the
ground surface, or below the water table. The anchor length of a
tieback will be installed in deaerated soil or rock.

5) Steel piles in undisturbed soils do not experience significant
corrosion. Tieback tendons in undisturbed soils should not
experience corrosion problems. (Pitting, stress-~corrosion cracking,
and hydrogen embrittlement of the prestressing steel must be
separately evaluated since these forms of corrosion would not affect
the performance of foundation piles.)

jég6) The portion of pilings installed in fill soils above the water table
or in the zone of a f water table were vulnerable to
corrosion. The portion of a tieback tendon in a similar environment
must be protected from corrosion. o

B. Pipeline Corrosion

Buried steel pipelines have numerous corrosion problems and they are
protected by a variety of means. Steel pipelines are subject to
stray-current corrosion, differential concentration and aeration cells, and
dissimilar metal cells. Pipelines are installed in backfilled trenches
enabling atmospheric oxygen and moisture to come in contact with the pipe.

Pipelines are protected by coating, encapsulation, impressed cathodic

protection, and sacrificial anodes. Fiber reinforced coal=tar coatings are
the most common pipe protection. Electrostatically applied epoxies have

provqgiuﬁggglxg_in,pne%eeEhn?4nuied—?ipekhﬁﬁhasmleng as they are not
mechanically damaged. Metallic coatings have been used, but they
detérrvrate—riﬁfﬁiy when the pipe is in contact with bare steel or other
dissimilar metals. Portland cement encapsulation and linings have been used
to protect steel or iron pipes. Heat shrinkable sleeves with elastic
adhesives also have been used for pipe encapsulation. A combination of
impressed cathodic protection and reinforced coal-tar enamel coatings has
proven to be the most effective means of protecting buried pipelines. The
coating provides general protection, and the cathodic protection controls
the corrosion on the pipe where the coating is damaged, or where the
pipeline crosses stray-current fields. Pipe sections are often electrically
insulated to interrupt long-line corrosion systems.

Pipeline corrosion experience provides the following information which
is useful in developing the corrosion protection requirement for tiebacks:

1) Oxygen is readily available in backfill, and tiebacks should be
protected when they are installed in a backfill.

2) Brittle coatings could be used to protect a tieback if the coating
is not damaged during installation.

3) Pitting corrosion may occur at coating holidays.

4) Coal tar enamel coatings and heat shrinkable sleeves have provided
good protection in a variety of environments. These protections
could possibly be used to protect the tieback along the unbonded
length.

5) Impressed cathodic protection systems require continuing maintenance
and adjustment to remain effective.
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6) Galvanizing does not provide suitable protection unless special
precautions are taken to isolate the pipeline from bare steel or
dissimilar metals.

7) Portland cement provides suitable protection of buried steel as long
as it is dense, and not damaged during handling and installation.
Cement grout provide adaquate protection for a tieback in many soil
environments.

8) Electrical isolation can be used to interrupt long-line corrosion
systems. Stray-current corrosion systems and long-line corrosion
cells that might affect a tieback could be interrupted by isolating
the tieback from the structure it supports.

C. Reinforced Earth and Metal Culverts

Reinforced Earth systems employ tensile elements to reinforce backfilled
soil structures. Few Reinforced Earth corrosion problems have been
reported. Reinforced Earth elements (strips) are fabricated from mild steel
and protected from corrosion by galvanizing [21]. Care is also taken to
avoid dissimilar metal cells where the strips connect to the wall. If
dissimilar metals are used, the galvanized strips may corrode.

King [21] reported that differential aeration cells could be established
along the strips between well-aerated portions (cathode) and poorly aerated
areas (anode). Differences in compaction, cohesion, and depth of cover

could cause variations in oxygen content. Ki 1] also indicated that
differ i i cells might develop whe rated with

deicing sglts infiltrated the backfill un erlying a highway shoulder. To
date, these corrosion mechanisms have not caused serious problems.

Pitting corrosion is assumed to be localized and small for Reinforced
Earth éTements. Estimation of metal loss, AEEEEIEE‘unltorm surface
corrosion, is used to determine the thickness of the metal strips [21].

When water and oxygen are the corrosive agents, the strips are galvanized
but no increase in cross-sectional area is recommended if the backfill has a
pH between 6 and 10 and a resistivity greater than 5,000 ohm-cm [22]. For
marine structures, Long [22] reports that the thickness of the strips is
increased by 0.08 inches (2 mm), prior to galvanizing.

California Department of Transportation uses a chart for estimating the
rate of metal loss for Reinforced Earth and uncoated galvanized culverts
[23]. The chart assumes uniform surface corrosion, and shows the
relationship between corrosion rate, minimum soil resistivity, and pH values
for acid and alkaline soils.

However, since Reinforced Earth strips do corrode, alternate strip
materials are continuously being evaluated. Stainless steels, fiber
reinforced plastics, fabrics, and epoxy coated strips have been
investigated. To date, galvanized steel still remains the most economical
and effective strip material.

Corrugated steel culverts are used for drainage structures. These
culverts are installed under highways in environments similar to Reinforced
Earth. The culverts are fabricated from bituminous—coated or uncoated
galvanized steel. Crum [24] reported that uncoated culverts did not perform

well in brackish waters, while bituminous-coated metal pipes performed
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satisfactorily. Acid mine wastes also have caused rapid deterioration of
uncoated galvanized culverts [25]. Mine drainage in West Virginia has been
reported to have pH's ranging from 6 to as low as 2.7 [26].

Haviland, et al [25]), indicated that uncoated and coated galvanized
steel culverts are assumed to corrode uniformly. Their service life is
estimated, assuming a rate of metal loss due to corrosion and erosion. The
rates of metal loss are determined empirically.

Reinforced Earth and metal culverts are installed in fills. It is
interesting to note that Reinforced Earth structures have not experienced
the corrosion culverts have. This is probably due to the care taken in the
selection and compaction of the fills, the very aggressive waters which flow
through culverts, and the unrestricted availability of oxygen inside a
culvert. The corrosion performance of uncoated galvanized culverts is
similar to the corrosion of galvanized samples examined during the NBS
underground corrosion studies. Romanoff [17] reported that galvanizing only
extended the service life of steels and that once the zinc coating was
removed corrosion proceeded at the same rate as it did on bare steel.

The corrosion performance of culverts and Reinforced Earth cannot be
directly extrapolated to tiebacks since culverts and Reinforced Earth are:

1) Installed in oxygen-rich fills and aggressive surface waters.
2) Fabricated using mild steels.
3) Not seriously damaged by pitting corrosion.

However, the corrosion performance of these structures show that:

1) Brackish waters and acid mine wastes constitute aggressive
environments for tiebacks.

2) Galvanizing would not be suitable for the protection of tieback
tendons.

3) Bituminous coatings provide adequate protection for galvanized
culverts in aggressive environments. Coatings with similar
properties should be evaluated for the protection of the unbonded
length of a tieback.

CORROSION PERFORMANCE OF CONCRETE STRUCTURES

Prestressed, post-tensioned, and reinforced concrete structures have
performed well in aggressive environments [27], [28], and [29]. Schupack
[29] and Phillips [27] reported few corrosion failures of structures using
prestressing steels. BGEh reported that most of these failures could have
been avoided. They concluded that the failures they studied resulted from
the selection of corrosion susceptible quenched and tempered prestressing
steels, poor design details, poor construction practices, or inadequate
protection in aggressive environments, particularly chlorides. Phillips
[27] also indicated that many failures in Europe resulted from hurried
repairs after World War II. At that time, knowledge concerning prestressing
materials and design was very limited.
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Steel encased in concrete is protected by a passive film. Zhe
protective film is formed of hydrous ferrous oxide which is highly insoluble
in soluricns with a pH above 4.5. Hydrated cement has a pH above 12.4 and
it provides an ideal enviromment for maintaining this film. This hydrous
ferrous oxide film is responsible for the excellent performance o
reinforced concrete structures in aggressive enviromments.

The mechanism responsible for the corrosion of steel in concrete is well
understood. A depassivator, an electrolyte, and oxygen must simultaneously
be present in order for reinforcing steels to corrode. Oxygen is required
at the cathodic areas where the reduction reaction Hy + Oy + 2e™—#20H™
occurs. The depassivator attacks the passive film, and the oxidation
reaction (corrosion) Fe —mFe** + 2e~ occurs at these anodic areas. An
electrolyte is necessary to complete the corrosion cell. '

Steel is depassivated when the pH directly on the metal surface is
reduced below 9.5. The alkalinity of cement is lowered when atmospheric
carbon dioxide reacts with calcium hydroxide in the cement paste to form
calcium carbonate. This process is called carbonation. When the depth of
carbonation reaches the steel, the passive film is destroyed and corrosion
begins if oxygen and moisture are present. All concrete structures exposed
to the atmosphere experience some loss of alkalinity with time. The depth
of carbonation is dependent on the permeability and porosity of the concrete
and the amount of carbon dioxide present in the environment. Carbonation
usually extends only a few millimeters and normal embeddment depths provide
sufficient cover for the steel. Wiebenga [30] reported that carbonation
extended less than 5 millimeters on 48 of 51 concrete structures inspected
in the Netherlands. These structures ranged in age from 3 to 62 years old.
He also reported that carbonation had occurred to a depth of 6 millimeters,
7 millimeters, and 10 millimeters respectively on the other three structures
inspected.

Chloride ions are the primary depassivator of steel embedding in
concrete. These aggressive anions locally destroy the passive film when
they reach the steel. Chlorides are present in fresh concrete when calcium
chloride is used as an accelerator or when chlorides are present in the
mixing water or aggregates. When concrete structures are exposed to marine
environments or to deicing salts, chloride ions gradually penetrate the
concrete. The rate of penetration and depth to which the chloride ions
penetrate are functions of the concrete permeability and porosity. When
chloride ions depassivate the steel, only oxygen and moisture are required
for corrosion to occur. .

Most reinforced concrete structures develop fine cracks. Cracks result
from shrinkage, changes in humidity and temperature, corrosion, and loading
conditions. Cracks, if wide enough, will enable chloride ions and/or carbon
dioxide to reach embedded steel more rapidly than through uncracked
concrete. Considerable research has been performed to determine the
relationship between crack size, and reinforcement corrosion. Houston, et
al [31], and Ryell, et al [32], showed that cracks less than 0.0l inches
(0.3 mm) wide had little influence on the corrosion of reinforcing steels.
Griess and Naus [33] reported that for crack widths up to 0.03 inches
(0.76 mm) portland cement provided protection for prestressing steel strands
in aggressive environments. Naus [34] reported that cement grout could

contain cracks up to 0.004 inches (0.1 mm) wide and still protect
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prestressing steels in aggressive environments. O'Neil [35] reported that
flexural cracks greater than 0.016 inches (0.4 mm) wide were necessary for
reinforcing steel to corrode. Schiellel [36] reported that cracking
effected the initiation of corrosion, but other factors determined the rate.

The investigators do not agree on the crack width which can be tolerated
in a reinforced concrete structure. Their work does indicate that cracks
less than 0.004 inches (0.1 mm) wide, will not impair the passivity of
steels embedded in good quality concrete. Their works also show that when
the crack widths increase above a given size, the steel is easily
depassivated if carbon dioxide or chlorides are present. Their research
confirmed that steel can be depassivated, but oxygen must be available at
cathodic areas for corrosion to occur [37].

Prestressing steels are reported to be susceptible to stress-corrosion
cracking and hydrogen embrittlement [38], [39], [40], [29], [41], and [42].
A review of published case histories and several research studies concerning
Prestressing steel corrosion indicates the following:

1) In the past, foreign building codes allowed quenched and tempered
prestressing steels to be used. These steels are susceptible to
stress-corrosion cracking and hydrogen embrittlement [29], [27], and
[43]. Many reported corrosion incidents occurred in structures
where these steels were used. These steels should not be used for
tieback tendons.

2) The Federation Internationale de la Precontrainte (FIP) and the
American Concrete Institute (ACI) have recognized that heat treated
prestressing steels are generally more susceptible to brittle
corrosion failures than other types of prestressing steels. They do
not recommend their use [44].

3) Stress-relieved prestressing steel wires, bars, and strapds (ASTM

4I> A-Z7T, ASTM A-722, ASTM A-=799, and ASTM A-416 specifications) are
less susceptible to brittle corrosion failures than heat treated
steels. There are very few reported corrosion failures of unbonded
tendons made using stress-relieved wires and strands, or high
strength bars [27], [29], [41], and [45]). Tieback tendons should be
fabricated from steels meeting these specifications. The ACI [46]
has made provisions for other steels to be used if they conform to
the minimum requirements of the appropiate ASTM specification.

{3 4) Corrosion fajlures of prestressing steels have regsulted when the
steels have not been encased in concrete, grout, or an impermeable
grease filled duct. As a minimum, tieback tendons should be
completely encased in grout along the anchor length, and the
unbonded length should be covered with an impermeable grease filled
sheath.

5) Laboratory studies reported by Caton, et al [47], Klodt [43], and
Griess and Naus [33] indicate that prestressing steels fabricated
from cold drawn high strength steel (ASTM A-416, Grade 270) are not
susceptible to stress-corrosion cracking in chloride environments.
Caton, et al, and Griess and Naus did report that ASTM A-416 steel
was susceptible to stress-corrosion cracking in the presence of
nitrates. Griess and Naus reported that the temperature had to be
in excess of 100°F (38°C). Caton, et al, reported that failures
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occurred at a temperature of 700F (21°C). i%riess and Naus [33] reported
that ASTM A-416, Grade 270 steel was not susceptible to stress—corrosion
crgsgzgg_lg_;hg_pxgsgnge of sulfates, nitrates, and chlorides at room
temperature. Tieback tendons may not be attacked by stress-corrosion
cracking since the temperature underground is less than 55°F (13°C).
6) Prestressing steels are susceptible to hydrogen embrittlement [33],
[42], and [43].

In the United States, concrete structures fabricated using prestressing
steels have not experienced significant corrosion problems. Schupack
[29]reported corrosion damage to twenty-eight prestressed, or post-tensioned
structures. He found that these corrosion incidents involved:

"esesome 200 tendons of an estimated 30 million
tendons in completed structures using stress-relieved
steel. This represents a corrosion incidence of 0.007%
which is negligible even if it was several times
greater. This represéents such a small percentage of
occurrence as to be of no practical concern. This is
particularly so since the corrosion incidents are
understood and could have been avoided."4/

The corrosion performance of reinforced, prestressed, and post-tensioned
concrete structures provides an excellent background for developing
recommendations for the corrosion protection of tieback tendons. Their
performance indicates that:

ﬂ 1) A de sivator, oxygen, and moisture, are required for corrosion of
aTﬁL—\_Tﬁ\etrmW ieback tendon. The eitmination of one of these elements would
prevent corrosion from occurring.

2) Good quality, crack-free, low permeability grout provides excellent
protection for prestressing steels. The anchor length of a tieback
may be protected by grout.

3) The ungrouted portion of a tieback tendon will be susceptible to
corrosion if it is not encased in an impermeable sheath or tube.

4) Quenched and tempered prestressing steels, which are susceptible to
brittle corrosion failures, should not be permitted.

5) Calcium chloride admixtures, or chloride contaminated water, or
aggregates, should not be used.

6) Inadequate concrete cover, or poor quality concrete, enable the
steel to be depassivated. A grout protected tieback tendon should
be constructed so the steel is encased in dense grout.

7) Carbon dioxide and chlorides are the primary depassivators of steels
embedded in concrete.

8) Ungrouted tendons must be completely protected since the environment
surrounding them may not have a high pH.

9) Corrosion can occur at open joints or cracks. The transition
between a tieback's unbonded length corrosion protection, and the
anchor head protection, must be water tight.

4/ Reprinted from "A Survey of the Durability Performance of
Post-Tensioning Tendons" by Morris Schupack [29] by permission of
Post-Tensioning Institute. Year of first publication 1978.

60



'10) Tendons should not come in contact with more noble metals. They \x
would cause the tendon to become the anode in a dissimilar metal ,
cell.

11) Stray electrical currents can cause tendon corrosion failures.

12) Restricting oxygen from reaching a tieback tendon would prevent i
from corroding.

13) Stress-relieved wires and stands, and high strength bars (ASTM
A-421, ASTM A-416 ASTM A-779, and ASTM A-722 specifications) in
properly grouted ducts have not been susceptible to pitting
corrosion, stress-corrosion cracking, or hydrogen embrittlement.

CORROSION PERFORMANCE OF TIEBACKS

Permanent tiebacks have been installed routinely since the mid-1960's.
They have performed well in a variety of environments. ngugﬁjority of

these tiebacks used cement grout for protection over their ancF3F‘I€ﬁg§h.
Portier [48], and Herbst [49] reported that there 1 f a tieback

failure in the anchor zone where the tendon 1s encased in cement grout.  The
wri?E?‘ﬁ§§;aiscusséH'tieback corrosion protection with over fifty tieback
contractors, consultants, and steel suppliers, and no corrosion failures
were reported where the tendon was surrounded by grout. The reported tendon
failures have been along the unbonded length, with most of them occurring
within 6.56 feet (2 m) of the anchor head. Quenched and tempered

prestressing steels were involved with a significant number of these

failures. Thggg steels have proven to be susceptible to brittlie failures.

Several tieback corrosion failures have been documented. Nurnberger
[40] published a report including a description of nine failures.

Case 1 dealt with forty-two permanent tiebacks installed in 1959 in West
Germany. They were installed in an underground power station located 197 to
262 feet (60 to 80 m) below the ground surface. The permanent rock tiebacks
were 26 to 49 feet (8 to 15 m) long and anchored in pregrouted rock
sockets. Each tendon consisted of a bundle of fifteen oval bars with an
ultimate strength of 228 ksi (1,570 MPa) and an elastic limit of 210 ksi
(1,450 MPa).

Corrosion protection for the tendon in the unbonded length consisted of
a cold applied coating and a wrapping of gauze-like material impregnated
with hot bitumen. The tendon was not protected at the anchor head. The
anchorage used with this prestressing system caused the bars to be bent.
The steel was stressed to 155 ksi (1,068 N/mmy) at lock-off. It was
postulated that bending, and tension caused the tendon to be stressed above
its ultimate strength in the region near the anchor head.

The tiebacks were checked ten months after lock-off. It was discovered
that seventeen tendons were broken, ten were probably broken, eight were
damaged, and seven were still functioning. All the tendons broke within the
unbonded length with 30% breaking at the anchor head, and 43% breaking
within 19.7 inches (50 cm) of the anchor head.
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The tiebacks were unearthed to reveal that the tendons were deeply
corroded where the bitumen was missing. The water coming out of the drill
holes contained very little chlorides. The report concluded that the
failure was due to localized corrosion which led to the formation of stress
cracks. It was postulated that the corrosion protection system may have
contributed to the failure since the damaged gauze wrapping could cause
differential aeration cells to develop along the tendon. The coating system
could not withstand damage during installation.

Case 2 dealt with tiebacks installed along the Rhine River in Germany.
These tiebacks were installed using 22-0.315 inch (8 mm) wires having an
ultimate strength of 213 ksi (1,470 MPa), and a yield strength of 196 ksi
(1,350 MPa), German designation ST 135/150. The tendons were encased with
grout. After a few years, three tlebacks failed. Eighty-five percent of
the ruptured wires failed in the vicinity of the anchor head. 1In this area,
only a thin coating of grout covered the tendons.

The tiebacks were installed in soil below the groundwater table. The
groundwater contained the industrial pollutants found in the Rhine River.
It was assumed that fatlure—was—caused by TTress—corrosion cracking. Both
surface corrosion and pitting were observed on the tendons. Insufficient
grout cover near the anchor head was given as the primary reason for the
initgéron of corrosion. It was also observed that the tendons were bent as
a result of the settling of the soil behind the wall. The Rhine River had a
high chloride ion content in the vicinity.

Case 3 also occurred in West Germany. During the construction of an
underpass a tiedback sheet pile wall was built to support a railway line.
The tendons were fabricated from 6-~0.48 inch (12.2 mm) bars having an
ultimate strength of 199 ksi (1,373 MPa). The first tendon failed days
after lock-off. Other tendons failed between 99 and 100 days. The tendons
were not heavily corroded, but near the failure a group of short transverse
cracks were found.

The failure mechanism was postulated to be a fatigue failure resulting
from bending. The tiebacks were bent when the railroad load was transmitted
directly to the tendons through hard, frozen ground. Fill soil also
surrounded the tiebacks.

Case 4 occurred in the United States in 1971. Here, four tiebacks
supporting a sheet pile wall failed six weeks after lock-off. The tendons
were fabricated from one 1 1/4 inch (32 mm), hot-rolled, drawn, and
stress-relieved bars. The ultimate strength of the steel was 160 ksi (1,100
MPa) and the yield strength was 139 ksi (960 MPa). No corrosion protection
was provided over the unbonded length of the tendon, which was located in a
railway embankment. The embankment consisted primarily of blast furnace
slag. The soil was acidic, and moist in the vicinity of the tendon.

Failure of the tendon was postulated to be a result of stress-corrosion
cracking.

Case 5 involved 1 3/8 inch (36 mm) bars similar to the bar in Case 4.
In this application, temporary tiebacks failed four weeks after lock-off.
The tendons had no corrosion protection in the unbonded zone and they were
installed in a moist soil with a low pH. Again, stress corrosion was

suspected as the cause of the failure.
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Case 6 took place at an airport. Corrosion failure of several tiebacks
occured eight years after installation. The tendons were fabricated from
0.205 inch (5.2 mm) wires. After removing corrosion products from the
wires, heavy pitting was observed. Some of the pits also contained small
fissures. A layer of bitumen had been applied for corrosion protection.
With time, this layer had broken down. It was postulated that stress
corrosion had caused the failure. Upon examination, no corrosion producing
elements were found.

Case 7 involved tiebacks fabricated using 0.205 inch (5.2 mm) wires.
These were temporary soil tiebacks, but they were required to function for
an extended period of time. Two 15-wire tendons failed. The wires were
heavily pitted and some of the pits had cracks emanating from their roots.
Chemical analysis of the corrosion products revealed a sulfur content of
0.25%, but no chlorides.

Case 8 involved five tiebacks. The tendons were fabricated from 0.205
inch (5.2 mm) wire, and they were used to support a retaining wall. The
tendons failed within a Year of lock-off. 1In some areas, deep pits were
visible. Some of the failed wires still had grout covering a portion of the
tendon. In these areas, the steel was more or less free of corrosion. On
the sides where the grout was absent, heavy corrosion occurred. Uniform
surface corrosion was observed on the lengths of the wires which were
completely grout free.

No cracks were observed in the steel. Analysis of the corrosion
products showed a 0.63% sulfate content, but no chlorides or sulfides were
found. The fractures emanated from pits, and the breaks were purely
brittle. The cause of these brittle breaks is surmised to have been a
result of combined stresses due to bending and tension. The tendons were
bent as a result of backfill settlement behind the retaining wall.

Case 9 occurred in West Germany in 1977. Temporary tiebacks fabricated
from 1 1/4 inch (32 mm) hot-rolled, and threaded bars were used to support a
sheet pile wall. These bars had an ultimate strength of 181 ksi
(1,250 MPa), and a yield strength of 160 ks (1,100 MPa). The unbonded
length was covered by a pipe, no corrosion protection was provided at the
anchor head. Two of the tiebacks failed between 16 and 17 weeks after
lock-off. The first tieback failed 2 inches (5 cm) behind the anchor head.
The second failed in the middle of the unbonded length, and a slight bend
was observed at the failure.

The tiebacks were installed in a fill which consisted of slag and light
ash. Investigation of the groundwater revealed a sulfate content of 200
mg/l. The tendons did not come in direct contact with the groundwater.

The first tieback failed in a brittle fracture at a relatively large
corrosion pit. The pit was located in the unprotected area near the anchor
head. It is postulated that localized high stresses developed at the pit,
and bending could have over-stressed the tendon. Sulphur compounds were
also present as corrosion products. The investigators concluded that
hydrogen embrittlement played a minor role in the corrosion.

The second failure was attributed to hydrogen embrittlement. Corrosion
could have been caused by stress concentration, the lack of corrosion
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protection, and the use of a corrosion susceptible steel. Only sulphur
compounds were present as corrosion products.

Portier [48] described a tiedown corrosion failure that occurred at Joux
Dam, Tarare, France. The tiedowns were installed in 1952, and locked-off at
2600 kips (11,570 kN). The tendons were fabricated from steel with a
214 ksi (1,470 MPa) ultimate strength, and stressed to 157 ksi (1,080 MPa)
at lock-off. Two months after lock-off, it was discovered that two tiedowns
carried almost no load. Upon examination of the tendons, it was observed
that the wires had broken. A replacement tiedown was made using steel from
the same reel as that used for the two failed tiedowns. The replacement
also failed in a similar manner. Samples of unused wire from the same reel
were then tested in the laboratory. These tests showed failures similar to
occurred within three months of loading. - They were classified as corrosion
under tension.

Nicholson, [50] and [51], reported corrosion failures at the unprotected.
anchor head of several permanent tiebacks. The tendons were fabricated from
1 1/4 sinches -(32 -mm) high strength -bars -having.an ultimdte strengthofil50 -

ksi (1,033 MPa)._ The tiebacks were installed in 1969 to support a wall &t

an industrial facility. : The -tendons were repalred, und the area around the -
anchor head was protected in 1972. .Since that time, they have performed
satisfactorily. Nicholson Construction provided the writer with one of the
failed tendons. Heavy pitting was observed whére the bar was unprotected,
and brittle failure surface was noted. -The protected portion of the bar did

environment.

A draft British National Physical Laboratory report [52] reviewed a -
corrosion failure assoclated with tiedback construction. - Two tiebacks
failed when individual bar tendons fractured without warning. - The tendons -
were single bars fabricated from a quenched and tempered steel with an
ultimate strength of 217.7 ksi {1,500 MPa). The tiebadks had been .
Tocked-off at a stress of 145.1 ksi (1,000 MPa), and they were unprotected.
The failure occurred three monthe after lock-off. The paper indicates that
the failures were due to hydrogen-induced stress corrosion, starting at
corrosion pits.- Approximately five years ago the remaining bars were - -
protected with grout. Since grouting, no corrosion failures have been
observed.

The slurry wall for New York's World 1rade Center was temporarily .
supported with tiebacks. The tendons were protected with grout along the
anchor length, The unbonded length was protected by a bentonite-filled
steel pipe. The lower end of the pipe was grouted into the top of the -
rock. - A sacrificial zinc ribbon anode was also installed with each tendom, .
The site was in a landfill along the Hudson River, and the soil contained
large amounts of organic matter. Several of the tiebacks experiehced
brittlecorrosion failures. .These failures were located near the ancho?¥ -
head just above the bentonite. The bentonite level had dropped as much as
three- o _four feeti during the construction. perifod.. Hydrogen sulifide gas was
present in the soil, and the sacrificial ‘anode was consumed near the anchox
head of ‘the:failed ttebacks: i
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Schupack [29] reported a temporary tieback failure resulting from tack
welding on 1 1/4 inch (32 mm) high strength bars. The bar failed at 40 kips
(22 percent of its ultimate capacity). Schnabel Foundation Company has
observed a similar failure when a prestressing bar was tack welded. These
types of failures are brittle and they occur at relatively low loads. They
are not due to corrosion, but they can have the appearance of a brittle
corrosion failure.

Schnabel Foundation Company has experienced tendon failures on one
permanent tieback project. High strength bar tendons with an ultimate
strength of 150 ksi (1,933 MPa) were used. The tiebacks were installed at
the face of a rock cut and extended to support a wall as backfill was placed
between a wall and the cut. The tendons had a plastic sheath over the
unbonded length and no protection was provided at the anchor head. The
tendons failed about one year after the completion of the wall. All the
failures occurred near the interface between the backfill and the rock cut,
and they were believed to have been caused by corrosion. When the tiebacks
were unearthed, large boulders were found resting directly on top of the
tendons, and the tendons were bent near some of the fractures. An
independent metallurgist reported that the fractures were not a result of
corrosion. Instead, they resulted when combined bending and tensile
stresses exceeded the ultimate strength of the tendons.

The tieback failures summarized above show that:

1) Combined bending and tensile stresses have caused or contributed to
tendon failures when they exceed the ultimate strength of bar
tendons. (Nurnberger's cases 1, 2, 3, and 8, and Schnabel's
reported failure.)

2) Quenched and tempered prestressing steels (Nurnberger's cases 1, 2,
3, 6, 7, and 8 and, the British National Physical Laboratory
reported failure), which are susceptible to embrittlement corrosion
failures, have been involved in a significant number of the tieback
failures. These steels should not be used for tieback tendons.

3) The unprotected portion of a tendon just behind the anchor head is
susceptible to corrosion. (Nurnberger's cases 1--9, Nicholson
reported failure, and World Trade Center failures.) Care must be
taken to protect this area.

4) Blast furnace slag (Nurnberger's case 4), moist low pH soil
(Nurnberger's case 5), slag and light ash (Nurnberger's case 9),
industrial environments (Nicholson's failures), and organic fills
(World Trade Center failure) have caused corrosion failures of
unprotected tieback tendons.

5) All reported failures occurred in the unbonded length of the tendon,
and most occurred near the anchor head. Poor quality protection, or
no protection was provided over the unbonded length of those tendons
which failed.

The corrosion performance of temporary tiebacks is useful in evaluating
the performance of permanent tiebacks. The number of temporary tieback
corrosion failures are very small, and no structural collapses have resulted
from these failures. Temporary tiebacks often function for extended periods
of time due to construction or financing delays. The potential for properly
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protected permanent tiebacks to fail, due to corrosion, is slight when

considering the excellent corrosion performance of unprotected temporary
tiebacks.

TIEBACK CORROSION PROTECTION SPECIFICATIONS

Temporary and permanent tieback corrosion protection standards and
recommendations have been developed due to increased tieback usage and the
concern about tendon corrosion. These standards are the French
Recommendations [53], the Draft British Code [54], the German Standard [55]

and [56], the Swiss Standard [57], the FIP Rules [58], and the PTI
Recommendations [59].

Each tieback standard, or recommendation, primarily uses service life to
determine if a tieback is temporary or permanent. They recommend little or
no corrosion protection for temporary tiebacks, and most require corrosion
protection for permanent ones. Table 1 summarizes the specified service
life for temporary tiebacks. A tieback is considered to be permanent if its

service life exceeds those listed. The corrosion protection requirements of
the seven standards are summarized in Table 2.

Table 1. Temporary tieback service life.

TIEBACK STANDARD MAXIMUM SERVICE LIFE

(MONTHS)
PTI Recommendations [59] <18

Swiss Standard [57] < 36
German Standard [55] < 24
Draft Brifish Code [54] | < 24
French Recommendations [53] < 18
FIP Rules [58] < 24
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Table 2.

Tieback corrosion protection requirements.

STANDARD

TYPE OF PROTECTION

TEMPORARY TIEBACKS

PERMANENT TIEBACKS

PTI
Recommendations

[59]

Engineer to select protection
based upon nature of environment
and risk.

Engineer to select pro-
tection based upon nature
of environment and risk.

Swiss
Standard

[57]

Contractor to furnish details of
Proposed corrosion protection so
the degree of protection can be

evaluated by the design engineer.

Contractor to furnish de-
tails of proposed corrosion
protection so the degree

of protection can be
evaluated. The protection
of the tendon in the anchor
zone shall be as effective
and reliable as that pro-
vided over the rest of

the anchor. 1If no other
protection than grout is

to be used, the grout cover
should be at least 0.79
inches (2 cm).

German Standard
Part 1 (1972)
and
Part 2 (1976)

i55] and [56]

A 0.79 (2 cm) grout cover in the
anchor zone in non-aggressive
environments, and a 1.18 inch

(3 cm) grout cover in aggressive
environments.

The protection must protect
the tendon from a micro-~
scopic point of view.
(Encapsulation of the com-
plete tendon is considered
to fulfill this require-
ment).

Draft British
Code

[54]

Special protection is not re-
quired. Designer engineer is
required to specify whether pro-
tection is necessary after he has
considered anticipated life and
nature of environment.

The anchor and unbonded
lengths must be protected
by two or more physical
barriers to corrosion
which can be inspected
prior to insertion. Ex-
ception, in non-aggressive
rocks with a permeability
of less than (10~10 m/sec),
then the anchor length does
not have to be encapsulated.

French
Recommendations

[53]

(1) No special protection is
recommended in a non-aggressive
environment if the service life
is less than 9 months.

A protection equivalent to
the protection provided by
a continuous cement grout
(rigid protection) or a
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Table 2. - Tieback corrosion protection requirements (continued).

STANDARD

TYPE OF PROTECTION

TEMPORARY TIEBACKS

PERMANENT TIEBACKS

French
Recommendations

(53]

Pprotection equivalent to a con-

(2) In the unbonded lengtha water-
tight sheath with a filled annu-
lus is recommended if the enviro-
ment is moderately aggressive and
the service life is less than 9
months.

(3) It is recommended that the
complete tendon be protected by
an equivalent to continuous ce-
ment grout if the environment

is very aggressive regardless

of service life.

(4) In the unbonded length a
water-tight sheath with a filled
annulus is recommended if the
environment is non-aggressive

and the service life is between 9
and 18 months.

(5) It is recommended that the
complete tendon be protected by a

tinuous cement grout if the envi-
roment is moderately aggressive
and the service life is between

9 and 18 months.

continuous filling of high
performance resins (such
as asphalts-epoxy resins).
In soils it is recommended
that the anchor be contin-
uously protected over the
total length.

FIP Rules
[58]

(1) A 0.79 inch (2 cm) grout
cover in the anchor zone in a
non-aggressive environment.
unbonded length should be
sheathed.

(2) A 1.18 inch (3 cm) grout
cover in the anchor zone in an
aggressive environment. The un-
bonded length should be sheathed.
(3) A 0.392 inch (1 cm) grout
cover in the anchor zone in water
tested drill holes in sound rock.
The unbonded length should be
sheathed.

(4) No minimum grout cover is re-
quired in the anchor zone or
sheathing over the unbonded lengthl
if the service life is less than
12 months and the environment is
non-aggressive

The

' Recommends that the tendon

protection be made and
checked under workshop or
some other equivalent con-
ditions. The tendon should
be entirely surrounded by
the protection system.
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The German temporary tieback standard was adopted in 1972, and it
influenced the development of the other standards. The Cerman Industrial
Norm DIN 4125, Part 1 [55], required that tieback contractors and their
tieback systems be licensed. 1In order to license a tieback, a contractor
had to install tiebacks which were load tested and unearthed. Longitudinal
and transverse cracks were observed in the grout bodies of the unearthed
tiebacks. As permanent tiebacks became more common in Germany, DIN 4125,
Part 2 [56], was adopted in 1976. This permanent tieback standard required
the tieback tendons to be completely encapsulated in an airtight corrugated
sheath. The encapsulation was required because the anchor grout was known
to crack, and cracked concrete and grout had not provided corrosion
protection for concrete structures exposed to the atmosphere. Another
factor that led the Germans to completely encapsulate the tendon was the
excessive corrosion problems associated with European quenched and tempered
prestressing steels. In Germany and other European countries, commercial
pressure kept these steels from being prohibited even though their greater
susceptibility to brittle failures was documented.

The FIP, British, and French tieback standards have been influenced by
the German standard, and by the corrosion problems associated with the
quenched and tempered steels. They recommend encapsulation for all
permanent soil tieback tendons. However, the writer's review of current
practice found that only in Germany is every permanent tieback
encapsulated. In Europe and the United States, most permanent tiebacks 5%4
still use gro otectio » a grease filled tube
over_the unbonded length, a‘grease, or grout filled transition between the
unbonded length protection and the anchor head, and a grease filled cap or
concrete encasement at the anchor head.

COMMONLY USED TIEBACK CORROSION PROTECTIONS

A variety of tieback corrosion protection systems has been developed.
Many of these systems are proprietary and some are not compatible with
certain installation methods or tendon types. Except for the unprotected
tendons, all of the following corrosion protection systems have adequately
protected permanent tiebacks.

A. TUnprotected Tieback

Unprotected tiebacks are used for temporary applications. TFigure 41
shows an unprotected bar tendon. Neat cement grout provides protection for
the tendon along the anchor length. The unbonded length may be sheathed or
unsheathed. If a sheath is used, the annular space between the sheath and
the tendon does not have to be filled with a corrosion reslistant grease, or
grout. The anchor head and the transition between the unbonded length and
the anchor head is unprotected. This is the area most susceptible to
corrosion. 1In this area the bare tendon is exposed to oxygen, moisture, and
the environment.
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Section A-A . Section B-B
Legend:
1) Nut 4) Anchor grout
2) Bearing plate 5) Bar tendon

3) Bond breaker (sheath)

Figure 41. Unprotected bar tieback.



Unbonded length
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Section A-A

§ection B-B

Legend:

1. Anchorage cover

2. Nut

3. Anticorrosion grease
4. Bearing plate

5. Trumpet

6. Seal

Figure 43. Simple corrosion

7. Anticorrosion grease or grout

8. Steel, PVC, or polyethylene tube
9. Anchor grout

10. Centralizer
11. Tendon

protected bar tieback.
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Unbonded length Anchor length

Detail 1-1

Section A-A Section B-B
(see Detail 1-1) .

Legend:
1. Anchorage cover 8. PVC or polyethylene tube
2. Nut 9. Heat shrinkable tube
3. Anticorrosion grease 10. Centralizer
4. Bearing plate 11. Anchor grout
5. Trumpet 12. Tendon
6. Seal 13. Electrostatically applied epoxy
7. Anticorrosion grease or grout

Figure 44. Coated bar tieback.



Figures 45 and 46 show a competely encapsulated bar and strand tendon
respectively. The strand tendon is protected by a corrugated high density
polyethylene tube, and the bar is protected by a corrugated PVC tube.

Figure 47 shows a TMD tieback, which uses a deformed metal tube to protect
the te n. OSIF Bachy, a French contractor developed this tieback. TMD is
an abbreviation for "terrain meuble deferred"” (deferred grouting in shifting

ground). First th outed i he ground. ter the tube
has been grouted in place, the tendon is grouted into the tube, (See Page

159 For construction details).

The annular space between the capsule and the prestressing steel are
usually filled with neat cement grout. The grout used to bond the steel to
the capsule often contains an admixture to control bleeding of water from
the grout (See Page 137). 1In Britain, polyester resins have been used to
fill the annular space. Bars are usually grouted into their corrugated
encapsulations prior to insertion into the drill hole. 1long or large
tendons may be grouted into their capsules after they are placed in the
drill hole. When they are grouted depends upon whether or not the
pregrouted tendon can be handled without damaging the corrosion protection.
Heavy pregrouted tendons require mechanical handling.

Section A-A in Figures 45, 46, and 47 show how the unbonded ‘lengths of
encapsulated tiebacks can be protected. When bar tendons are used, a
grout-filled corrugated tube covers the complete tendon, and a smooth bond
breaker is placed over the corrugated tube in the unbonded length. When
strand tendons are used, the unbonded length of each strand is greased and
sheathed and the strand bundle is encased in a grout-filled tube.

E. Compression Tube Tiebacks

Stump Bohr AG, a Swiss contractor, and Karl Bauer, a German contractor,
use compression tubes to protect bar tieback tendons from corrosion. Figure
48 shows a typical compression tube tieback. The principle behind the
compression tube is that the grout can be prevented from cracking if it is
placed in compression. The length of the tube is 11.5 feet (3.5 m) for
cohesive soils, and 8.2 feet (2.5 m) for dense cohesionless soils and rock.
The annular space between the compression tube, and the tendon is filled
with an anticorrosion grease. The unbonded length is covered with a smooth
PVC tube, and the annular space is also filled with grease.

F. End Anchor Plate Compression Tiebacks

Another type of compression tieback 1s made using an end anchor plate at
the bottom of the anchor length. Figure 49 shows an end anchor plate
compression tiedown fabricated using a button-headed wire tendon. Smooth
bars, or totally greased and sheathed strands and deformed bars could also
be used with end anchor plates.

When smoooth tendons are used, end anchor plates are required because it
is not possible to determine whether or not the smooth tendon will develop
the necessary bond with the anchor grout.

End anchor plate compression tiebacks place the anchor grout in
compression and this grout is assumed to be crack free. However, the force
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Figure 45. Encapsulated bar tieback.
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Unbonded length

Anchor length
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Section A-A

Anchorage cover

Anchor head and wedges
Anticorrosion grease or grout
Bearing plate

Trumpet

Seal

Anticorrosion grease or grout

PVC or polyethylene tube ~

Figure 46. Encapsulated strand tieback.

Strand tendon
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Anchor grout
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" Unbonded length _ple 'Anchor length 5]

8 -

Section A-A Section R-B
Legend:

1. Anchorage cover 10. 1Inflatable bag
2. Anchor head and wedges 11. Deformed metal tube
3. Anticorrosion grease or grout 12. Centralizer
4, Bearing plate 13. Grouting' valve-
5. Trumpet . 14. Strand '
6. Anticorrosion grease or grout 15. Encapsulation grout
7. Seal 16. Anchor grout
8. Greased and sheathed strands 17. End cap
9. PVC bond breaker 18. Spacer

Figure 47. Encapsulated TMD tieback.
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Unbonded length

L ' Anchor length
L Compression tube length
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Section A-A Section B-B
Legend:
1. Anchorage cap 8. PVC pipe
2. Anticorrosion grease 9. Anticorrosion grease
3. Nut 10. Anchor grout
4, Bearing plate 11. Bar tendon
5. Anticorrosion grease 12. Centralizer
6. Trumpet 13. Compression tube
7. Seal 14. Coupler

Figure 48. Compression tube tieback.
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exerted on the grout by the end anchor plate can crush the grout if soft
ground surrounds the grout. These tiebacks are primarily used in rock,
where the anchor grout is adequately confined.

Secondary grouting is used to protect the unbonded length of bare
tendons. First the anchor grout (primary grout) is placed and then the
tieback is tested and locked-off. After lock-off the secondary grout is
tremied into the unbonded length through a grout tube. Secondary grouting
bonds the unbonded length of the tendon to the ground. Secondary grouting
is more fully described on Page 149.

Many of the early rock tiedowns were made using end anchor plate
button~headed wire tendons. Today, they are not common because:

1) Prestressing bars and strands can transfer the tieback force to the
grout in bond.

2) End anchor plates and anchor heads are installed in the shop fixing
the tieback length. The tieback length cannot be increased in the
field.

3) Secondary grouting is often difficult because of damage to the
grout tube or stoppages.

4) Permeable grout is likely to be present at the joint between
primary and secondary grout.

5) Grout bleed may create voids under the bearing plate exposing the
tendon to corrosion.

G. Protection at the Anchor Head

X The most critical area to protect from corrosion is in the vicinity of
the anch6T head. Below the bearimpg piate, theé corrosion protection over the
unbonded Tength must be terminated, exposing the bare tendon. Above the
beatzjg:ﬁzéégi_ghg_hg;g_ggndon is gripped by either wedges or nuts, or
deformed in the case of wires. Regardless of the type of tendon, the

transfer mechanism creates sStress Concenfrations, and mechamntcarly damages
the surface of the tendon. '

It must be assumed that the environment at the anchor head is corrosive
since oxygen, moisture and aggressive elements are readily available. The
aggressiveness in this area 1s demonstrated by the fact that most corrosion
failures occur within a short distance of the anchor head. Bending of the
tendon at the anchor head also has contributed to failures of bar tendons.
The draft British Code [54)]), and the German Standards [55] and [56] require
the anchorage to be designed to prevent excessive bending of the tendon.
The draft British Code [54] specifies that the angle between the tendon and

the bearing plate may wet-~waxy from 90° by more thap 5° in the case of a
strand or wire tendon, and by more than 3° in the case of a bar tendon.

Figure 50 shows a corrosion protection system for the anchorage. A
steel or plastic trumpet is used to transition from the anchor head to the
unbonded length corrosion protection. One end of the trumpet is fastened to
the bearing plate and the other end is fitted with a deformable seal. The
seal fits tightly around the corrasion protection over the unbonded length,
and allows the tendon to move within the trumpet. The _annular space between
the trumpet and the tendon 1s filled with anticorrosion grease or grout.

The anchor head is protected by an anticorrosion grease, or grout filled
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cover, or it is embedded in concrete. The .anchor head is protected by a
grease-filled cover if lift-off tests or load adjustments are anticipated.

Care is required to ensure that the grease or grout fills the entire space
inside the trumpet and the anchotrage cover.

— Bearing plate

Anchorage . W R A * (7

pocket . : -
O. 1%

Y / a7

.
.
.

R S AT S IR
AN AN
2ol ey .

S on
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Anchorage
cover

Anticorrosion
grease or grout-—

Anchor head P ~:. ~‘.'\\\Anticorrosion grease
and wedges T O e p .

o ot or grout

Figure 50. Permanent tieback anchor head protection.

POTENTIAL CORROSION MECHANISMS AFFECTING THE ANCHOR LENGTH

Tieback corrosion failures have not occurred in the anchor length. The
known failures have all been in the unbonded length. However, since few
tiebacks have been installed for

life, there is a question as to whether or not corrosion problems might
develop with time. By identifxing and studying the potential corrosion
mechanisms that might affect the tendon within the anchor length, it becomes
apparent why tiebacks have not suffered from corrosion along the anchor
length, and how to design a corrosion protection system to further minimize
the riﬁk_gf_ggzzgg}on. Four corrosion mechanigmg,might*possihly_afiQQL_Lhe
tieback tendon along the

anchor length:

{$ 1) A local corrosion system, particularly at the upper-end where the
anchor groUt Tracks. This corrosion cell j i ed by

the immediate soil environment, and the permeability and thickness
of the grout cover.

e e .
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2) A Lgg5:liE%_gg5gggign_syanem_aatahlighed between the tendon and
steel in the structure to which it is electrically coupled (the
rebars in a tiedback concrete wall).

3) A gtray-current corrosion system where direct current enters a
tiedback structure at one location and travels along the structure
returning to the ground through a tieback.

4) A stray-current corrosion system where direct current enters a

tieback tendon at one location along the anchor length and returns
to the ground at another location along the anchor length.

A. Local Corrosion Systems

Figure 51 shows the local corrosion system that could theoretically
affect the prestressing steel along the anchor length of a grout protected
tieback. If this system develops, both the cathode and the anode would be
located along the anchor length. In order for a local cell to exist, the
tendon must be depassivated, and oxygen must be present in the soil.
Depassivation occurs when the hydrous ferrous oxide film (passive film),
which protects the tendon, is destroyed. Chlorides attack the passive film,
and they are the most common depassivators. ~Acids als6 canm depassivate a
tendon by aATTAcKing the ferrous oxide Ffilm. The hydrous ferrous oxide film
is soluble when the pH drops helow about 4.5. Since the grout cracks at the
top Of the anchor zone, an aggressive enviromment could depassivate the
tendon. Even if the tendon is depassivated, it will not corrode by local
cell action if oxygen is not available in the soil around the anchor, and

the pH is greater than 4.5, 8 Uhlig [20] confirms that between a pH of 4 tolag

10 the corrosion rate is independent of pH, and depends only on the
availability of at the metal surface. He also states that almost all
natural waters have a pH between 4 and 10.

Grease filféa éhéath

Potential difference

Resistivity

Oxygen required
at the cathode

Figure 51.° Local corrosion system that could affect a
simple corrosion protected tieback.
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The NBS pile corrosion studies indicated that natural soil deposits are
oxygen deficient [20]. However, coarse-grained semiarid or arid soils
located in the western United States may be potentially corrosive since
atmospheric oxygen may penetrate to considerable depths. These soils are
alkaline having large quantities of soluble salts. They can be easily
identified, since they have high resistivities when dry (as great as 50,000
ohm=-cm), and low resistivities when saturated (as low as 50 ohm-cm). They
are usually damp less than three months of the year, but when damp they
could be corrosive since oxygen, an electrolyte, and a depassivator, such as
chlorides, are likely to be present.

If the groundwater or soil PH is below 4.5, then the ferrous oxide film
may be attacked and the tendon may suffer acid attack. If this occurs, the
corrosion reaction is not solely controlled by the availability of oxygen.
At low pH's, portland cement may also be attacked. The amount of
deterioration depends on the type of acid, the water-cement ratio of the
grout, the grout permeability, and the circulation of the corrosive agent
(See Page 137). Since the high pH of the grout provides the ideal
environment for maintaining the ferrous oxide film, which protects the
steel, then the steel should be encapsulated if the pH drops below 4.5, or
if nearby buried concrete structures are known to suffer from chemical
attack.

Tieback corrosion failures have not been caused by local corrosion cells
established along the anchor length. This confirms that most undisturbed
soils are oxygen deficient and that they have a pH above 4.5.

However, a fluctuating groundwater level in low resistivity soil
(resistivity less than 2,000 ohm-cm) around the anchor length may initiate
and sustain a local differential aeration cell. Since it is difficult to
predict how the groundwater level will vary, the prestressing steel should
be encapsulated if the resistivity is less than 2,000 ohm-cm.

The presence of sulfides increase the risk of stress-corrosion cracking
or hydrogen embrittlement. Organic soils contain hydrogen sulfide, but the
anchor lengths are normally not installed in these soils, since they are not
suitable for developing tieback capacity. If sulfides are present in the
soil surrounding the anchor length, then a permanent tieback tendon should
be encapsulated regardless of soil PH or resistivity.

The tests required to determine the aggressiveness of the environment
are described on Pages 93 and 94.

B. Long-Line Corrosion System

Figure 52 shows the long-line corrosion system that could possibly
affect a tieback. A long-line corrosion cell may be established if the
tendon is depassivated within the cracked anchor grout, and electrically
connected to steel in a strucure. Reinforcing steel or steel piles exposed
to the atmosphere, even if encased in concrete, will act as the cathode, and
the depassivated areas on the tendon would become the anode. The corr~sion
current would flow from the tendon, through the soil electrolyte to the
oxygenated cathode and back to the tendon completing the circuit. This
differential aeration cell would cause pitting of the tendon. The attack
could be severe since a large cathode (reinforcing steel embedded in an

oxygenated concrete wall) is connected to a small anode (tendon in cracked
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anchor grout). For the long-line cell to exist, the anode (tendon) must be
depassivated, and the tieback tendon must be electrically connected to the
cathode (steel exposed to oxygen).

Reinforcing steel

0
:: Cathode
+

Potential difference

Resistivity

Figure 52. Long-line corrosion system that could affect a
simple corrosion protected tieback.

Stratfull and Seim [60) reported a long-line corrosion system acting on
steel piles at the Richmond--San Rafael Bridge. The steel piles were
electrically coupled to the reinforcing steel in the concrete piers which
were exposed to the atmosphere. Oxygen in the piers was being reduced on
the reinforcing (cathode) to hydroxyl ions, while corrosion was occurring on
the buried steel piles (anodes). They concluded that this corrosion cell
could have been interrupted by cutting off the supply of oxygen to the
reinforcing steel in the piers.

To date, no tieback corrosion failures have been attributed to long-line
corrosion systems. This could be explained by several factors:

1) The tendons have not been depassivated.

2) The corrosion current is not strong enough to overcome the soil
resistance.

3) Time has not been long enough for the accumulative effect of this
weak corrosion cell to result in failure.

The potential long-line corrosion system can be easily prevented by
electrically insulating a simple corrosion protected tendon from the
structure, or by encapsulating the tendon. Encapsulation or insulation of
the tendon will interrupt the corrosion circuit. ‘
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C. Stray-Current Corrosion System

Two stray-current corrosion systems could affect a simple corrosion
protected tieback. Experience with stray-current corrosion of other buried
structures indicates that the corrosion mechanism shown in Figure 53 is
potentially aggressive. If this system develops, direct current would enter
a tiedback structure, travel along the structure, and discharge back to the
soil through a tieback. Corrosion would occur where the current discharged
from the tendon. In order for this system to exist, the tieback tendon has
to be electrically connected to the structure and the ground. Figure 54
shows the other system which theoretically could develop if the tendon is -
electrically connected to the ground and a stray-current enters the tendon
and discharges back to the soil at another point along the tieback's anchor
length. The corrosion system shown in Figure 54 should not seriously affect
a tieback because the anchor length is short preventing the possibility of
significant potential differences along its length, and it is surrounded by
a reasonably good insulator (grout). In practice, tieback corrosion
failures have not been attributed to stray-current corrosion. .Both
stray-current corrosion systems theortically could be prevented by using
impressed cathodic protection (See Page 89), or encapsulation (See Page 71),
or bonding. Impressed cathodic protection would prevent corrosion current
from being discharged from the tendon. Encapsulation would interrupt the
corrosion circuit. Bonding would provide a metallic path for the current to
return to the negative bar of the corrent source instead of discharging
through the tieback. Electrically insulating the tieback from the structure
it supports would interrupt the corrosion system where the corrosion current
travels along the structure and then discharges back to the soil through a
tieback. '
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Figure 53. Most feasible stray-current corrosion system that could
affect a simple corrosion protected tieback.
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Figure 54. Theoretically possible stray-current corrosion system that could
affect a simple corrosion protected tieback.

POTENTIAL CORROSION MECHANISMS AFFECTING THE UNBONDED LENGTH AND ANCHOR HEAD

The unbonded length and anchor head of a tieback is exposed to a variety
of corrosive environments. All of the known corrosion failures have
occurred in the unbonded length, and most of them occurred near the anchor
head. The corrosion performance of tiebacks indicates that, the unbonded
length, and the anchor head of permanent tiebacks should be carefully
protected.

The unbonded length of temporary tiebacks normally will not require any
protection (See Figure 41). Their unbonded length should be protected if
the service life is more than 12 months, and the tendon is exposed to:

1) A fluxuating salt water level.

2) Soils with a pH less than 4.5 (slag, acid mine wastes and
industrial wastes).

3) Soils containing large amounts of HyS (organic fills and natural
soil deposits). ’

The tests required to .determine the aggressiveness of the enviromment are
described on Pages 93 and 94. Temporary tieback protection is described on
Page 95.
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EVALUATION OF POTENTIAL TIEBACK CORROSION PROTECTION METHODS

Various corrosion protection methods were evaluated to determine if they
should be recommended for protecting tieback tendons.

A. Metallic Coatings

In the past, prestressing steels were galvanized in an attempt to
improve their corrosion resistance. Today, prestressing steels are not
galvanized because:

1) They may contact bare steel and cause a dissimilar metal corrosion
system to develop.

2) Zinc coatings are sacrificial and atomic hydrogen is evolved as the
galvanizing is consumed. Atomic hydrogen could cause hydrogen
embrittlement of the tendon.

3) Galvanizing only provides protection until it is consumed [16].

Galvanizing or cadmium plating, a similar sacrificial coating, should not be
used for the protection of tieback tendons.

B. Nonmetalic Coatings

Coal-tars, vinyls, epoxies, urethanes, and other coating materials have
been evaluated to determine whether or not they could be used to protect
reinforcing bars in bridge decks [61]. The tests showed that only
electrostatically applied epoxies (powdered epoxies) had adequate bond
strengths, creep characteristics, and flexibility. Powdered epoxies may be
damaged during handling, and it is impractical to expect a holiday-free
coating. Small holidays do not impair the performance of normal reinforcing
but, they may impair the performance of coated prestressing steels if a
long-line or stray-current corrosion system develops. Then, the corrosion
attack would be concentrated at the holidays increasing the likelihood of
pitting.

Insulating coated tieback tendons from the structure would interrupt any
long-line corrosion system, and the stray-current corrosion system where the
corrosion current travels along the structure and discharges back to the
soil through a tieback. Coating insulated tieback tendons would practically
prevent any local corrosion system, and should also eliminate any
stray-current corrosion system where the corrosion .current enters the tendon
and discharges back to the soil at another point along the same tendon. For
a local corrosion system to develop on a coated tendon, the anchor grout
must be cracked at a coating holiday, the tendon must be depassivated at the
holiday, and oxygen and an electrolyte must be present in the soil. 1In
addition, the corrosion current and the anode corrosion current density
would be very small if a local corrosion cell developed on a coated tendon
since the anode and the cathode would be established on the same holiday.
Coatings have been successfully used to prevent hydrogen blistering of
storage containers, and a coating impervious to hydrogen should also protect
a tieback from hydrogen embrittlement.

At this time, coatings have only been applied to bar tendons. Coated,
deformed bar tendons develop high mechanical bond strengths, and before
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using powdered epoxy coated bars in aggressive environments pullout tests
need to be performed to evaluate whether or not powdered epoxied
prestressing bars can withstand abrasion resulting from relative motion
between cracked grout and the tendon.

C. Estimation of Metal loss

Estimation of corrosion caused metal loss is commonly used to size many
buried steel structures. These structures are not destroyed by pitting
corrosion. The assumption is that uniform surface corrosion is occurring on
the metal, and its cross-sectional area is increased to allow for the metal
loss. When a structure is sensitive to pitting, i.e., pipe lines and
prestressing steel; a small amount of corrosion could cause failure.

D. Admixtures

Using admixtures to prevent corrosion is desirable because they would be
simple to use. Calcium nitrite has been used as a corrosion inhibitor in
reinforced concretes exposed to chlorides, but it has not been used to
inhibit corrosion of prestressing steels.

More research is required in order to determine whether or not
admixtures can be effective in preventing prestressing steel corrosion.
Even 1if other admixtures are developed for reinforced concrete, they must be
evaluated to determine if they can protect prestressing steels from pitting
and embrittlement corrosion.

E. Impressed Cathodic Protection

Impressed cathodic protection systems are used to protect buried steel
piles and pipe lines. These systems use an external power source to apply a
direct current in the proper direction so that corroding anodes are .
prevented from discharging metallic cations. Impressed current systems must
be constantly maintained in order to function properly. Atomic hydrogen may
be involved at cathodic sites on the metal being protected, in this case the
tendon, 1f the system is not maintained. Atomic hydrogen could cause
hydrogen embrittlement, particularly in the presence of sulfides. At this
time, potential evolution of hydrogen, and the need for constant maintenance
make impressed cathodic protection systems undesirable for tieback tendon
protection. In the future, impressed cathodic protection systems may use
automatic monitoring and control units which could adjust the applied
voltage to each tieback and make impressed current systems safe for use with
tiebacks.

F. Sacrificial Anode Cathodic Protection Systems

Sacrificial anode cathodic protection systems are also used to protect
buried structures. In these systems, an anodic metal electrode is
electrically connected to the metal to be protected. The electrode is
higher on the electromotive series than the protected metal. 2Zinc and
magnesium are the most common sacrificial anodes used with steel in
concrete. A dissimilar metal cell is established when zinc or magnesium is
connected to a steel tendon. The zinc or magnesium anode corrode while the
cathode is protected.
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Sacrificial anodes could be used to protect electrically insulated,
simple corrosion protected prestresing steel along the anchor zone. A zinc
anode would be the safest anode for this purpose since the driving potential
between it and steel is relatively low. A magnesium anode would have a
higher driving potential which increases the possibility of evolving
hydrogen atoms on the surface of the steel. Hydrogen embrittlement could
result if hydrogen atoms are produced by overprotecting the tendons and
sulfides are present.

The corrosion performance of tiebacks has not indicated that a
sacrificial anode cathodic protection is required. Insulated, simple
corrosion protected tiebacks (See Figure 55) with sacrificial anodes could
be monitored to determine whether or not they could resist attack in low
resistivity soils. The monitoring procedures and equipment are described on
Pages 97 -- 101.

G. Tapes, Jackets, and Heat Shrinkable Sleeves

Buried metal structures use coated or impregnated tapes, tightly
extruded jackets, and adhesive lined heat shrinkable sleeves for corrosion
protection. Some of these products are proprietary. These materials are
semirigid, and they can withstand a reasonable amount of impact and abrasion
without damage. Tapes, jackets, or heat shrinkable sleeves with a Buna
rubber sealant are designed for buried applications. They can be used to
protect the unbonded length of a tieback tendon.

H. Corrosion Inhibiting Greases

Corrosion inhibiting greases have been used to protect unbonded
prestressing steel. The majority of the tendons used in reactor containment
vessels are protected with these greases. The greases are organic,
petrolatum-based compounds. They are formulated to bond to steel, displace
water, be self-healing, thixotropic, and have a high reserve alkalinity.
Corrosion inhibiting greases are used inside the sheaths, trumpets, and
anchorage covers of permanent tiebacks. They have provided excellent
protection for the unbonded length and anchor head.

I. Electrical Insulation

Insulated flanges are used to interrupt stray-current and long-line
corrosion systems that might affect buried pipelines. Tiebacks should be
insulated from the structures they support. Simple corrosion protected
tiebacks will require electrical insulation between the anchor head and the
structure to insulate them from the structure. Plastic or steel
encapsulation of the entire prestressing steel (Figures 45, 46, and 47) will
also interrupt the stray-current or long~line corrosion systems.

J. Cement Cover

Portland cement encapsulation is a common method of protecting
prestressing steels from corrosion. A detailed discussion of the corrosion
protection qualities of cement is contained on Pages 57~-61. Briefly,
hydrated cement provides a high PH environment, normally greater than 12.5.
Steel surrounded by an alkaline environment with a PH greater than 9.5 will

be protected by a péssive film. Aggressive anions, particularly chlorides,
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or carbonation can locally destroy the passive film. Depassivated steel
will corrode in the presence of oxygen and moisture. Hydrogen sulfide has
caused brittle failures of prestressing steels surrounded by cracked cement
grout or permeable concrete or grout.

Grout protected tiebacks have not failed due to corrosion but there is
still some question as to whether or not cement grout will provide adequate
Protection for a service life of 50 or 100 years. In nonaggressive
environments (pH greater than 4.5, resistivity greater than 2,000 ohm-cm,
and very low sulfide content) cement grout is suitable for corrosion
protection along the anchor length unless other buried concrete structures
are deteriorating as a result of chemical attack. A pH greater than 4.5
will assure that the tendon will not be subjected to acid attack. A
resistivity greater than 2,000 ohm-cm indicates that there are relatively
few aggressive anions, particularly chlorides, in the soil electrolyte, and
the electrolyte is a poor conductor. A very low sulfide content indicates
that hydrogen sulfide is not present in the soil. The role sulfides play in
the corrosion of prestressing steels is not completely understood and the
sulfide content below which corrosion will not occur has not been
determined. If the sulfide test on Page 94 indicates the presence of
sulfide, encapsulated tiebacks should be used.

In conclusion, portland cement grout may be used for the protection of
the anchor length of a permanent tieback if:

1) The tendon is electrically insulated from the structure.

2) The anchor length is in oxygen deficient ground (undisturbed
natural soils, rocks, or fills below the water table).

3) The pH of the ground is greater than 4.5. (If other buried
concrete structures in the vicinity are experiencing chemical
attack, then the tendon should be encapsulated regardless of pH.).

4) The resistivity of the soil is greater than 2000 ohm-cm. '

5) The sulfide test described on Page 94 indicates sulfides are not
present in the soil surrounding the anchor length.

K. Encapsulation

Prestressing steels are protected by encapsulating the tendon inside a
grout filled steel or plastic duct. In the United States, galvanized ducts
are frequently used, and dissimilar metal corrosion cells have not developed
between the tendon and the duct.

A plastic or metal tube can be used to encapsulate a tieback tendon
since it acts as a barrier preventing:

1) The tendon from being depassivated.

2) Sulfides from reaching the tendon.

3) Oxygen from reaching the tendon and creating or maintaining a local
corrosion system in low resistivity (2000 ohm-cm) soils.

4) Acid attack of the tendon in low pH environments.

5) Long-line and stray—current corrosion systems.

The capsule should be capable of withstanding damage during shipment,

storage, and installation. It also must be capable of transmitting bond
stresses from the grout surrounding the tendon to the anchor grout.

91



L. New Tendon Materials

Stainless steels, and carbon or glass fibers are known to be resistant
to corrosion. Stainless prestressing steels are not commercially
available. It is not likely that they will be developed soon because they
would be expensive and susceptible to brittle corrosion at high stresses.
Carbon or glass fibers have been developed with high ultimate tensile
strengths. It is possible that synthetic tendon material may be developed
in the future, but it is unlikely that stress-relieved prestressing steels
will be replaced in the near future.

RECOMMENDATIONS FOR TIEBACK CORROSION PROTECTION

If encapsulated or compression tube tiebacks could be installed for
about the cost of a simple corrosion protected tieback, then it would be
logical to recommend these protections for all applications. However, these
protections are significantly more expensive than grout protection of the
anchor length. The material for an encapsulated or compression tube tieback
adds between $200.00 and $500.00 (1981 dollars) to the cost of a tieback.
These extra costs are typical over a wide range of loads and tieback
lengths. In addition, the installation costs for these tiebacks may be two
or three times that of a grout protected one. Encapsulation or compression
tubes increase the diameter of the tendon, and larger tendons affect the
drill hole diameter and may preclude economical installation methods.

For example, a 3 inch (76 mm) driven casing can be used to install bare
strands and coated bar tendons in cohesionless soils. The inside diameter
of the casing is about 2 inches (50.8 mm). Encapsulated or compression tube
tiebacks require 4.5 or 5 inch (114.3 or 127 mm) casing. Casing in these
diameters must be rotary drilled since they cannot be driven to the
necessary depths. Rotary drilled tiebacks are grouted using different
techniques than those used for driven casing. These grout methods increase
the cost of the tieback and the length required to develop the desired
capacity. Schnabel Foundation Company finds that rotary drilling often
doubles the cost of a 180 kip (801 kN) tieback in sand.

The cost of a tieback in rock is also affected by the diameter of the
drill hole. Medium size air tracks are capable of drilling holes up to &4
inches (101.6 mm) in diameter. If the corrosion protection system requires
a larger hole, more expensive drilling equipment or different methods are
required. Holes between 4 and 5 inches (101.6 and 127 mm) in diameter can
be drilled with a large air track. These holes cost about 40 percent more
per foot of depth than a smaller one. Down-the-hole-hammers are required to
drill holes larger than 5 inches (127 mm) in diameter. The hammer is
mounted on a rotary drill which is 2 to 3 times as expensive as a medium
sized air track, and their penetration rate is about 1/2 to 1/3 as fast as
an air track for holes less than 100 feet (30.5 m) long.

This cost comparison between installation methods, hole sizes, and
protection materials is provided to illustrate how the corrosion protection
system can affect the cost of a tieback. Cement grout can protect tieback
tendons in certain environments, while encapsulation or compression tubes
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are necessary in aggressive enviromments. The following recommendations
permit the most economical corrosion protection to be used without
compromising the protection of the tendon.

The type of corrosion protection chosen for a particular project will
depend upon the:

1) Aggressiveness of the enviromment.

2) Relative costs of the various protection systems.,
3) Tendon type.

4) Installation methods.

5) Risk associated with a tieback failure.

6) Contractors' patents.

A. Soll Tests and Field Observations

Soil tests and field observations are used to classify the aggressivity
of the environment. Soil aggressivity is influenced by:

1) The resistivity of the soil.

2) The pH of the soil.

3) The chemical composition of the groundwater and the soil.

4) The water and air permeability of the soil.

5) The groundwater elevation (stable or fluctuating).

6) External electrochemical and physical factors (long-line and
stray~current corrosion systems).

The following tests and observations should be made to evaluate these
factors, and provide information for estimating the corrosivity of the
ground .

Soil Resistivity

The electrical resistivity of the soil is the simplist method of
estimating its corrosivity. Soil resistivity depends on the nature and
quantity of dissolved salts in the soil and its moisture content. Soil
resistivity can be measured in the laboratory or the field. ASTM 57-78,
Standard Method for Field Measurement of Soil Resistivity Using The Wenner
Four-Electrode Method, describes the test.

Field resistivity measurements are made on fresh boring samples
immediately after removal from the sampling device. Laboratory measurements
are made on samples which were sealed in air tight containers for shipment
and storage. The samples should be taken from the different strata along
the tieback. Boring and recovery techniques should prevent sample
contamination from wash boring water.

A soll box is used to determine soil resistivity. The writer's soil box
required approximately 17.5 in3 (28.7 cm3) of soil. A current is
applied to two electrodes at the end at the box, and the voltage drop
between two interior electrodes is measured using a soll resistance meter.
The resistivity is read directly on the meter. The resistivity should be
determined for the soil at the natural moisture content, and again when it
is saturated with distilled water. The lowest resistivity should be used

for evaluating the tieback corrosion protection requirements.
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Hydrogen Ion Concentration

Hydrogen ion concentration (pH) should be measured on fresh boring
samples as soon as they are recovered from the bore hole. The pH of soils
may undergo changes if they are exposed to the atmosphere or allowed to
dry. There are a variety of portable meters which can be used to measure
pH. ASTM G 51-77, Standard Test Method for pH of Soil for Use in Corrosion
Testing, describes the tests.

Chemical Properties of the Soil and Groundwater

The presence of sulfides, and the soluble sulfate content should be
determined. Field tests can be used to determine if sulfides are present.
Laboratory tests are required to determine the soluble sulfate content.

A sodium azide-iodine qualitative test is used to detect sulfides.
Nitrogen gas is evolved when a 3 percent sodium azide in a 0.1 N iodine
solution is added to a soil containing sulfides. The rotten egg smell or
the amount of bubbling observed provides a qualitative indication of the
sulfide content of the soil. This test must be performed in the field on a
fresh sample.

Laboratory tests are performed to determine the soluble sulfate
content. Samples uncontaminated by wash water should be recovered and
placed in sealed containers for storage and shipment to the laboratory.
The sulfate content is determined since sulfates may attack portland cement
grout (See Page 137). The quantity of soluble sulfates is reported as
milligram-equivalents per kilogram of soil. The milligram~equivalent is the
chemical equivalent weight of the sulfate radical expressed in milligrams.

Physical Properties of the Soil and Groundwater

The soil should be completely described. The Unified Soil
Classification System [62] provides a good description of the physical
properties of the soil. Whether the soil is a natural deposit or a fill,
the location of nearby mining operations, and the proximity of the site to
chemical plants or chemical storage areas should be indicated. '

The groundwater level should be measured, and fluctuations in the level
should be noted. Highly permeable soils with flowing groundwater should be
identified since these waters may transport aggressive anions.

Potential Stray Current Sources

Existing impressed current and sacrifical anode cathodic protection
systems should be identified. Potential sources of stray direct currents
should also be noted. Direct current railways, welding operations, mine
transportation equipment, and grounded industrial equipment are potential
sources of stray direct current.

B. Recommended Corrosion Protections

Each current tieback standard uses service life to determine if a
tieback should be protected. This could be dangerous for unprotected

temporary tiebacks, since unprotected tiebacks in aggressive environments
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have failed within one year of installation. The writer recommends that a
functional definition for temporary and permanent tiebacks be used rather
than a service life definition. A permanent tieback is one which will
become part of a permanent structure, while a temporary tieback is only
required during construction. This distinction is important since tiebacks
with short service lives (less than 2 years) may require corrosion
protection.

Soil tests and field observations should be used to evaluate the
aggressiveness of the environment. Romanoff [16], Boyd and Nowacki [63],
Rehm [64], the AWWA [65], the French Recommendations [53], and the draft
British Code [54] have developed systems for rating the aggressivity of soil
environments. Not all the rating systems were developed for tieback
applications but they provided the background for developing the following
tieback corrosion protection recommendations.

Chapter 8 contains a description of the corrosion protection materials
used to fabricate a tendon. A general description of the corrosion

protection is given here.

Permanent Tieback Protections

Simple corrosion protected tiebacks similar to those shown in Figure 55
will satisfactorily protect a permanent tieback if the soil surrounding the
anchor length has a pH greater than or equal to 4.5, not caused chemical
attack to other buried concrete structures, a resistivity greater than or
equal to 2,000 ohm—-cm, and no sulfides present. The minimum sulfide content
which could be tolerated has not been determined at this time. The

prestressing steel should be electrically insulated from the structure it
supports.

Encapsulated tiebacks similar to those shown in Figures 45, 46, and 47;
or a compression tube tieback, Figure 48, are recommended for permanent
applications if the soil surrounding the anchor length has a pH less than
4.5, or caused chemical attack of other buried concrete structures, or a
resistivity less than 2,000 ohm-cm, or sulfides present.

An electrically insulated, simple corrosion protected tieback can be
inspected if an insulated test lead wire is attached to the tendon and
another lead wire is attached to the rebars or wales in the structure. To
determine if the tendon has been properly insultated, one can apply a
voltage to the tendon and use an ammeter to measure any current flow. 1If
the tendon has not been insulated from the structure, then a current
indicating little or no circuit resistance should be measured. A small
current flow may be measured if current flows from the anchor zone through
the so0il to steel at the wall.

Temporary Tieback Protection

Most temporary tiebacks will not require any special corrosion
protection. Based on the corrosion performance of stress-relieved
prestressing steels, it is reasonable to assume that unprotected tieback
tendons in nonaggressive enviromments should perform satisfactorily for at
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least five years. However, the unbonded length of a temporary tieback
should be protected if the service life exceeds 12 months, and if the
unbonded length passes through:

1) A soil with a pH of 4.5 or less.

2) Cinder, ash, or slag fills.

3) Tidal marshes.

4) Salt water.

5) Organic fills containing humic acid.
6) Peat bogs.

7) Acid mine wastes.

8) Industrial wastes.

Protection During Storage, Shipping and Handling

Prestressing steels should be protected from the environment. A light
coating of rust on the prestressing steels is acceptable. Heavy pitting or
corrosion should not be present. Small pits that develop during storage can
cause stress concentrations and possible failure of the tendon.

POTENTIAL CORROSION PROTECTION IMPROVEMENTS

The corrosion mechanism for buried steels is understood. However, our
ability to predict how a steel will perform is limited. At present, no
research has been directed toward field evaluation of the level of
corrosion protection required for a permanent tieback.

The basic corrosion protection decision is whether or not to rely on the
anchor grout to protect the prestressing steel or to fully encapsulate the
steel. For many tieback systems, encapsulation can significantly increase
their cost. The following tests should enable a scientific evaluation of
cement grout corrosion protection, electrical insulation, and determine
whether or not simple corrosion protected tiebacks can be used in aggressive
low resistivity soils (less than 2,000 ohm-cm).

The tests should be performed on insulated tiebacks similar to the one
shown in Figure 55. The test tiebacks should be installed in different
aggressive and nonaggressive soils. Two #12 insulated lead wires (Numbers 1
and 2) should be attached to the tendon at the anchorage, and two lead wires
(Numbers 3 and 4) should be attached to steel in the wall or a soldier beam
supported by the tieback. All four lead wires should be terminated in a
waterproof enclosure at a permanently accessible location. The following
tests can then be performed:

1) Test No. 1 - Check the insulation of the anchor head. Apply a
known voltage between lead wires 1 and 3 and measure the current in
the circuit before load testing the tieback (See Figure 56).
Calculate and record the circuit resistance. A current which
indicates a very low circuit resistance means that the tieback was
not properly insulated. A small current flow may be detected,
since current can also flow from the tieback tendon through the
soil to steel in the wall. This circuit should have a high

resistance.
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Figure 56. Test arrangement for checking anchor head insulation.

2)

3)

Test No. 2 — Determine the circuit resistance after load testin&;

Repeat Test No. 1 after the tieback has been load tested and
locked-off. Measure the current, and calculate and record the
circuit resistance. A current which indicates a very low circuit
resistance means that the insulation at the anchor head was damaged
during loading. If the current observed indicates that the
insulation was not damaged, then a significant change in resistance
from that observed in Test No. 1 indicates that an electrolyte has
come in direct contact with the tendon when the anchor was loaded.
Since these tests have never been performed a corrosion engineer
should be used to determine what constitutes a significant change
in resistance.

Test No. 3 — Determine whether or not a long-line corrosion system

exists. With no external voltage applied, measurement of the

voltage and current between wires 1 or 2 and wires 3 or 4 will

indicate the direction and magnitude of the long-line corrosion
current which would exist if the tieback was not insulated from the
structure (See Figure 57). 1If long-line corrosion current is
observed, then electrical insulation should continue to be used to
interrupt the corrosion circuit. If the long-line cell does not
exist, then electrical insulation of simple-corrosion protected
tiebacks can be discontinued.
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Figure 57. Test arrangement for measuring the direction and the
magnitude of the long-line corrosion current.

4) Test No. 4 - Determine changes in aeration on the tendon surface.
The measurement of the grout protected tendon potential to a copper
sulfate reference electrode will indicate changes in aeration on
the tendon surface. The potential differences are measured between
lead wires 1 or 2 and lead wire 5, which is connected to a copper
sulfate electrode located above the grouted anchor (See Figure
58). The measurements should be made soon after construction is
completed and at regular intervals. An increasing electronegative
potential indicates a deficiency in oxygen, and a decreasing
potential indicates that oxygen is present in the soil surrounding
the anchor length. The measurement of potential differences does
not indicate the rate of corrosion, but it does provide an
indication of the existence or absence of corrosion. Once the
existence of corrosion is established, other methods must be used
to measure the corrosion rate.

5) Test no. 5 - Estimation of the rate of local corrosion cell
activity. A good approximation of the magnitude of the local
corrosion cell activity can be determined by the Stern-Geary linear
polarization resistance method [18]. Lead wires 1 and 5 are used
for potential measurement between the tendon and a reference
electrode. The reference electrode is located above the anchor
zone as shown in Figure 59. lead wires 2 and 3 are used to make
the structure a counter electrode and for applying a test current
onto the tendon. An instrument for measuring the tendon
polarization free of IR drop 1s required.

These tests should be performed under the direction of a corrosion
engineer familiar with underground corrosion. It is likely that the
significance of these measurements will have to be determine by comparing

test results from other similar underground corrosion measurements.
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CHAPTER 6 - DESIGN

Tieback design includes: o R,

~1) A tieback feasibility evaluation.

/%) An evaluation of the risk; consequences of failure.

/ 3) The selection of a tieback type.

i 4) The estimation of the tieback capacity.

| 5) The determination of the unbonded and total tieback length.

k 6) The selection of a corrosion protection system (Chapter 5).

. 7) The selection of a tieback testing procedure (Chapter 10).
8) Establishing observation and monitoring requirements (Chapter 10).

Bt & am > __orenents (Ghapter 10)

e et

This chapté;mconcentrates on items 1, 2, 3 and 4. The determination of
the unbonded length 1s not discussed in detail since it results from a
stability analysis for the particular structure. Corrosion protection of a

tieback is considered separately in Chapter 5. Tieback testing and
monitoring is considered in Chapter 10.

SOIL OR ROCK PROPERTIES

The designer must know the soil or rock properties in the vicinity of
the tiebacks in order to determine if tiebacks can be used. The contractor
also requires this information in order to select the tieback type and
estimate their capacities.

//\Ifmthe tiekggk_iqwggwhgupade in soil, the following properties or
pé;t results should be ncluded in the contract documents or soils report:
; -5 ERORLE Pbe Inc wLonE EPRRTact do

A

1) Boring logs with standard penetration resistances, visual

4
\

\

classifications, groundwater levels, and drillers observations. \
: 2) Unified Soil Classification [62] of the soil. \
\ 3) Plastic and liquid limits.
3 4) Unconfined compressive strength on undisturbed and remolded clay
5 samples. '
\x 5) Grain size distribution curves for fine grained sands and silts.
v 6) Resistivity, soil pH, soluble sulfate content, and sulfide content
+ are required for corrosion protection selection. (If these tests //
'\ are not performed, the designer should describe the corrosion e
‘. Protection required.) e

. If the tieback is to be located in rock the following properties‘Br\\
tgéf results should be included in the contract documents or geotechnical

réport: \

! 1) Boring logs with rock classifications, penetration rates,
| recoveries, RQD's [66], groundwater levels and drillers

| observations.

2) Unconfined compressive strength.

3) Groundwater pH.

3
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FEASIBILITY OF TIEBACKS

The designer determines if permanent tiebacks are feasible for a site.
When temporary tiebacks are used, the contractor normally makes the
determination. The decision is based on an evaluation of the contractor's
ability to: »

1) Install the tiebacks.

2) Develop adequate tieback capacity.

3) Maintain tieback capacity without excessive movements or loss of
load.

4) Construct the tiebacks economically.

The presence of utilities, subways or other underground structures may
determine whether or tiot tiebacks—can a site.” Normally,
tiebacks used to support a wall are installed at angles varying between
horizontal and 45° from horizontal: "Tf & tteback-ts-installed steeper than
45°, the majority of its load will be applied vertically to the wall. TIf
tiebacks can be physically installed, the owner must obtain tieback
easements from adjacent property owners.

Tiebacks can develop high capacities in rock without significant loss
of load or movement with time. Highly fractured rock with open joints or
cavernous limestone should be avoided if possible since grouting is
difficult in these open formations. Grouting techniques for these
formations are discussed on Pages 149 and 150.

Temporary and permanent tiebacks are routinely installed in sandy and
gravelly soils with & standard penetration resistance greater than ten blows
per foot [67]. The German Standard [56] indicates that tiebacks, should not
be installed in soils with a relative density less than 0.3. Testing and
monitoring of many installations indicates that permanent tiebacks installed
in cohesionless soils will perform satisfactorily. 1If soils with a standard
penetration resistance less than 10 blows per foot, or fills are
encountered, a tieback contractor should be consulted in order to determine
if tiebacks can be used at the site.

Hollow-stem~augered, single-underreamed, multiunderreamed and
postgrouted temporary tiebacks are frequently installed in cohesive soils.

Hollow-stem~augered and postgrouted ones have been used in soils with an
unconfined Ewg‘e\mspﬁﬁﬁgm?mg}p ). The

performance of temporary tiebacks in clay has been satisfactory.

Permanent tiebacks are not routinely installed in cohesive soils

because of the-concern about their long-term behavior. Long-term load
carrying behavior is discussed in Chapters 9 and 10. All soils exhibit
time-dependent deformations and stress variations under load. In most
cases, when a stress is applied to a soil, the strain rate decreases with
time until creep stops. However, in laboratory triaxial creep tests,
saturated soft sensitive clays Under undrained conditions, and heavily
overconsolidated clays under drained conditions, are susceptible to loss of
strength with time [687.  "At present, there is no single soil property which

will enable the designer to determine whether a tieback anchored in a
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cohesive so0ll is creep susceptible. Soil strength, Atterberg limits, and
natural water content coupled with experiénce In similar soils will provide

the best indicati long-term performance 6f @ permanent tileback.

The German Standard [56] states that permanent tiebacks may not be used
in the following cohesive soils, without special approval:

1) Organic soils.
2) Soils with a consistency index (I.) less than 0.9:

W. - W

I =1L (9)
c WL - WP
where: Ic = Consistency index
W = Liquid limit
= Nature water content
WP = Pldstic limit

3) Cohesive soils with a liquid limit (W) greater than 50%.

The French Recommendations (53] classify soils with a plasticity index
greater than or equal to 20 as solls which are ITikely to creep, and it
recbmmgnds an extensive full-scale tieback test program for tiebacks
installeéd in these soils.

Soil strength should be considered when determining if permanent
tiebacks can be used in a clay. The writer's experience with postgrouted
and hollow-stem-augered riebacks indIcates that tiebacks installed in soils
with an unconfined compressive strength less than 1.0 ton/ft2 (96 kPa),
and remolded strength less than 0.5 ton/ftZ (48 kPa) may be creep
susceptible. Straight-shafted tiebacks installed in soils that exceed these
strengths, and have a water content near the plastic limit, normally are not
creep susceptible at loads significantly below 80 percent of their ultimate
capacity. Ultimate tieback capacity, for the purpose of this discussion, is
the test load which can only be maintained on the jack by continuous pumping
of a hydraulic pump.

A full-scale test program is recommended if permanent tiebacks are to
be anchored in a cohesive soil. If the project is large enough, the program
should be performed under a separate contract prior to bid.

Because of the wide variety of tieback systems, lengths, capacities,
and installation methods, it is not possible to give detailed cost
information.for permanent tiebacks. Schnabel Foundation Company finds that:

1) A 50 ton (445 kN) design load tieback installed in sand costs
between $1,000 and $2,500.

2) A 50 to 70 ton (445 to 623 kN) design load tieback installed in
clay costs between $1,000 and $3,500.

3) A 50 to 150 ton (445 to 1335 kN) design load tieback used for
landslide stabilization or waterfront walls costs between $1,000
and $5,500.
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RISK

The degree of risk associated with the tieback installation will
influence the design of the tiebacks, and in cohesive soils it may determine
whether or not permanent tiebacks are used. The amount of risk may also
influence the selection of the corrosion protection, the monitoring
requirements, and the overload applied to a tieback during testing.

The Swiss Standard [57] defines a low-risk project as one where tieback
failures would have few serious consequences and would not endanger public
safety and order. It also defines a high-risk project as one where tieback
failures would have serious consequences and would probably endanger public
safety and order. The designer is the one who should evaluate the risk

assoclated with his project. Table 3 glves examples showing how risk might
affect a tieback installation.

ESTIMATION OF ANCHOR CAPACITY

Tieback capacity depends upon the size and shape of the grouted anchor,
the tendon type and size, the I, the 1n situ
strength of the soil or rock, the drilling method, the method used to clean
the drill hole, and the grouting method. These variables affect the load
transfer mechanism between the grouted anchor and the soil or rock.

To date, there appears to be no theoretical relationship that can
accurately predict tieback capacity. The inability to estimate capacity was
demonstrated in 1974 at the ASCE Geotechnical Division Specialty Conference
in Austin, Texas [69]. At the Austin Conference five engineers, familiar
with tieback design and construction, were given soil data and construction
information concerning four tieback installations. The five engineers used
theoretical relationships and experience to estimate the ultimate tieback
capacities. Table 4 summarizes their predictions and the actual
capacities. The actual capacities varied by plus or minus 33 percent, and
the prediction varied by a considerably wider margin. Tt is apparent that,
at best, only a range of capacities can be estimated, and that testing 1is
required in order to verify capacity.

The relationships used to estimate tieback capacity assume that the
anchor is formed in only one type of soil. In reality, a tieback anchor is
normally formed in different soils with one soil type dominating 4ts
behavior. The heterogeneous nature of the soil makes careful testing of
each tieback very important.

Table 5 illustrates how tieback capacity may be affected by the type of
tieback selected. The table gives typical ultimate capacities for different
tiebacks installed in a very stiff clay (N = 30 blows per foot).

A. Rock Tiebacks

The majority of the rock tiebacks are made in tremie-grouted
straight-shafted drill holes. The grout is pumped into the drill hole

through a grout tube or the drill rods.
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Table 3.

Examples showing how risk may affect a tieback installation.

Recommendations

Tieback Type

For Low Risk Work

For High Risk Work

to check performance

A1l Permanent’ a) Maximum test load equal |a) Maximum test load equal
Tiebacks to 1.33 Design Load - to 1.33 Design Load
b) Visual observations b) Optical survey used to
used to check measure deformation of
performance the structure
[Permanent Tiebacks |a) Maximum test load equal | a) Maximum test load Z 1.5
Installed in to 1.33 to 1.50 Design Design Load
Cohesive Soils Load
[b) Monitoring during b) Monitoring after
construction is completion of con-
necessary and it struction is necessary
should include and it should include
measurement of measurement of tieback
structural load and deformation
deformations of the structure
{Permanent Tiebacks [a) Maximum test load equal | a) Maximum test load equal
Installed in to 1.33 Design Load to 1.33 Design Load
Sandy Soils or Rocks
b) Visual observation used | b) Monitoring after

completion of con-
struction is necessary
and it should include
measurement of tieback
load and deformation of
the structure

5ermanent Tieback

Simple corrosion

Simple corrosion

Installed in
Nonaggressive
[Environments
(Tieback
honreplaceable)

protection

Installed in protection protection
Nonaggressive

Environments

(Tieback replaceable)

Permanent Tieback Simple corrosion Encapsulation
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Table 4. Predicted and observed tieback capacities [69].

Anchor Capacity (kips)
(1 kip = 4.45 kN)

Engineer Method Used | Calumet Washing~-|Morris- Parque

to Determin% Harbour | ton town (NJ) Central
Capacity Metro
Dr. Costa-Nunes, Theory 160-510 | 125-300 | 80-260 70-380
Tecnosolo
Mr. Malijina, LeRoy | Theory 300-500 | 250 200-250  [400-600
Crandell

Mr. Nelson, Spencer| Experience 250-300 [ 120-150 (100-120 250-300
White and Prentis

Dr. Murphy Theory 295 150 120 215

Dr. Bassett, Theory 200-290 {130 125 145-205
King's College

Actual Test Results 320-450 |160-220 {150-260 }200—280

The ultimate capacity of a straight-shafted rock tieback is given by
Equation (10).

(10)

where: ultimate tieback capacity
anchor diameter
anchor length

ultimate rock-grout bond stress

~N =0

Equation (10) assumes a uniform bond or shear stress distribution along
the anchor length even though the the actual bond stresses are not uniformly

distributed. Actual load distribution along rock tiebacks is discussed in
Chapter 9.
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Table 5. Typical ultimate tieback capacities for tiebacks installed
in a stiff clay (N = 30 blows per foot).

Tieback Type Ultimate Capacity

Pressure injected tieback

(3 inch (76 mm) driven casing 40 kips
and a 20 foot (6.1 m) anchor (178 kN)
length)

Hollow stem augered tieback
(10 inch (254 mm) diameter 110 kips
shaft and a 35 foot (10.7 m) (490 kN)
anchor length)

Single underreamed tieback
(18 inch (457 mm) diameter

shaft, 36 inch (914 mm) un- %gg;‘iﬁ;’
derream and 20 foot (6.1 m)

anchor length)

Postgrouted tieback (6 inch

(152 mm) initial diameter 270 kips

“and 30 foot (9.1 m) anchor (1202 kN) E
length) :

Littlejohn and Bruce [70] indicated that in soft rocks with uniaxial
compressive strength less than 1, y a), values of T,1¢

shoul exceed the minimum shear strength of the rock. This
recommendation 1s misleading berause—as—FEquattons (11} through (13) show, it

gives values of Tyjp larger than those used in practice. The
Mohr-Coulomb relationship between major and minor principal stresses at
failure can be expressed by Equation (11):

Oy = 03 Ny + 2 c/§¢ (11)
where: 01 = major principal stress
O3 = minor principal stress
Ng, = (1 + sin ¢)/(1 - sin ¢)
c = cohesion
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Hendron [71] showed that the relationship between major and minor and
principal stresses for a rock could also be approximated by Equation (12):

01 =Koz + Ga(ult) (12)
where: o1 = major principal stress
K = a constant numerically equal to N¢
03 = minor principal stress
ca(ult) = uniaxial compressive strength

Therefore, the mini sh imum bond strength of a rock

can be estimated by setting Equations (11) and (12) equal to each other and

solving for the cohesion, "c":

o ,
a(ult) 13)
c = - (
2/%
where: c = cohesion, shear strength

ca(ult) uniaxial compressive strength

N¢ = (1 + sind)/(1 - sing)
Hendron [71] repo ween 4 and 6 for soft rocks which
would give a value for Tule-0of 204 psi (1,408 kPa) for a rock with an
unaxial Compressive kPa). This bond stress is

about 10 times larger than those used in practice.

In _competent massive rocks, 100% core recovery, Tyl+ can be assumed
to be equal to ten percent of the uniaxial compressive strength Gp to a
maximum of 609 psi (4,200 kPa) assuming that the crushing strength of the
grout is equal to or greater than 6,087 psi . a . :

When rock strength information is not available, ultimate bond
strengths of 30 to 50 psi (207 to 345 kPa) can be used for soft sedimentary
rocks, and 200 psi (1,380 kPa) can be used for component rocks. The bond
between the tendon and the grout will normally fail first if the bond
between the grout and the rock is greater than 100 psi (690 kPa).

Multiunderreamed tiebacks have been installed in weak rock.
Multiunderreamed tiebacks installed in a medium hard to soft, slightly sandy
shale, at Newburgh Dam, Newburgh, Indiana, had three 21 inch (53.3 cm)
diameter underreams, 18 (45.7 cm) inches long, and a 9 inch (22.9 cm)
diameter shaft. They were tested to 1,500 kips (6,675 kN) [72].

B. Cohesionless Soil Tiebacks

Low-Pressure-Grouted Tiebacks

Low-pressure-grouted tiebacks are installed using an effective grout
pressure less than 150 psi (1,035 kPa). These tiebacks are normally
installed in a cased, rotary-drilled, hole. Littlejohn [73] indicated that
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the ultimate capacity of a rotary-drilled, low-pressure-grouted tiebacé\
could be estimated by the empirical relationship: 9®

(14)

ultimate anchor capacity

anchor length

an empirical factor which accounts for
drilling method, soil permeability,
overburden pressure, and grout pressure
¢ = angle of internal friction

The empirical factor “n" is based upon the nermeshility of the .80fJ. L)

"n" ranges from 27.4 to 4l. T kIps/Tt (400 to 600 kN/m). 1In fine tﬁ'medium
sands with a permeability between 10~ to 10-3 cm/sec., "n" ranges from

8. 9’Eo*1i‘3‘kt2s/ft (1350 to I65 kN/m).  These values were determined Itrom
tests on tiebacks installed using 4 inch (102 mm) casing and having a
minimum soil overburden of 40 feet (12.2 m). The grouf pressure varied from

4 to 145 psi (30 te 1,000 kFa).

Because of the large variastions in "n" and the- small variation im
tan ¢, Equation (14.) sliould not be assumed to have any physical
significance. The data: could have: been: presented. as: ar foad’ transfer rate-
per- length: of anchor-

LittIejohn [73] also presented another cquation for estimating the
ultimate capacity of low--pressure-grouted tiebacks. This equation indicates
that capacity is a function of enchor geometry and soil parameters. His
relationship is givern by Equation (15):

P =AY (h+1,/2) TD 1y tan ¢ + B y h 11/4 (D> - a’y (15)
(shear) (end bearing)
where: 1= =: ultimate anchor- capacity
A = ratio of the contact pressure at the anchor wall

interface to the effective overburden pressure
efifective unit weight of the soil.

depth. ta the top of. the: anchor zone-

a = anchoxr lengthn

anchor diametes-

bearik 3~g‘93g1£¥_ﬁactaﬁ

d. §§§z§ﬁ§ﬂ1ameuer of” grout shaft above anclior  zones

R
]

L |

Littiejohnm indicated ‘that- "4" ie a functiomw of the imstalilatiom
techniques.- When. rotary drilling with casing is used, "A" ranges between I
and Z. If the soil is loosened during the drilling, "A" may- be reduced. to
approximatefy the coefficient of earth pressure at rest, K,. Normally,

"A" 1s assumed to be equal to 1. The bearing capacity, factor "B", is a.
funceion of ihe angle of shearing resistanceé of the sofl and the Fatio h/D..
and it is similer to the bearing capac: LittTeJohn [731
recommended usingrvaluesrof*N‘*whttﬁ_WEfé‘&§v5Tbpe3 by Berezantzeu [74)
for nile foundations.
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. Whafbout the validity of Equations (14) and (16).
™

Equation (15) may not be valid because it assumes relationships which
have not"been theoretieally—estabits ed, and bBETAUSE : oY, and shaft
diaméters cannot be ned unless the tieback is unearthed.

Littlejohn [73] and Nicholson Construction Company [72] report that
Equation (16) can be used to estimate the ultimate capacity of
low-pressure-grouted tiebacks in fine to medium sands.

P=2p; TD 1, tan ¢ (16)
where P = ultimate anchor capacity
Pi = effective grout pressure, maximum of 2 psi/ft.@
D = anchor diameter
1, = anchor length
¢ = angle of internal friction

Equation (16) is another form of Equation (14). By setting Equations (14)
and (16) equal to each other, the anchor diameter is shown to be about 60
inches (23.6 cm) 1f n = 15 kips/ft (20.4 kN/m), and pjy = 80 psi

(552 kPa). This diameter is not reasonable and raises additional questions

The writer recommends that load transfer rates be used to estimate the
capacity of low-pressure-grouted tiebacks in cohesionless soils. Equations
(14), (15), and (16) should not be used for estimating their capacities
because they are misleading and they have no apparent physical
significance. Load transfer rates of ft (73 to 117 kN/m) for
fine to medium sands and 13 to 25 kips/ft (190 to 365 kN/m) for_dense sands

and gravels can be used to estimate the capacities of low-pressure-grouted
tiebacks in sandy and gravelly soils. -

Hollow-Stem-Augered Tiebacks

Continuous hollow-stem augers can be used to install tiebacks in silty
sands, sandy residual soils, interbedded clays and sands, and sands.

Hollow-stem augers do not effectively drill soils if cobbles or boulders are

present. Loss of ground may result in cohesionless soils if augers are used

to install tieback less than 30° from the
horizontal, or bel abl =stem augers are widely

used\ip the United States, but they are seldom used in Europe.

The ultimate capacities of a hollow-stem-augered tiebacks in sand are
empirically estimated. Nolan [15] reported that hollow-stem—-augered
tiebacks in a sand with discontinuous layers of fossiliferous limerock were
proof tested to 195.0 kips (867.8 kN). He did not provide any details
concerning the installation. In the absence of experience with a particular
soll, Schnabel Foundation Cqgggﬁilllﬁlﬂnses~a_shgg£‘gtrength of 1000 psf
(47.9 kPa) Tor eéstimatin acit llow-stem-augered
tie%ack. Carson [76] indicated that sixty foot (18.3 m) long bored concrete
piles would have a 120 kip (534 kN) design load. Using a safety factor of

2, this would give an ultimate shear strength of about 1.25 kips/ft2
(59.9 kPa).
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Pressure—Injected Tiebacks

Pressure-injected tiebacks are only installed in cohesionless soils.
They uge_an effective grout—pressure tmexcess of 150 psi (1,035 kPa).
Pressure—injected tiebacks use a drilled or driven casing to seal the hole,
whi he anchor zone to be grouted under high pressure during the

extraction of the casIng:
—_—

Estimations of the ultimate capacity of pressure-injected tiebacks are
based upon field experience. To date, no theoretical relationship has been
developed to accurately predict their capacities. Figure 60 shows design
curves developed by Ostermayer [11] for pressure-injected tiebacks. These
curves show tieback capacity as a function of anchor length. The curves
also show the influence of soil type, density, and uniformity. Ostermayer
did not use test results for many tiebacks with an anchor length longer than
26.2 ft (8 m), and most of the tiebacks were not tested to their ultimate
capacity.

High-Pressure-Grouted Tiebacks

Postgrouting can be used to place the anchor grout upder high
pressummn Tnstall the-tiebaeks—and an inflatable
bag of packer 1s used to isolate the anchor length so the grout can be
pressurized. Single phase postgrouting or multiphased postgrouting are
possible depending upon the grouting method. Postgrouted tiebacks are
described in detall on Page 159 and Pages 161--164.

Jorge [77] developed the design curves shown in Figure 61 for
multiphase postgrouted tiebacks used by Soletanche. These curves show the

ultimate rate of load transfer as a function of grouting pregsure. ][t is
apparent that pressure has a significant effect on the rate of load transfer

for postgrouted tiebacks installed in soil. The ultimate tieback capacity
of Soletanche "IRP" tiebacks can be estimated by multiplying the ultimate
rate of load transfer by the anchor length.

Table 6 summarized Bachy's experience with high-pressure-grouted
tiebacks in cohesionless soils [78]. It should be pointed out that Bachy
did not use grout pressure as a variable in developing Table 6. Pressures
in excess of 200 psi (1,380 kPa) were used for each tieback.

When pressure is used to grout an anchor in cohesionless soils, there
is general agreement that anchor diameter 1s not significant in determining
capacity. Jdince small diameter driven or rotary drilled casings are used to
install high-pressure—grouted tiebacks, grout diameters are often less than

6 1nq§§5:(I52‘ﬁﬁj.

Regardless of tieback type, high ultimate capacities in excess of 140
kips (623 KN) can be developed in cohesionless soils with a standard

penetration resistance greater than 10 blows per foot.
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Table 6.

100 200 300 400 500
Grout pressure, psi

(1 psi = 6.9 kPa)

Ultimate capacity of postgrouted tiebacks, after Jorge [77].

Ultimate capacity of Bachy tiebacks in cohesionless soils [78].

Soil Type

Grouting Method

Ultimate Capacity

Dense sand and gravel
(well graded 0.4 mm
to 20 mm)

single and multiphase
postgrouting

greater than 340 kips
(1513 kN)

sand and gravel (uni-
formly graded form
0.2 mm to 5 mm)

single and multiphase
postgrouting

between 180 kips and
340 kips
(801 kN and 1513 kN)

Fine to medium silty
sand (20% silt, 80%
sand, 0.05 mm to 2 mm)
N = 36 blows/ft

multiphase postgrouting

between 200 kips and
250 kips
(890 kN and 1112.5 kN)

Very loose fine to fine
sand (uniformly graded
from 0.02 mm to 0.5 mm)

multiphase postgrouting

180 kips
(801 kN)
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C. Cohesive Soil Tiebacks

Low-Pressure-Grouted Tiebacks

Low-pressure-grouted tiebacks in a cohesive so0il are installed using an

effective grout ressure less than in
cohesive soils are not postgrouted, theﬁg!nnt~pre§§g;e is normally less than
150 psi (1,035 kPa), and equal to the pressure which will fracture the
ground:—Lf%_f?sz?ﬁfi§_3532§;;; grout can be continuously pumped into the

soil without any increase in grout pressure. Ground heave results from
continuous pumping and structures overlying the tieback may be damaged.

Straight-shafted tiebacks are the most common type used in cohesive
soils. They are'made using hollow-stem augers or by tremie grouting an open
drill hole.™

Low-pressure~grouted tiebacks in clays are assumed to have a uniform
rate of load transfer along their lengths. Tests measuring the actual load
distribution are included in Chapter 9. Equation (17) is used to estimate
the ultimate capacity of low-pressure-grouted, straight-shafted tiebacks in
clay.

17)

wher P = ultimate anchor capacit
D = anchor diameter
1 = anchor length
o = adhesion factor
cy = average undrained shear strength

Table 7 contains méasured adhesion values reported In the literature. Hanna
[83] has recommended using an adhesion value oor design 1f there is
‘no experience with a particular soil. =

The ultimate capacity of straight-shafted tiebacks in clay can also be
estimated by Equation (18):

P=mTD1 £ (18)

ultimate anchor capacity

D = anchor diameter
1a = anchor length
fg = ultimate skin friction between the grout and the

soil

SchnabQl_Enundatinn_CQmpanx_LZS}_uaad_a~m§ximum skin friction value of 1,000
psf (47.9 e ndicated that a larger value can be
ummmﬁ% psf
(47.9 kPa), Schnabel uses agﬁgltiméE2gEEIE_T?IEFIBE‘VEIEE‘Equai’tOMthe
**“-*”‘"‘““*-———-———-———-_~_~W

undrained shear stFength. —
—_ Shear strength.

Tomlinson [84], Peck [85], and Woodward, et al [86], have reported that
the ultimate value of skin friction for a pile in a stiff clay is likely to
be less than 50% of the undrained shear strength of the clay. A similar
reduction 1s reasonable for tiebacks installed in a stiff cohesive sgoil,
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Tieback and pile experience indicates that the ultimate capacity of
low-pressure-grouted, straight-shafted tiebacks in clay can be estimated by
Equation (18). The adhesion factor "0" should be equal to 1 for clays with
undrained shear strength less than 1,000 psf (47.9 kPa) and it should
decrease to a minimum of 0.3 as the strength increases.

-
,/~\\~M//////"";;ble 7. Summary of reported adhesion factors. ﬁ*\\\\\\
Soil Type Soil Strength o Source
Stiff London Clay Cu > 1880 psf 0.3 - 0.35 [79]
(9.0 kPa)
; Stiff overconsolidated Cu = 5639 psf 0.28 - 0.36 [80]
/ clay at Taranta, Italy (27.0 kPa)
i
Stiff to very stiff marl Cu = 5994 psf 0.48 - 0.60 [73]
at Leicester, England (28.7 kPa)
Stiff clayey silt at Cu = 1984 psf 0.45 [81]
Johannesburg, South (9.5 kpPa)
Africa
Heavily overconsolidated Cu = 1041 psf 0.50 [82]
clay in Sweden (5.0 kPa)

o

Single—underreamed tiebacks are used in cohesive soils in the United
Sfates. They develop capacity from friction along the shaft, and bearing on
e underream. Equation (19) can be used to estimate the ultimate capacity
of a single-underreamed tieback.

e

P=0cy lg TDg + /4 (D - D) Ng cy (19)

where: P ultimate anchor capacity

a = adhesion factor

Cu = average undrained shear strength
1g = shaft length

Dg = shaft diameter

Du = underreamed diameter

Ne = bearing capacity factor = 9

The adhesion factor "a", in Equation (19), is equal to the value used in
Equation (17).
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Multiunderreamed tiebacks were developed for use in stiff London clay.
Littlejohn [5] has stated that underreamed tiebacks are ideally suited to
London clay with an undrained shear strength greater than 1,880 psf
(90 kPa). He reported that underreamed tiebacks have been made in London
clay with a shear strength of 1,044 psf (50 kPa), but that local collapse of
the underreams or breakdown of the shaft between underreams is common when
the shear strength 1s below 1,462 psf (70 kPa). These construction problems
limit the use of underreamed tiebacks to stiff or very stiff clays.

Multiunderreamed tiebacks in clay are assumed to develop capacity from
adhesion along the shaft above the underreams, end bearing of the first
underream, and shear along a cylinder established by the tips of the
underreams. Equation (20) was proposed by both Littlejohn [73] and Bassett
[87] to account for each one of the components.

P =0QcylgmDg + /4 (D ~ D) Ng cy + £y oy Ly T Dy (20)

where: P = ultimate anchor capacity

o = adhesion factor

Dg = shaft diameter

1g = shaft length

cy =  average undrained shear strength

Ng = bearing capacity factor

Du = underreamed diameter

fu = reduction coefficient

1y = length of underreamed portion of anchor

Littlejohn's form of Equation (20) had f, = 1.0, No = 9.0, and o = 0.3

to 0.35. Littlejohn's equation was developed for the Cementation Piling and
Foundations' brush underreamer. This underreamer is basically an expanded
wire brush which is rotated and gradually expanded as it abrades the surface
of the drill hole. Bassett's form of Equation (20) has f, = 0.75 to 0.95,
Ne = 6 to 13, and o= 0.3 to 0.6. Bassett's relationship was developed

for the blade cutter of Universal Anchorage Contractors, Ltd. The spacing
of the underreams determines if a shear failure occurs along a cylinder
established by their tips. If the spacing becomes too large, the failure
surface will not occur along the cylindrical surface established by the
underreams, but will intersect the shaft between underreams. Bassett [87]
indicated that the underreams are made at a spacing equal to about 1.5 times
their diameter. Model studies indicate that the underreams could be spaced
between 2 or 2.5 times the diameter of the underreams [87].

High-Pressure-Grouted Tiebacks

High-pressure-grouted tiebacks in a cohesive 80il are installed using a
grout pressure greater than 150 psi (1,035 kPa). It is the writer's opinion
that only postgrouting can be used to obtain these high grout pressures in a
cohesive soils. Postgrouting is described on Page 159 and Pages 161--164.
Without postgrouting, clay soils are fractured at a grout pressure less than
150 psi (1,035 kPa).

The mechanism by which a postgrouted tieback develops its capacity is
not completely understood. Tt has been demonstrated that postgrouting
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increased the diameter of the anchor by breaking the original grout body and
forcing wedges of grout outward against the soil. The skin friction between
the grout and soil may also be increased by postgrouting.

Jorge [77], Ostermayer [11], Goldberg, et al [88], Bustamante [89], and
Bachy [78] have presented the results of tests performed on postgrouted
tiebacks in clay. Table 8 summarizes these tests. These investigators did
not provide information about the postgrouting system, drilling methods, or
a complete soil description. To date, no one has published a relationship
for estimating the capacity of postgrouted tiebacks in clay. Each tieback
contractor uses experience to estimate the ultimate capacity of tiebacks
installed by his particular techniques.

The general consensus is that postgrouting improves the capacity of

tiebacks in cohesive soils. Depending on the soil and the postgrouting
system, increases ranging from 25% to more than 300% are common.

MINIMUM UNBONDED, ANCHOR, AND TOTAL TIEBACK LENGTH

The unbonded length of a tieback must be long enough to place the
anchor in so0il or rock which would not be affected by movement of the
structure. For a'wall, the unbonded length should place the anchor behind
the critical failure surface (See Figure 62). Without the tieback, the
factor of safety against sliding along the critical failure surface is one.
A minimum unbonded length of 15 feet (4.50 m) should be used to avoid high
load losses as a result of long-term steel relaxation, creep in the soil,
anchorage seating losses, and structural deformations.

Critical Failure Sﬁrface—~\

; :

tttt

Most Probable
Failure Surface
‘Through The Ends
0f The Tieback

Figure 62. Determination of the unbonded and total tieback length.

The total tieback length should be selected so the tiebacks are
anchored in soil or rock which is stable. For the wall shown in Figure 62,
a stability analysis can be used to calculate the factor of safety against
sliding along the most probable failure surface through the ends of the
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Table 8.

Capacities of postgrouted tiebacks in clay.

Calculated
Soil Properties 8kin Priction Anchor Ultimate Source
Length Tioback
Soil Type <, w I I w/post w/out post (fe) Cq;actty
(psi) grouting groutang {kips)
{(psi) {psi)
Very stiff to - 45 22 1.25 §1.5-74.7 33.4-56.6 -- - {11]
hard sandy silt,
medium plasticity
(Marl} .
Very stiff clay, -~ 32-45 {14-25 ]1.03-1.5 -- 18.9-49.3 - - 1)
medium plasticity
(Marl)
Stiff clay, - 32-45 114-25 ]1.03-1.5 -~ 11.6-31.9 o= - 1111
medium plasticity
{Marl)
Very stiff clay, -- 48-58 |23-35 |1.1-1.2 18.9-43.5 11.6-27.6 - - [11)
medium to high
plasticity
Stiff clay, -- 45-59 116-32 [0.8-1.0 .- 2.9-14.5 - - 111)
medium to high
plasticity
silt, medium - 23-28 | s-11 [o.7-0.85 -- 18.9-30.5 -- -~ nj
plasticity
Stiff to very - - - - 19.1-51.4 - - - {88}
stiff clay,
medium plasticity
Plastic clay 8.7-11.6 |80-90 | 50-60 .- 38.4 - 19.7 179.8 [89)
{1 grouting)
Plastic clay 8.7-11.6 |80-90 | 50-60 - 29.0 -- 19.7 203.3 [89)
(2 groutings)
. - 19.7 247.3 106
Plastic clay 8.7-11.6 {80-90 | 50-60 = (3 ::0\8“1"9') ‘ :
Marl 4.3-11.4 | -~ - .- .- .- 19.7 46.4
(1 grouting) {77}
118.7
(2 groutings)
164.6
(3 groutings)
Marl 4.3-311,4 | -~ - - .- - 19.7 - s1.1
(1 grouting)
157.2 (77)
(2 groutings)
211.7
| (3 groutings)
.3-11. .- - - - - 1.1 24.0 |
Marl 4.3-11.4 (1 grouting)
51,8 {m
(2 groutings)
119.8
(3 groutings)
- - - - —~ - 26.2 85.6
Marl 4.3-11.4 (1 grouting)
19.8 (m
{2 groutings)
W 1. W -v where: W = liquid limit 1 kip = 4.45 XN
¢ W - “p W = natural water content 1 psi = 6.9 kPa

wp = plastic limit
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tiebacks. 1If the factor of safety is not satisfactory, the tieback length
can be increased. Schnabel [90] discusses the stability of tiedback
structures. Morgenstern and Sangrey [91] present a good summary of limit
equilibrium stability methods, and Ranke and Ostermayer [92] present an
analysis based on calculating the force required to dislodge a block of soil
containing the tiebacks. For ‘the tank shown' in Figure 63, the bouyant
weight of the crosshatched soil or rock mass must equal the hydrostatic
uplift force acting on the bottom of the tank, times the factor of safety.

The stability of a tank 1s a function of tieback length regardless of the
individual tiedown capacity.

LN '-'T'-l’i"'v
v I X 4

Figure 63. Determination of the total tiedown length.

Tieback contractors normally provide a minimum anchor length of 15 feet
(4.58 m) for straight-shafted tiebacks.

Observations

Today, the estimation of tieback capacity is based on field experience
or empirical relationships. The relationships or graphs that have been
presented in this chapter are based on actual tieback tests. However, in
many cases, they were developed from a small number of tests, and these
tests were performed on unique tiebacks systems at only one or two sites.

The state-of-the-art has not progressed to the stage where the load
transfer mechanism for the various types of tiebacks are completely
understood. The writer believes that the information provided in this
chapter can be used by the designer to determine whether or not a tieback
can be installed in a particular soil, and to estimate ranges of ultimate
capacity that may be obtained. 1In most cases, the designer does not need to
specify the tieback type or capacity. The most economical installation will

"be obtained if the design will enable the tieback contractor to select the
tieback type and the capacity. The designer should specify the minimum
unbonded length, the minimum total length, and the unit tieback capacity
required. Finally, each production tieback must be tested to verify that

the anchor can carry the design load over its service life. Testing is
discussed in Chapter 10.
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CHAPTER 7 - SPECIFICATION OF TIEBACK WORK

This chapter contains recommendations for the specification of
permanent tieback work. The specifications are difficult to prepare since
some of the tieback systems or corrosion protection methods are patented,
and many contractors have developed unique installation methods. It is
virtually impossible for the designer to be familiar with all the various
tieback systems which are used. Therefore, the designer needs to prepare a
specification that will establish a quality level without eliminating
suitable proprietary systems or methods. The specifications should enable
qualified contractors to use their experience gained on previous Jjobs.

PERFORMANCE SPECIFICATION

A performance specification which establishes a quality level and
describes the desired end-results enables the designer and the contractor to
use their experience and expertise. The designer establishes those things
which affect his design, and he specifies a tieback testing procedure and
monitoring requirements to verify performance. The installation methods,
and the development of the tieback capacity should be the responsibility of
the contractor. This enables the contractor to provide his most economical
tieback, and still satisfy the requirements of the design. The designer and
the contractor will share the responsibility for the work.

The Swiss Standard [57] is a performance specification and it outlines
the responsibilities of the designer and the contractor. The designer 1is
required to:

1) Provide a detailed geotechnical site investigation.
2) Determine the design load.
3) Specify a testing procedure and acceptance criterion.
4) Estimate the settlement of ad jacent structures and establish
permissible deformations.
5) Specify the tieback clearance around utilities.
6) Provide installation tolerances.
7) Rate the risk associated with the work, and establish the safety
factors.
8) Determine the unbonded length, and minimum total length.
9) Determine the lock-off load.
10) Determine the monitoring requirements.
11) Describe the level of corrosion protection required and evaluate
the contractor's proposed corrosion protection system.

The Swiss standard requires the contractor to:

1) Design the tendon.

2) Select the installation method.

3) Select the anchor length.

4) Propose the corrosion protection system.

5) Be responsible for the contract compliance of the materials used.

120



6) Guarantee the tieback capacity.
7) Obtain the required unbonded length.
8) Provide the required records.

The French Recommendation [53], the FIP Rules [58], the German
Standards [55] and [56], and the PTI Recommendation [59], are also
performance specifications. They establish quality levels without
specifying tiebatk type. They also recognize that most tieback systems have
been developed by contractors, and many of the methods are patented.

CLOSED SPECIFICATIONS

In contrast to European practice, American designers often design the
complete tieback installation. They specify the type of tieback, the
corrosion protection system, the tieback capacity, the installation methods,
and the testing procedures. The contractor is required to submit material
certifications, and install the tiebacks in accordance with the
specification. When this contracting method is used the engineer or owner
is responsible for performance, if the contractor complies with the
specifications. This form of specification does not enable the experienced
contractor to make best use of his patents or expertise, and it encourages
contractors not familiar with tieback work to bid. If the inexperienced
contractor obtains the work, then the owner must be prepared to direct the
contractor's work if the tiebacks fail. This type of specification does not
guarantee low prices; in fact, higher prices, change orders, and delays
often result when the wrong tieback systems or drilling methods are
specified.

The working group, who developed the French Recommendations [53]
recognized that closed specifications should not be used for tieback work.
They stated that tieback techniques were evolutionary in nature, and it was
important not to "freeze" the technology by rigid specifications. The
French committee also indicated that the specification cannot replace the
professional experience and consciousness of the contractor's personnel at
all levels.

PREQUALIFICATION

The designer may require the prequalification of the tieback
contractor. The prequalification may be based on experience, or a list of
acceptable contractors may be included in the specification. An alternate
type of prequalification should be tried and evaluated for permanent tieback
work. The specification would require the submission and approval of the
tieback system design, and the corrosion protection method prior to bid.

The submission must be detailed enough for the designer to determine whether
or not his design is satisfied. This method would enable the contractor to
know if his proprietary techniques would be acceptable, and to provide the
most economical installation. Preparation and review of the submittal would
not require a substantial effort, and this contracting practice would
encourage alternate tieback types, continued tieback development, and the

most economical tieback.
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SAMPLE PERMANENT TIEBACK SPECIFICATION

(NOTE: The dimensions given are provided for example purposes
only. They are not intended to be used for other applications.)

Scope of the Work

This section of the specification describes the materials,
labor, and equipment required for the installation and monitoring of
the permanent tiebacks shown on the contract drawings.

Tieback Capacity

The contractor shall be responsible for obtaining the desired
tieback capacity in accordance with the tieback testing section of
this specification. (The engineer can use one of the following
alternates.)

1) Alternate A: The contract drawings contain a loading
diagram which the contractor shall use to determine the
number and capacity of the tiebacks. The anchor zones of
the tiebacks shall be at least 5 feet (1.52 m) apart.

2) Alternate B: The contract drawings contains tieback
loadings per linear foot of wall. The contractor shall use
these loadings to determine the number and capacity of the
tiebacks. The anchor zones of the tiebacks shall be at
least 5 feet (1.52 m) apart.

3) Alternate C: The contract drawings indicate the location
and capacity of tiebacks.

Minimum Unbonded length and Tieback Angle

Each tieback shall have a minimum unbonded length of 15 feet
(4.58 m), The contract drawings indicate the unbonded length required
for each tier of tiebacks. The tieback shall be installed at an
angle varying between 10° and 30° from the horizontal.

Total Tieback Length and Minimum Anchor Length

The minimum total tieback lengths are indicated on the contract
drawing. In no case shall the anchor length be less than 10 feet

(3.05 m). The tieback must not extend beyond the easement shown on
the contract drawing.

Prequalification

Twenty (20) working days prior to the bid date, the tieback
contractor shall submit to the engineers for review and approval a
proposal describing the tieback system he intends to provide. The
submission shall include:

1) Qualifications if required.

2) A description of the tieback installation. Includes
drilling, grouting, and stressing information.
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3) Estimated tieback capacity.

4) Tendon type and capacity.

5) Anchorage type.

6) Corrosion protection details--shop drawings required.

7) Exceptions to the specification and reasons for exceptions.

The engineer will review the submission and telegraph comments to
the prospective bidders within five (5) working days after receipt
of the submission. Within five (5) working days, the contractor can
resubmit a revised proposal. The engineer will notify the
contractor by telegraph five (5) working days before bid whether or
not his tieback system and corrosion protection meets the
requirements of the specification.

Materials

1) Tieback tendons shall be fabricated from single or multiple
elements of the following:

a) Steel bars conforming to ASTM Designation A-722,
"Uncoated High-Strength Steel Bars for Prestressed
Concrete.”

b) Seven-wire strand conforming to ASTM Designation
A 416, "Uncoated Seven-Wire Stress~Relieved Strand for

. Prestressed Concrete.”
c) Wires conforming to ASTM Designation A 421, "Uncoated
. Stress-Relieved Wire for Prestressed Concrete."

d) Compact seven-wire strands conforming to ASTM
Designation A 779-80, "Uncoated Seven-Wire Compacted,
Stress—Relieved Steel Strand for Prestressed Concrete."

2) Anchorages shall be capable of developing 95 percent of the
guaranteed minimum ultimate tensile strength of the
prestressing steel. (The engineer shall indicate 1f the
anchor head must be restressable and/or capable of load
adjustment [See Page 132]).

3) The bearing plate shall be fabricated from mild steel and
it shall be capable of developing 95 percent of the
guaranteed minimum ultimate tensile strength of the
prestressing steel.

4) Prestressing steel couplers shall be capable of developing
100 percent of the ultimate strength of the prestressing
steel.

5) Centralizers shall be fabricated from material which is
nondetrimental to the prestressing steel. (Steel or
plastic is commonly used. Wood should not be used.) The
centralizer shall position the tendon in the drill hole so
a minimum of 0.5 inch (12.7 cm) of grout cover is
provided. (Pressure-injected tiebacks do not require
centralizers.  (See Page 132)

6) Spacers shall be used to separate elements of multielement
tendons. They shall be fabricated from material which 1is
nondetrimental to the prestressing steel (See comment in
5). A combination centralizer--spacer can be used.
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7)

9)

10)

11)

12)

Type I, II, or III portland cement conforming to ASTM C-150
specifications shall be used for grout. (If the soluble
sulfate content of the soil or the groundwater is greater
than 2,000 mg/kg, then Type V cement should be used. See
Pages 137 and 138.) (If the soil or groundwater pH is less
than 4.5 or nearby buried concrete structures have
experienced chemical attack, then portland cement grout
should not be used. Acid resistant cements may be used in
acidic conditions. See Pages 137 and 138.) Cement should
be fresh and should not contain any lumps or other
indications of hydration.

Water for mixing grout should be potable.

Grout additives should be avoided. Accelerators should not
be used. Expansive admixtures should only be used for
secondary grouting, and filling trumpets and anchorage
covers. Admixtures which control bleed and retard set may
be used. Additives shall be mixed and placed in accordance
with the manufacturer's recommendations (See Page 137).

The sheath or bond breaker shall be either a steel, PVC,
polyethylene, or polypropylene pipe or tube. The sheath
may surround individual tendon elements or the entire
tendon. The material shall be capable of withstanding
damage during shipping, handling, and installation. The
material is subject to the approval of the engineer.

Grease injected under the sheath shall be formulated to
provide lubrication and inhibit corrosion. The chlorides,
nitrates, and sulfides present in the grease shall not
exceed the following limits:

a) Chlorides 10 ppm
b) Nitrates 10 ppm
¢) Sulfides 10 ppm

(The contract documents should indicate if simple or
encapsulation corrosion protection is required.) A simple
protected tieback tendon shall be provided. Details of the
protection system shall be submitted to the engineers for
review and approval. The contract drawings show a simple
corrosion protected tieback (See Page 96). The ends of the
grease filled sheath shall be sealed with tape, heat
shrinkable tubes, or other means subject to the approval of
the engineer. A plastic trumpet shall be used to make the
transition from the bearing plate to the corrosion
protection over the unbonded length. A tight fitting seal
shall be provided at the end of the trumpet. Insulating
bearing strips shall be provided under the bearing plate.
The bearing strips material must:

a) Be an electrical insulator.

b) Be resistant to attack from cement, grease, or
aggressive environments.

c) Be nondetrimental to the prestressing steel.

d) Have compressive strengths greater than concrete.

e) Not be susceptible to significant creep deformations.
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13)

Manufacturer's literature describing the bearing material
shall be submitted to the engineer for review and
approval.

The insulation over the anchorage and bearing plate shall
be fabricated from a heat shrinkable cap with an elastic
adhesive, a moldable sealant, or other suitable material.
Manufacturer's literature describing the insulation shall
be submitted to the engineer for review and approval. The
anchorage insulation must be:

a) An electrical insulator.

b) Resistant to attack from cement, grease, or aggressive
environments.

c¢) , Nondetrimental to the prestressing steel.

d) Capable of withstanding atmospheric exposure and

ultraviolet light if the .anchor Head is intended to
remain exposed.

An encapsulated tieback tendon is required. Details of the
proposed encapsulated protection system shall be submitted
to the engineer for review and approval. The contract
drawings show an encapsulated tendon (See Pages 76==79).
The anchor length shall be encapsulated in a corrugated
plastic or deformed metal tube. The capsule must be:

a) Capable of transferring stresses from the encapsulation
grout to the anchor grout. _

b) Accommodate movement during testing, and after
lock-off.

c) Resistant to chemical attack from aggressive

: environments, grout, or grease.

d) Fabricated from materials nondetrimental to the tendon.

e) Capable of withstanding abrasion, impact, and bending
during handling and installation.

f) Leak proof.

The tendon shall be centralized inside the capsule. Cement
grout shall be used to secure the tendon inside the
capsule. A leak tight transition shall be provided between
the anchor length capsule and the unbonded length capsule.
A heat shrinkable sleeve, or other suitable splices,
subject to the approval of the engineer, shall be used. A
smooth plastic or metal tube can be used over the unbonded
portion of the tendon. 1If the tendon is greased and
sheathed within the smooth portion of the capsule, then
grout should be used to fill the annular space between the
tendon and the plastic or metal tube. If the tendon is not

-sheathed, grease shall be used to fill the annular space

between the smooth tube and the steel. The smooth tube
must:

a) Accommodate movement during testing, and after
lock-off. :

125



b) Resistant to chemical attack from aggressive:
environments, grout, or grease.

c) Fabricated from materials nondetrimental to the tendon.

d) Capable of withstanding abrasion, impact, and bending
during handling and installation.

e) Leak proof.

A steel or plastic trumpet shall be used to make the
transition from the bearing plate to the protection over
the unbonded length. A tight fitting seal shall be
provided at the end of the trumpet. (The anchorage shall
be encased in - concrete if possible.) Exposed anchorages
shall be covered with a grease or grout filled cover. The
contractor shall ensure that the grease or grout fully
covers the anchor head.

Tendon Fabrication

1)

2)
3)

Prestressing steel shall be protected from dirt, rust, or
deleterious substances. (A light coating of rust on the
steel will not affect its function.) Heavy corrosion or
pitting is cause for tendon rejection. If there is a
question about the extent of the corrosion, the steel can
be tested to determine if it still meets the appropriate
ASTM specification.

Tendons can be either shop or field fabricated.

Tendons shall be stored and handled in such a manner as to
avoid damage or corrosion.

Installation

1)

2)

Core drilling, rotary drilling, or percussion drilling can
be used to drill rock foundations. Auger drilling, rotary
drilling, or percussion driven casing can be used for soil
tiebacks. The drill hole shall be located within 3 inch
(76 mm) of the desired location.

(The engineer may specify a watertightness test for rock
tiebacks. The test is not necessary for every tieback.
Cavernous limestone formations, open jointed or fractured
rock, and formations where water loss or gain was observed
during exploratory drilling should be checked for
watertightness. The engineer should determine the number
of tests to be performed. If the need for watertightness
testing is uncertain, then the initial drill holes need to
be tested. If it is certain that the formation is open,
then watertightness testing may be required for each
tieback (See Page 143). Pressure grouting the anchor zone
using the casing or a packer to seal the hole can be used
in lieu of a watertightness test (See Page 150). 1If
pressure grouting is used in rock, the engineer should
specify a minimum refusal pressure.)

After drilling the permanent rock tieback hole to the

desired depth, a watertightness test shall be performed to de-
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3)

4)

5)

Testing

termine the tightness of the drill hole. If the unbonded
length portion of the drill hole 1s in fractured rock or
soil, a packer or casing shall be used to isolate the
anchor length so it can be tested. The hole shall be
filled with water and subjected to a pressure of 5 psi
(34.5 kPa) in excess of the hydrostatic head measured at
the top of the drill hole. If the leakage rate from the
drill hole exceeds 5 gallons in a ten minute period, then
the hole should be consolidated grouted, redrilled or water
flushed, and retested. If the second watertightness test
fails, the process should be repeated. The water level in
adjacent drill holes should be observed during the test.

The water--cement ratio of the consolidation grout may be
adjusted as required to seal the hole.

If flowing'water is observed in the drill hole or artesian
water flows out of the hole, then the consolidation grout
should be pressurized. '

The contractor shall submit for review and approval a
description of the watertightness test procedures and
equipment.

The anchor grout shall have a water-—cement ratio between
0.35 and 0.50. The grouting equipment should include a
mixer capable of producing a grout free of lumps and
undispersed cement. A positive displacement grout pump
shall be used. The pump shall be equipped with a pressure
gauge to monitor grout pressures. The grouting equipment
shall be sized to enable the tieback to be grouted in one
continuous operation. Neat cement grouts should be
screened to remove lumps. The maximum size of the screen
openings shall be 0.250 inches (6.4 mm). Mixing and
storage times should not cause excessive temperature build
in the grout. The mixer should be capable of continuously
agitating the grout.

The anchor grout shall be injected from the lowest point of
the tieback. The grout may be placed using grout tubes,
casing, or drill rods. The grout can be placed before or
after insertion of the tendon. The quantity of the grout
and the grout pressures shall be recorded. The grout
pressures and grout takes shall be controlled to prevent
excessive heave in cohesive soils or fractured rock.

The tieback shall remain undisturbed for a minimum of 3
days or until the grout has cured.

(The engineer should select the appropriate tests from Chapter
10 and specify the number of each type to be performed.)
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Monitoring

Permanent load cells and extensometers shall be provided where
indicated on the contract drawings. The contractor shall read the
instrumentation biweekly during construction. Upon completion of
construction, the contractor shall turn over to the owner's engineer
the readout equipment required to continue monitoring. The engineer
shall monitor the tiebacks for additional years.

Records

The contractor shall provide the owner's representative with
the following records:

1) Drawings showing the location of the tiebacks, total
tieback length, anchor length, and unbonded length.

2) Steel and grout certifications and/or mill reports.

3) Grouting records indicating the cement type, quantity
injected, and the grout pressures.

4) Tieback test results.

4) Monitoring results.

PRICING

When performance specifications are used, the owner will be able to
obtain lump sump bids for the work. It may be desirable to use unit prices
for watertightness tests, consolidation grouting and redrilling. A lump sum
price makes the contractor responsible for performance and eliminates record
keeping and disputes about quantities installed.
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CHAPTER 8 - CONSTRUCTION

Tieback construction methods vary depending on ground conditions,
tieback capacity, tieback length, corrosion protection requirements, tendon
type, patents, designer and contractor experience, specifications, site
restrictions, and equipment availability. A variety of installation methods
are described in this chapter. Each one has been successfully used for
permanent applications. The different types were described so the designer
can become familiar with the various tieback systems that might be provided
if he uses a performance specification.

TENDON FABRICATION

A. Prestressing Steels

The tendon type, size, and length are determined by the tieback
capacity, allowable strength of the steel, corrosion protection
requirements, anchor length, and installation method. Only bars, strands,
and wires meeting ASTM standards should be used for tieback tendons. Bars
are manufactured from hot-rolled alloy steel meeting ASTM A-722-75,
Specification for Uncoated High Strength Steel Bar for Prestressed
Concrete. Strands are normally 0.5 inch (12.5mm) or 0.6 inch (15.2 mm)
diameter 7-wire strands manufactured to meet ASTM A-416~74, Specification
for Uncoated Seven-Wire Stress-Relieved Strand for Prestressed Concrete, or
ASTM A-779-80, Specification for Steel Strand, Seven-Wire, Uncoated,
Compacted, Stress—Relieved for Prestressed Concrete. Wire tendons are
buttonheaded and fabricated from wire which is manufactured to meet ASTM
A-421-77, Specifications for Uncoated Stress-Relieved Wire for Prestressed
Concrete.

Table 9 describes the various tendon materials used for tiebacks in the
United States. Bars are manufactured in 60 foot (18.3 m) lengths. The bars
can be cut or coupled in order to fabricate a tendon of the required
length. Couplers should not be located in the anchor length of simple
corrosion protected permanent tiebacks. Both smooth and continuously
threaded bars are available. Multistrand tendons are fabricated in any
length and capacity. Prestressing strand is manufactured in long rolls and
cut to length in a shop or at the site. Multiwire tendons are shop
fabricated in any length and capacity. Wire tendons are not deformed and
they are designed to transfer of load to an end anchor plate, but actually
they are bonded to the grout. Wires use cold-formed buttonheads to transfer
load to the anchor plates.

The maximum test load on a tieback should not exceed 80 percent of the
guaranteed ultimate capacity of the prestressing steel, and the design load
should not exceed 60 percent of the guaranteed ultimate capacity.

B. Sheaths

The unbonded length of a tendon is created by sheathing the individual
elements or groups of elements in the tendon. ILow or high density

polyethylene or polypropylene tubes, or PVC pipe are used to sheath the
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Table 9. Common tieback tendon materials.

Tendon Type Diameter Ultimate Strength Ultimate Capacity Yield Capacity (1) Nominal Steel Weight
Area
{inches) (om) . (ksi) (M Pa ) {xips) (xN) (kips) (kN) {(in®) (m2) (lbs/ft) (kg/m)

Bar (2) 1 26.5 150 1034.7 127.8 568.7 106.1 472 0.85 548 2.96 4.40

Bar (2) 1 26.5 160 1103.7 136.3 606.5 113.1 503 0.85 548 2.96 4.40

Bar (2) 1.25 32 150 1034.7 187.5 834.4 155.6 692 1.25 806 4.40 6.55

Bar (2) 1.25 32 160 1103.7 200.0 890.0 166.0 739 1.25 806 4.40 6.55

Bar (2) 1.375 36 150 1034.7 234.0 1041.3 194.2 864 1.56 1006 5.31 7.90
7-Wire Strand (3) 0.5 12.5 270 1862.5 41.30 183.78 37.17 165.41 .153 98.7 0.525 0.781
7-Wire Compact

Strand (4) 0.5 12.58 270 1862.5 47.00 209.15 40.90 182.00 .174 112.3 0.600 0.893
7-Wire Strand (3) 0.6 15.2 270 1862.5 58.60 260.77 52.74 234.67 .217 140.0 0.740 1.101
7-Wire Compact

Strand (4) 0.6 15.2 260 1793.5 67.44 300.11 58.70 261.22 .256 165.2 0.873 1.295

Wire (5) 0.250 6.35 240 1655.5 11.78 52.4 9.43 41.96 0.0491 31.7 0.167 0.249

(1)  Yield capacity for wires and
specified in ASTM A-370.

strands are the minimum leads at 1% extension when tested using methods
Yield capacity for bars are assumed to be 83% of ultimate.

(2) Bars conform to ASTM A-722-75S, Specification for uncoated High Strength Steel Bar for Prestressed Concrete.

(3) sStrands conform to ASTM A-416~

Concrete.

(4) Compact strands conform to ASTM A-779-80, Specification for Steel Strand, Seven-Wire,

74, Specification for Uncoated Seven-Wire Stress-Relieved Strand for Prestressed

Stress-Relieved for Prestressed Concrete.

Uncoated, Compacted

(5) Wires conform to ASTM A-421-77, Specification for Uncoated Stress-Relieved Wire for Prestressed Concrete.




tendon. The sheath functions as a bond-breaker between the tendon and the

grout, corrosion protection, and as a containment for grease. The sheath
must be:

1) Resistant to chemical attack from aggressive environments, grout,
or grease.

2) Fabricated from material nondetrimental to the tendon.

3) Capable of withstanding abrasion, impact, and bending during
handling and installation.

4) Leak proof.

5) Accommodate movements during testing and stressing.

6) Allow movements after lock-off if the tendon remains unbonded.

Sheaths may be shop extruded directly over greased wires or strands, or they
can be pulled over greased elements in the shop or field. They should have
a minimum wall thickness of 0.020 inches (0.5mm).

The annular space between the sheath and the tendon does not have to be
filled with grease if the tieback is going to be used for temporary
applications in nonaggressive environments (See Page 95).

C. Grease

Corrosion inhibiting greases are used to protect the prestressing steel
under the sheath. They have been formulated to inhibit corrosion and
provide lubrication for the tendon. The greases were orginally developed
for prestressing steel tendons in nuclear reactors. The PTI [59] recommends
that permanent tiebacks have a minimum grease thickness of 0.010 inches

(0.25 mm), and that the chlorides, nitrates, and sulfides in the grease
cannot exceed the following limits:

1) Chlorides 10 ppm.
2) Nitrates 10 ppm.
3) Sulfides 10 ppm.

Greases provided by the tendon suppliers meet these requirements.

D. Encapsulations

Corrugated PVC, high density polyethylene, or deformed metal tubes are
used to encapsulate the anchor length when aggressive environments are
encountered (See Page 95). The capsule must be:

1) Capable of transferring stresses from the encapsulation grout to
the anchor grout.

2) Accommodate movements during testing, and after lock~off.

3) Resistant to chemical attack from aggressive environments, grout,
or grease.

4) Fabricated from materials nondetrimental to the tendon.

5) Capable of withstanding abrasion, impact, and bending during
handling and installation.

6) Leak proof.
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Cement grout is used to grout the tendon inside the capsule. Admixtures
which improve flowability and control bleed, without significant strength
decrease, may be used with the encapsulation grout (See Page 137).

Polyester resins recently have been used for encapsulation grouts in Great
Britain. The formulation, and the creep and corrosion resistance properties
of these resins have not been published.

E. Spacers

Spacers are installed in multielement strand and wire tendons to
separate the individual strands or wires so that each one is adequately
bonded to the anchor grout. Figure 64 shows a typical strand spacer.
Spacers are fabricated from materials that are not detrimental to the
tendon. It is not certain if spacers are required. Many tiebacks are
installed without them; in fact, some tiebacks can not be installed with
spacers.

F. Centralizers

Centralizers are used to provide minimum grout cover over the tendon.
Grout cover is necessary for corrosion protection and for the development of
bond between the tendon and the grout. Figure 65 shows a centralizer for a
bar tendon. Centralizers are fabricated from materials that are not
detrimental to the tendon, and they should provide a minimum of 0.5 inches
(12.7 mm) of grout cover. Other standards [55], [57], and [58] have
recommended greater minimum grout covers. The excellent corrosion
performance of concrete pressure pipes [93] and Raymond cylinder piles [94]
indicates that a thin dense grout cover will provide satisfactory corrosion
protection for a tieback.

Dr. Stocker [95] stated that pressure-injected tiebacks, installed in
sandy and gravelly soils using a grout pressure greater than 150 psi (1035
kPa), do not require centralizers. When this type of tieback is made, the
high grout pressures force the excess water in the grout into the soil
leaving a dense grout. This low water-cement ratio grout is stiff enough to
support the tendon without centralizers.

Figure 66 shows a combination centralizer spacer which can be used with
a multistrand tendon.

G. Anchorages

The anchor heads and bearing plates are fabricated from steel. The
anchorage should develop at least 95 percent of the minimum specified
ultimate strength of the prestressing steel. Figures 67, 68, and 69 show
typical bar, strand, and wire anchorages respectively. The bearing plate
should be installed perpendicular to the tendon in order to prevent bending
of the tendon. Careful alignment of the bearing plate or using an anchorage
designed to accommodate misalignment are recommended. The draft British
Code [54] indicates that strand and wire tendons may deviate up to 5 degrees
from perpendicular and bar tendons up to 2 degrees.

Anchorages are designed to be restressable, adjustable, or capable of
lift-off. A restressable anchor head is one which enables load to be
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Figure 64. Spacer.

Figure 65. Centralizer,

C{—-Strand
&

Centralizer-spacer

Figure 66. Combination centralizer-spacer.
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Figure 67. Bar anchorage.

Figure 68. Strand anchorage.

Buttonheaded
wire ;

Figure 69. Wire anchorage.
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reapplied to the tendon, or increased at any time. Adjustable anchor heads
enable the load to be increased or decreased at any time. An anchor head
which can be lifted-off is designed to enable a jack to apply a load to the
tieback until the anchor head rises from the bearing plate. Threaded bar
tendons with nuts are restressable, adjustable, and capable of lift-off.
Until the strand has been cut near the anchor head, short-term lift-off of
strand tendons can be accomplished by regripping the tendon. Threaded
anchor heads and/or shims enable strand and wire tendons to be restressed,
adjusted, or lifted~off. Figure 69 shows a shim stack under a wire tendon
anchor head.

The anchor head should be encased in concrete or grout unless load
adjustment is anticipated. 1If the anchor head is recessed in a pocket,
normal or expansive grout can be used to f1ill the pocket. Encased tiebacks
can be monitored using load cells. Tiebacks used for landslide stabiliza-
tion or cavern support may require load adjustment. Accessibility and load
adjustment capability should be provided for slide tiebacks if the failure
surface is not well defined, or if small changes in the soil or rock
strengths cause large changes in the estimated tieback force. All tiebacks
used for underground cavern support should be accessible and adjustable.

Anchorage caps or covers (see Figures 50 and 55) are used to provide
corrosion protection for anchor heads which must remain accessible. The
covers are fabricated from plastic or steel. The space between the covers
and the anchor head is filled with anticorrosion grease.

Electrical insulation of the anchor head is recommended for simple
corrosion protected tiebacks. Figure 55 shows an electrically insulated
anchor head. The material used to insulate the bearing plate and the anchor
head from the structure must:

1) Be an electrical insulator.

2) Not be chemically attacked by cement, grease, or aggressive
environments.

3) Be fabricated from material nondetrimental to the tendon.

The material under the bearingvplate also must:

1) Have high compressive strength (greater than concrete).
2) Not creep significantly under load at service temperatures.

Plastic bearing strips between 0.125 and 0.250 inches (3.2 and 6.4 mm) thick
can be used under the bearing plates. These materials are designed for use
with precast concrete construction.

Heat shrinkable caps with elastic adhesives, tapes, or grease or grout
filled plastic covers can be used to electrically insulate the anchorage.
The trumpet for electrically insulated tiebacks should be fabricated from
plastic pipe.
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ANCHOR GROUT

A. Materials

Portland cement grout usually without aggregate 1s the most common grout
used to anchor the tendon to the ground. Occasionally polyester resin
cartridges and liquids have been used.

Most anchor grouts are neat grouts (containing no aggregate), made up of
ASTM C-150, Type I portland cement, potable water, and sometimes,
admixtures. ASTM C-150 Type III cement may be used when high early strength
is desired. Type III cement generally has a higher water demand than Type I
cement. ASTM C-150 Type II cement is used to obtain increased setting time,
and also to provide better sulfate resistance. Type I portland cement grout
usually has a water-cement ratio of 0.35 to 0.5. For a water-cement ratio
of 0.4, the 7-day compressive strength will generally exceed 3,500 psi
(24,150 kPa).

Sand-cement grout is used for hollow-stem augered, single-underreamed,
and large diameter straight-shafted tiebacks. This grout is usually
proportioned to assure pumpability. Sand-cement grout may be mixed at the
site or delivered to the site in ready-mix trucks. Admixtures may be used
to increase the flowability, decrease the water cement ratio, and control
the setting time. A typical mix has 846 lbs. (386.3 kg) of cement per cubic
yard (0.765 m3) of grout, and a maximum water-cement ratio of 0.45.
Retarders may be used with ready-mix grout.

A flowable, 2,500 psi (17,250 kPa) or better, transit-mix concrete may
be used for single-underreamed and larger diameter straight-shafted
tiebacks. The mix must have adequate flowability to ensure the filling of
the hole. If concrete is used for simple grotected permanent tiebacks, a
8ix- or seven-sack per cubic yard (0.765 m ) mix should be used to
maintain a high pH environment around the tendon.

Polyester resin cartridges are proprietary products developed for rock
bolting. Occasionally they have been used for temporary and permanent rock
tiebacks. The resin cartridges are used with continuously deformed bar
tendons. The cartridges are inserted into drill holes which are slightly
larger than the tendon diameter. Then, the tendon is continuously rotated
into the hole breaking the cartridges and mixing the two-component resin. A
fast setting resin is used along the anchor length and a slow setting resin
is used over the unbonded length. Resin cartridge tiebacks are seldom used
because drilling equipment 1s unable to economically drill long, small
diameter holes; and tendon insertion and breaking of the cartridges is
difficult when the tendon exceeds 20 feet (6.1 m). Resin cartridges are not
recommended for permanent tiebacks because the resin may not completely
encapsulate the tendon, and they do not provide a high pH environment.

Pumped liquid resins have been used in Germany for rock tiebacks. The
grouting methods are similar to those used for cement grout. Pumped resin
permanent tiebacks should be encapsulated in a manner similar to that shown
in Figures 45 or 46.
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B. Admixtures

Some tieback specifications require the use of water reducing or
expanding admixtures while others forbid their use. These admixtures
generally retard the grout set and promote sedimentation of the cement
particles in the grout solution prior to set. Sedimentation may cause
intermittent voids in low-pressure—grouted tiedowns [96], particularly at
the spacers and centralizers, and it is exaggerated in strand type tendons
because of the filtering action along the interstices formed by the six
outer wires surrounding the center wire. Admixtures containing gelling
agents, which improve the water retention of the grout solution, can be used
to control grout sedimentation. Gelling agents may reduce grout strength.
The manufacturer should be consulted before specifying them for anchor
grout.

Expansive agents such as aluminum powder are sometimes specified in an
attempt to control grout shrinkage and settlement caused by sedimentation.
They achieve expansion by the generation of gas. These admixtures reduce
the compressive strength of the grout in an approximate direct relationship
to the decrease in density caused by gaseous expansion. Nicholson [50]
reported a significant strength loss when an aluminum powder admixture was
used. Expansive admixtures are not recommended for tieback applications.

When the anchor length is grouted under pressure in sandy soils, it is
desirable to use the bleed or water separation phenomenon to permit the
water to be driven from the grout. In this type of application, admixtures
which control the bleed .are not desirable.

Admixtures to accelerate the time of set to avoid freezing generally are
not required for the anchor length since the ground temperature in the
temperate zone is about 55° F. (13° C) year round. However, where grout is
used to protect the anchorage, accelerators may be required in freezing
weather. Accelerators should not contain chlorides.

C. Chemical Attack on Portland Cement Grout

There are no reported tieback failures resulting from chemical attack on
the grout. ASTM C-150 Type I portland cement grout is the most common
tieback grout, and it will perform satisfactorily when exposed to most
environments.

However, all types of portland cement will deteriorate when exposed to
acid environments, and Type I and Type III cements are susceptible to
sulfate attack. The amount of deterioration increases with increasing
water—cement ratio, grout permeability, temperature, and circulation of the
corrosive agent. In a stagnant environment, the products formed by the
attack will form a barrier and limit further deterioration. Dense, low
water—cement ratio grout would be the most resistant to chemical attack.

Acid attack results when organic or inorganic acids react with the
cement to form soluble salts which are removed by leaching. If buried
concrete structures in similar environments have experienced acid attack,
then portland cement grout should not be used for permanent tiebacks. If
the performance information on other structures is not available, then
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portland cement should not be used if the pH is less than-5.0. Acid
registant cements are available, but they have not been used for tieback
applications. Field tests should be performed to determine which acid
registant cements could be used for permanent tiebacks.

Sulfates of sodium, magnesium, potassium, and calcium, frequently found
in soils in the western United States, attack portland cement by chemically
reacting with hydrated lime and hydrated calcium aluminate to form calcium
sulfate and calcium sulfoaluminate, respectively. These compounds have a
low solubility, and they disrupt the grout because their volume is greater
than the volume of the cement paste from which they were formed. The tests
necessary to determine the sulfate content of the soil or ground water are
discussed in Chapter 5.

Mather [97] reported that there is a correlation between the tricalcium
aluminate content and the sulfate resistance of the cement. ASTM C~150 Type
II cement specifications limit its tricalcium aluminate content to 8 percent
and it is classified as moderately sulfate resistant. ASTM C-150 cement
specifications set the maximum tricalcium aluminate content for Type V
cement at 5 percent, and it is classified as sulfate resistant.

The ACI [28] and the Bureau of Reclamation [98] have published
recommendations for the selection of cement used for normal weight concrete
and subjected to sulfate attack. Low permeability dense anchor grout
probably do not require sulfate resistant cements in accordance with these
recommendations. However, until more is learned about sulfate attack on
grout, Type V cement grout should be used if the water soluble sulfate
content exceeds 2000 mg/kg.

D. Mixing and Pumping

Neat cement tieback grouts are mixed with paddle mixers or high
turbulence mixers. Paddle mixers mix by agitating the cement and water with
blades rotating at speeds up to 100 rpm. High turbulence mixers rotate
impellers or shear discs at speeds in excess of 1500 rpm. They mix the
grout by shearing the fluid. Each mixing unit has a separate agitated
holding tank. The grout is usually sieved to remove lumps before entering
the holding tank.

Site mixed sand-cement grout is mixed in conventional horizontal or
vertical mortar paddle mixers. Depending on the capacity and configuration
of the mixer, an agitated holding tank may be used.

Neat cement anchor grout is pumped with progressive cavitating screw
pumps, or positive displacement piston pumps. Screw or piston pumps are
used for pressures less than 150 psi (1,035 kPa). Piston pumps are used to
obtain the high pressures required for pressure injected and postgrouted
tiebacks.

Sand-cement grout is pumped with conventional grout pumps. They are

piston pumps capable of pumping grout with an aggregate size of 3/8 inch
(9.5 mm) or less.
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The grouting equipment is sized so that the grouting operations are not
interrupted during the grouting of an individual tieback. Sections 4.1
through 4.5, and 4.7 through 5.2 of the PCI, Recommended Practice for
Grouting of Post-Tensioned Prestressed Concrete, [99] provide additional
descriptions of grouting equipment and grout mixing.

ROCK TIEBACK INSTALLATION

Rock tiebacks are normally installed in straight-shafted drill holes.
Figure 70 shows a typical rock tieback installation sequence. After the
drill hole is made and cleaned, then it is tremie grouted. Finally, the
tendon is placed in the grout filled hole. As an alternate, the tendon and
a grout tube can be inserted into the hole simultaneously, see Figure 71.
After they are in position, grout is pumped through the grout tube filling
the drill hole. Regardless of the method, the grout is always placed from
the lowest point.

A. Rock and Overburden Drilling

Depending on the hardness of the rock formation, rock can be drilled
with percussion and/or rotary techniques. Table 10 is a guide to the
drillability of various rock formations.

Percussion Drilliq&

Air tracks or down-the-hole hammers are used to percussion drill all
types of rock formations. Air tracks are capable of drilling uncased holes
up to 5 inches (127 mm) in diameter. They are used for rock tiebacks when
the total tieback length is less than 100 feet (30.5 m). Down-the-hole
hammers are used with rotary drills. Hammers for rock tieback work are
available in sizes, from 3 to 10 inches (76 to 254 mm) in diameter.
Down-the-hole hammers are used for rock tiebacks when the drill hole exceeds
four or five inches (102 or 127 mm) in diameter, when the length of the hole
exceeds 100 feet (30.5 m), or when both rotary and percussion drilling are
required.

Alr tracks and down-the-hole hammers use carbide cross bits or button
bits. These bits crush and chip the rock when impacted. Normally
compressed alr is used to exhaust the cuttings from the drill hole.

Hydraulic rotary percussion hammers have been developed in Europe.
These drills are crawler mounted, and the hammer has high rotary torque.
When a hydraulic hammer is used, water and/or air can be used to exhaust the
cuttings from the drill hole. Hydraulic rotary percussion drills have
enabled the development of a lost-bit drilling technique for rock tiebacks.
In this method a carbide inserted bit, slightly larger than the casing, is
fitted on the casing. The casing usually has an outside diameter of 3 to 4
inches (76 to 102 mm). During drilling the casing functions as the drill
steel. Upon completion of the hole, the tendon is inserted into the casing,
and the bit is knocked off the end. The tieback is grouted as the casing is
extracted.
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Figure 70. Construction steps for a tremie-grouted,

straight-shafted rock tieback.
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Figure 61. Construction steps for a straight-shafted rock tieback
grouted after tendon insertion.
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Table 10. Rock drillability guide.

Rock formation

Drilling Method

Hardness

Type

Drag bit

Roller bit

Percussion

Drilling

Soft

Soft Shale

Marl and Chalk (No Flint)

Shale

Medium

Boulder Cl1
Siltstone
Coal

Limestone and Sandstone

Dolomitic
Slate
Tuff

ay

Limestone

o>

% % ¥ ¥ ¥

% % % % ¥

Medium
Hard

Schist
Limestone
Gneiss

(Silicous)

* %

Hard

Diorite
Gabbro
Andesite

* %

Very Hard

Basalt
Sandstone
Rhyolite
Granite
Pegmatite
Quartzite

(Cemented)

¥ ¥ % ¥ ¥ ¥

Rotary Drilling

When the rock formation is relatively soft, rotary drilling with a drag
or a roller cone bit is used. These bits are available in sizes ranging
from 3.75 to 12.25 inches (9.5 to 31.2 cm). Rock holes drilled by rotary
methods are normally cleaned with water. Air can be used to clean these
holes, but air is not as efficient as water. The method used to clean the
drill hole can affect the capacity of the tieback if fine-grained soil or
rock particles coat the wall of the hole.

Overburden Drilling

The drilling techniques required to drill through overburden to the top
of sound rock are called overburden drilling. Often caving soils, boulders,
fractured rock, or weathered rock overlie the rock formation where the
tieback will be anchored. In order to install the rock tieback, the drill
hole must be cased in the soil overburden.
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"0dex" Drilling is the tradename for a drilling technique developed by
Atlas Copco and Sandvik. The method uses a drill bit with an eccentric
reamer to drill a hole larger than the outside diameter of the casing. The
drilling method uses a top drive hammer for 3 inch (76 mm) diameter holes
and a down-the-hole hammer for 4.5 inch (115 mm) holes. Figure 72 shows the
basic drilling method, and Figure 73 shows the drill strings for both the
top drive and the down-the-hole hammers. A similar drilling method using
down-the-hole hammers, called Saturn drilling, has been developed by
Stenwick in Belgium. Large loss of ground was reported when "Odex" drilling
was used to install tieback casing through sandy overburden at Locks and Dam
Number 26, Alton, Illinois [100]. '

"Klemm System" drilling is a tradename which describes an overburden
drilling technique developed by Gunter Klemm. This method uses a two-tube
drilling technique to advance a drill hole through soil with boulders. The
drill string is arranged as shown in Figure 74. A top drive hammer is used
to impact and rotate both the outside casing and the inside drill rods. A
carbide cross-bit is used on the rods. Air, water, or a mixture of air and
water are used to clean the hole. The flushing fluid is returned to the
surface in the annular space between the casing and the rods. Once the hole
has been advanced to the top of sound rock, the rock is percussion drilled
using the carbide bit on the rods.

Overburden is frequently drilled by spinning a casing down to the top of
sound rock. The casing is provided with a casing shoe or coring bit.
Figure 75 shows the rotary drilling sequence used to drill through the
overburden. Pilot drilling in front of the casing with the interior drill
string, or simultaneously rotating and advancing an interior drill string
and casing may be used to advance the casing. Water is normally used to
flush the casing clean. Once the casing is sealed on the rock, the rock is
drilled using a roller cone bit, drag bit, or down-the-hole hammer.

B. Rock Tieback Grouting

The anchor grout is used to transfer load from the tendon to the rock
and to provide corrosion protection.

Watertightness of the Rock

Sometimes the watertightness of a drill hole in rock is tested prior to
grouting the tieback. The purpose of the test is to evaluate the
possibility of grout loss from around a permanent rock tieback. Littlejohn
and Bruce [101] stated that watertightness testing was not routinely
performed. The decision whether to require this test has been left to the
judgment of the engineer responsible for the work. If large water losses
are observed during core drilling, then watertightness tests should be
performed. Corrosion protection, not load carrying ability, is the main
reason for attempting to control the loss of grout. If the grout loss is
large enough to affect the capacity of the tieback, this will become
apparent upon testing.

The watertightness test, “"waterpressure test,” measures the gain or loss

of water from the drill hole. A standpipe, or a packer with flow meter and
pressure gauge are used to measure the gain or loss of water. If artesian
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a) Advance casing to top of rock using eccentric bit.

U

b) Drill rock with interior drill rods and carbide bit.

L

¢) Tremie grout the drill hole and insert tendon.

Flgure 72. Steps in "Odex" drilling.
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a) Top drive "Odex" drilling. b) Rotary drive "Odex" drilling.

Figure 73. "Odex" drill string arrangement.
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Figure 74. "Klemm" system drill string arrangement.
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a) Drill overburden using casing and drill rods.

b) Drill rock socket with drag or roller cone bits,
or a down-the-hole hammer.
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c) Tremie grout the drill hole.

Figure 75. Steps in rotary overburden drilling.
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d) Insert the tendon,

e) Extract the casing.

Figure 75. Steps in rotary overburden drilling.
(continued)
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water is not observed at the top of the drill hole, the elevation of the
water is measured. Then the rate of water flow into the drill hole at a
constant pressure in excess of hydrostatic pressure is measured. If the
flow rate exceeds a limit value, then it is assumed that grout loss may be
excessive and the hole should be waterproofed by grouting. There is a
difference of opinion concerning acceptable flow rates. Littlejohn [102]
indicated that the water flow rate should be based upon the fissure width
that would permit cement grout to flow under low pressure. A 160 micron
crack or joint may be permeable to cement grout and under a one atmosphere
pressure it would enable 0.84 gallons (0.0032 m3) of water per minute (3.2
litres/min.) to flow from the hole [102]. A water pump, a flow meter, and
an inflatable packer are required in order to develop a one atmosphere
pressure in a drill hole. However, a 5 psi (34.5 kPa) pressure can be
easily obtained using a stand pipe with an 11.5 foot (3.52 m) head of
water. At'5 psi a 160 micron crack would enable about 0.5 gallons (0.0019
m3) of water per minute to flow from the hole. A water pressure test
should be performed for 10 minutes, and the flow rate should be used to
determine whether or not waterproofing is necessary.

If artesian water is observed then simple corrosion protected tiebacks
should be made tight by grouting.

If artesian conditions do not exist and waterproofing is required, grout
is tremied into the drill hole. 1If artesian pressure is present, a packer
will be placed at the top of the hole and the grout will be placed under
pressure. The grout used to waterproof a drill hole is also referred to as
consolidation grout. Twenty-four hours after grouting, the hole is
redrilled and the watertightness of the hole is rechecked. If the drill
hole passes the test, the tieback can be completed. If the test fails, the
process 1s repeated.

When the tieback tendon is fully encapsulated in a corrosion protection,
watertightness testing is not required. 1In addition, water pressure testing
is not performed on drill holes when the anchor grout is placed using
pressure grouting techniques (See Page 150).

Grouting

Most rock tiebacks are tremie grouted without pressure. A separate
grout tube is placed to the bottom of the drill hole. Grout is then pumped
into the drill hole until good quality grout is observed flowing from the
top of the hole. Grout can also be pumped through the drill string if
rotary drilling was used to drill the rock. After the drill hole is filled
with grout, the tendon is inserted.

The tendon may be placed prior to grouting. In this case the tendon is
inserted with a grout tube. After the tendon is in place, grout is pumped
until good quality grout completely £fills the hole.

Fully-bonded tendons are a special type of rock tieback. These tendons
are not sheathed over their unbonded length, and they require two separate
groutings. First the anchor grout, primary grout, is placed around the
anchor length. After testing and lock-off, the unbonded length is grouted
with secondary grout. The anchor length of a fully bonded tieback may be
grouted through a grout tube inserted in the drill hole before the tendon is
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placed or with a grout tube inserted with the tendon. Any grout above the
anchor length is flushed out with water. After lock-off, the secondary
grout is placed around the unbonded length through a separate grout tube.
The secondary grout bonds the tendon along the unbonded length and it
provides corrosion protection over the unbonded length. Expansive, ‘
antibleed grouts should be used for secondary grouting of permanent
tiebacks. They prevent grout bleed and voids under the bearing plate.

Rock tiebacks may also be installed using a grouting method which
enables the grout to be pressurized. In order for the grout to be
pressurized, the anchor length must be isolated from the rest of the drill
hole. This is accomplished by using a tight fitting casing over the
unbonded length, or by placing an inflatable bag above the anchor length.
These tiebacks are drilled in a similar manner to any rock tieback. 1If the
casing is going to be used to create the seal, it is installed during
drilling or just after completion of the hole. Then the tendon is placed in
the drill hole and tremie grouted. After tremie grouting is completed, a
grout hose is connected to the casing surrounding the tendon and the grout
is pressurized. If a bag is used to seal the hole, the drill hole is tremie
grouted and the tendon is placed. Then the bag is inflated to form a seal.
Once the seal is made, the anchor grout is pressurized through a separate
grout tube. Pressure grouting a rock tieback is done to increase the rate
of load transfer, improve the density and strength of the grout and to
simultaneously grout and waterproof the drill hole.

An upward sloping rock tieback requires special grouting procedures.
Figure 76 shows a typical grouting arrangement for an upward sloping
tieback. The drill hole is sealed near the anchorage. Grout is then pumped
through a grout tube terminating just behind the anchorage. The grout flows
upward along the tieback completely filling the drill hole. Upon filling
the drill hole, the grout enters the vent tube and flows through the tube
back to the front side of the anchorage. When good quality grout is-
observed flowing from the vent tube, the vent is sealed and grouting is
stopped.

SOIL TIEBACKS

Soil tiebacks are installed by a variety of drilling and grouting
procedures. The selection of installation method depends upon the soil
type, corrosion protection system, groundwater conditions, site restrictions
and equipment availability. Table 11 indicates where different soil
tiebacks could be used.

A. Single-Underreamed Tiebacks

Single-underreamed tiebacks are installed in the United States in soils
where the drill hole and the underream will remain open during
construction. Figure 77 shows a single-underreamed tieback which was
unearthed during a test program. These tiebacks are made using a caisson
drill. Figure 78 shows a caisson drill and underreaming or belling tool.
First, a 12 to 18 inch (304.8 to 457.2 mm) diameter shaft is drilled to the
desired depth. Then, the end of the shaft is enlarged using an underreaming
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Figure 76. Grout arrangment for upward sloping rock tiebacks.
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Figure 77. Single-underreamed tieback. Figure 78. Caisson drill with
(courtesy Donald B. Murphy) underreaming tool.

tool. The diameter of the underreams vary from 24 to 54 inches (61.0 to
1,37.2 cm). After the bell is formed, the tendon is placed in the drill
hole. The drill hole is then grouted using transit-mix concrete or
sand-cement grout. If concrete is used, it 1s poured down the tieback
shaft. If a sand-cement grout is used, the tieback is tremie grouted using
a pump. The grout is not pressurized.

B. Multiunderreamed Tiebacks

Multiunderreamed tiebacks are used in stiff cohesive soil deposits. The
soil must be stiff enough to prevent collapse of the underreams or drill
hole in the anchor length. Multiunderreamed tiebacks are installed in drill
holes having a shaft diameter between 5.5 and 7 inches (140 and 178 mm).
Figure 79 shows a multiunderreamed tieback exposed during a test program in
England.

Multiunderreamed tiebacks can be cased over their unbonded length so the
tieback can be installed in cohesive soils which are overlain by caving
soils. The hole is cased to the top of the anchor length and augers are
used to drill the shaft. After the shaft has been drilled to the desired
depth, the underreaming tool is inserted in the hole. There are a variety
of patented underreaming tools. Fondedile uses a multiple hinged blade
underreamer which is capable of excavating up to seven underreams
simultaneously. Universal Anchorage Contractors, Ltd., uses a blade
underreamer which excavates two bells at a time. Cementation Piling, Ltd.,
uses a brush underreaming tool which slowly opens and shaves the soil, one
underream at a time. During underreaming, water is used to clean the drill
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Figure 79. Multiunderreamed tieback (Courtesy Soil Mechanics Ltd.).

hole. The effectiveness of the particular underreaming method depends on
the amount of time spent drilling and cleaning the hole, and the amount of
debris remaining after cleaning. After the underreams are formed and the
drill hole is cleaned, the tool is removed and neat cement grout is pumped
into the drill hole through a tremie pipe. The grout is pumped until it
completely displaces the water and clean grout is observed at the top of the
hole. The tendon is then inserted into the drill hole. Centralizers for
these tiebacks are designed to keep the tendon in the center of the hole
even over the underreams.

C. Straight-Shafted Tiebacks, Low Grout Pressure

Hollow stem augers are used to install straight-shafted tiebacks in a
variety of soils. Hollow stem augers have been successfully used in stiff
clay, interbedded silty clays and sands, sand, silty clay, and residual
soil. Figure 80 shows a hollow-stem auger installation sequence. A slip
fit point is attached to the tendon. The tendon is inserted into the auger
and the point is engaged. Next, the auger is positioned and the hole is
drilled. Upon completion of the hole, grout is pumped down the auger as the
it is extracted. Hollow stem augered tiebacks are normally installed using
a one piece auger. A sectional auger can be used with smaller rotary
drills. Hollow stem augered tiebacks are common in the United States.

Low-pressure-grouted tiebacks are installed in sandy or gravelly soils
using a grout pressure less than 150 psi (1,035 kPa). Figure 81 shows a
typical installation sequence for a low-pressure-grouted tieback. The drill
hole for these tiebacks is made by rotating a casing into the soil. The
casing normally has an outside diameter of 4 to 6 inches (102 to 152 mm).
The soil inside the casing is removed by a drag or roller cone bit on an
inside drill string using air or water flushing. After the casing has been
advanced to the desired depth, the inside drill rods and bit are removed
leaving a cased hole. The hole is then tremie grouted and the tendon is
inserted. The casing is reconnected to the drill, and grout is pumped down
the casing during extraction. Low-pressure—-grouted tiebacks are common in
the United States and Europe.
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a) Insert tendon in auger.
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b) Drill.

c) Pump grout while extracting the auger,

Figure 80. Steps in hollow-stem-augered tieback installation.
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a) Position drill and drill hole by advancing casing
and drill rods simultaneously. Clean casing by
flushing air or water down rods.

b) Remove the drill rods.

c) Tremie grout the casing,

Figure 81. Construction steps for straight-shafted, low-pressure-grouted
tiebacks installed in sandy soils.
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d) Insert tendon.

1=L1=11= 1 —

o~

e) Extract casing while pumping grout.

Figure 8l. Construction steps for straight-shafted, low~pressure-grouted
tiebacks installed in sandy soils (continued).
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In soils where a drill hole will stand open, caisson drills have been
used to auger drill straight-shafted tiebacks. These soils are normally
cohesive, or dense well-graded silty sands above the water table, or
cemented sands. A 12 to 18 inch (305 to 457 mm) diameter caisson auger is
used to drill the hole. Upon completion of the hole, the tendon is inserted
and transit-mix grout is pumped through a grout pipe installed with the
tendon. The grout is not pressurized. large diameter straight-shafted
tiebacks are very common in the western United States.

Small diameter continuous augers also have been used to drill tiebacks.
These tiebacks are installed in soils similar to those where large diameter
caisson augers are used. These holes normally are 8 inches (203 mm) in
diameter or less. After the hole is completed, the augers are removed and
the hole is tremie grouted with neat cement grout. Then the tendon is
inserted. If tremie grouting is not done, the tendon and a grout tube are
simultaneously inserted in the hole. Low-pressure-grouted, small-diameter,
augered tiebacks do not develop high capacities.

Cohesive soils are rotary drilled without casing using drag bits and
water or air flushing. This type of drilling is limited to solls which will
not cave during drilling. “Heavy" drilling fluids such as bentonite and
cement slurries may be used to maintain the drill hole if the soil tends to
cave. Bentonite should not be used to drill the anchor length portion of a
tieback. After the hole is completed, grout is tremied into the hole and
the tendon is inserted. These tiebacks do not usually develop capacities
greater than 80 kips (356 kN).

D. Pressure-Injected Tiebacks

Pressure-injected tiebacks are installed in sandy and gravelly soils
using a driven or drilled casing. Figure 82 shows a driven
pressure-injected tieback installation sequence. Air tracks are used to
drive 3.0 or 3.5 inch (76 or 89 mm) casing with a solid closure point. No
soil is removed during the installation. Driven pressure-injected tiebacks
can be installed in sands below the groundwater table without loss of
ground. Rotary drills are used to install casing with an expendable drag
bit. Drilling is normally required to install casings larger than 3.5
inches (89 mm). Once the casing is installed, the tendon is inserted in the
casing. The casing is then extracted a short distance using center-hole
hydraulic jacks. The closure point or drag bit is driven free and grout is
pumped down the casing under pressure while the casing is extracted. The
grout pressure is maintained above 150 psi (1035 kPa) until the anchor
length 1s grouted. Pressure-injected tiebacks are common in Europe and the
United States.

E. Postgrouted Tiebacks

Postgrouted tiebacks are used primarily in cohesive soils. Postgrouting
is used to enlarge the anchor grout by delayed multiple grout injections.
Each injection is separated by about one day. These techniques attempt to
fracture the grout already in place and wedge it outward into the soil.
These tiebacks can be installed in cased or uncased drill holes made by
rotary or auger drilling. A special grout tube with valves located along
the anchor length (tube 3 manchette) enables postgrouting to be performed.

The grout tube is designed so a double packer can be used inside the tube to
.selectively grout each value.
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a) Drive casing.
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b) Insert tendon and disengage point.

ngiggil

c¢) High pressure grout the anchor length and low pressure
grout the unbonded length while extracting the casing.

Figure 82. Steps for pressure-injected tieback installation.
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There are two effective methods of making postgrouted tiebacks. One
type uses a 1 inch (25.4 mm) grout tube with valves located every foot
(0.305 m) along the tube. The valves are constructed by applying a tight
fitting rubber sleeve over holes drilled in the tube. Figure 83 shows the 1
inch (25.4 mm) tube 3 manchette tieback using a strand tendon and Figure 84
shows the packer and a grout valve. The other type of tube 3 manchette
tieback is called a TMD tieback. The TMD tieback was developed by SIF
Bachy, see Figure 47. 1In this system a deformed metal ghlie 2.0 to 3.0
inches (51 to 76 mm) in diameter is grouted into the ground. Grout valves
are located every 3.28 feet (1.0 m) along the anchor length. An inflatable
double packer is used inside the deformed tube to grout each individual
valve. After the metal tube is grouted into the ground, the tendon is
grouted inside the tube. Figure 85 shows the installation sequence for a
TMD tieback.

Both tube @& manchette systems are grouted in a similar manner. First
the tube 4 manchette is placed inside a tremie-grouted drill hole. The bag
is inflated to seal the hole or the grout is allowed to cure for
approximately twenty-four hours. Then the packer is positioned in the tube
opposite the bottom grouting valve. Grout is pumped through the valve
fracturing the original anchor grout. Upon pumping a predetermined volume
of grout or reaching a limit pressure for the goil, grouting is
discontinued. Then the packer is moved to the next grout valve, and it is
grouted in a similar manner. After all of the valves are grouted, the grout
is allowed to cure for an additional twenty-four hours. A second phase of
grouting is performed if the grout pressure or volume indicates repeated
grouting will improve the load carrying capacity of the tieback. As many as
three or four grouting phases are economical in cohesive soils. Figure 86
shows an unearthed TMD and tube 3 manchette tieback.

a) TMD tieback (courtesy SIF Bachy). b) One inch tube 3 manchette
tieback (courtesy Karl Bauer)

Figure 86. Unearthed tube d manchette tiebacks.

Other postgrouting systems are used, but they are not able to achieve
the high percentage increases in capacity that are obtainable with tube a
manchette methods. These systems are not able to isolate each individual
valve, and some only allow one regrouting.
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Figure 84. Tube & manchette packer.
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CHAPTER 9 -~ CREEP AND LOAD TRANSFER MECHANISMS

Tiebacks develop holding capacity by many different load transfer
mechanisms. Understanding how they transmit force to the soil or rock is
helpful in predicting capacity, developing a test procedure, interpreting
test results, and developing an acteptance criteria. Since all soils
experience time-dependent deformations (creep) and stress variations
(relaxation), it is also helpful to understand what causes a tieback anchor
to lose holding capacity and move through the soil.

Permanent tiebacks installed in dense sandy or gravelly soils or rock
have not experienced significant loss of load holding capacity or movement
with time. A variety of testing procedures has been used to evaluate the
long-term capacity of these tiebacks. Suitable long-term performance has
been obtained 1f the tiebacks were overloaded to 1.20 times the design load
or higher.

A simple overload during testing has not been sufficient to evaluate the
long-term load holding capacity of tiebacks anchored in cohesive soils.
Some of these tiebacks have, on occasion, continued to lose load or move
through the soil as a result of creep or relaxation. The slow movement of
the tieback anchor through the soil under constant load is called anchor
creep or creep movement. The tendency for an anchor to creep is measured
during a tieback test. Loss of load after the tieback is locked-off is a
result of creep and relaxation.

CREEP AND RELAXATION THEORY

The creep and relaxation behavior of soils vary. In general, the
greater the organic content or the more plastic the clay, the more
pronounced the creep or relaxation. The type and amount of clay are
important in establishing the potential for relaxation or creep. The
plasticity index reflects both the type and amount of clay. It can be used
to give an indication whether or not a soil would be susceptible to large
time-dependent deformations or stress variations.

Creep deformations are time-dependent shear strains controlled by the
resistance of the soil structure. Relaxation is the time-dependent stress
decrease at constant strain which is also controlled by the resistance of
the soil structure. When a stress is applied to a soil sample in the
laboratory it will respond in one of two ways. In most cases, it will
strain at a decreasing rate until creep stops. However, some soils will
continue to strain until creep rupture occurs. Bishop [103], Murayama and
Shibata [104], Singh and Mitchell [105], and Edger, et al [106], have
observed that there is a relationship between strain rate and time for most
soils. 1In general, they found that the log of strain rate decreases
linearly with the log of time regardless of stress level, soil type,
drainage conditions, and stress history. Figure 87 shows the relationship
between strain rate and time for Osaka alluvial clay.
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Figure 87. Strain rate vs. time relationship during undrained creep
of Osaka alluvial clay (Murayama and Shibata [104]).

Singh and Mitchell [105] developed a three parameter relationship that
describes the creep rate behavior shown on Figure 87. Equation (21)
expresses this relationship:

¢ = 2e® (F1/pT (21)
where: ¢ = strain rate at any time, t
A, 0, m = are creep parameters
D = creep stress
ti = reference time (t = 1 minute)
t = time after application of creep stress

Two laboratory creep tests are needed to determine the creep parameters
(A, o0, and m) for a particular soil. These tests are performed on identical
specimens using two different stress levels. A plot of log strain rate
versus log time (Figure 88), and a plot of log strain rate versus creep
stress for different values of time (Figure 89) are made. The value "m" is
the absolute value of the slope of the linear portion of the plots of log
strain rate versus log time. The value "A" is the intercept at unit time
(t1) and the value "a" is the slope of the linear portion of the log of
strain versus stress plot for any time increment.

166



Log strain rate

v
t

Log time

Figure 88. Strain rate vs. time relationship.

ty

tso

Log strain rate

- D

Deviator stress

Figure 89. Strain rate vs. deviator stress.
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Equation (21) is integrated to establish a general relationship between
strain (c) and time (t). Two solutions are obtained depending on the values
of 'm". If €m=€j, at t =1 and t] = 1, then:

K @™ 1) form # 1

€ = €y + (22)

1-m

and

€ =g + AeO‘D loge t form=1, t =1 (23)

These two relationships define the curves shown in Figure 90 and Singh
and Mitchell [105] observed that creep curves for soils were similar to the
curves defined by Equation (22) and (23). They also showed that actual soil
creep data would fit these equations.

m<l1l
o
ar
o
-
@
m=1
E3

Log time

Figure 90. Creep curves predicted by the general stress-strain-time
function, Equations (22) and (23).

Singh and Mitchell [107] also reported the parameter "m" appears to be a
property of the material. They found that:

1) Soils with "m” less than 1.0 had a high potential for strength loss
during creep, and creep rupture.
2) The strain at failure is a constant for a given soil and it is
independent of stress level.
However, subsequent studies have shown that "m" may vary with stress
history, overconsolidation ratio, and loading conditions. The parameter "m"
does remain a constant for the same loading conditions.

Equations (22) and (23) have been used to describe the time-dependent
strain of soils in a variety of applications, and they appear to describe
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the time-dependent movement of a tieback under constant load. They are
currently being evaluated in tieback research in Germany, France, and the
United States.

The creep research performed has identified soft clays loaded under
undrained conditions, and heavily overconsolidated clays loaded under
drained conditions as being susceptible to creep rupture at stresses as low
as 35 percent of their normal strength. Pore pressures increase when soft
clays are sheared under undrained conditions, and the decrease in effective
stress causes a reduction in strength. Negative pore water pressures
develop when heavily overconsolidated clays are sheared under drained
conditions. The negative pore water pressures cause water to be sucked into
the soil matrix. The increased water content causes a loss of strength with
time.

The consistency index (Ic) (See equation [9], page 103) is used in
Germany to identify cohesive soils where a tieback would not be creep
susceptible. They require the consistency index to be greater than 0.9.

The writer's experience with straight-shafted tiebacks indicates that
permanent tiebacks should not be installed in soils with a consistency index
less than 0.8. The writer has also observed that straight-shafted tiebacks
are often susceptible to excessive creep movements, if the unconfined
compressive strength is less than 1.0 ton/ft2 (96 kPa), and the remolded
strength is less than 0.5 tons/ft2 (48 kPa). Tiebacks installed in soils
that exceed these strengths, and have a water content near the plastic limit
are not usually creep susceptible. The French Recommendations [53] require
careful testing of tiebacks installed in soils with a plasticity index
greater than or equal to 20.

SKIN FRICTION OR SHEAR STRESS ALONG A SHAFT TIEBACK

The drilling technique and the method used to clean the drill hole do
affect the skin friction along an anchor. Skin friction along a tieback
anchor is a function of strain. Figure 91 shows two possible skin
friction-strain curves for a tieback. Curve A represents a soil or rock
where very little strain is required to mobilize most of the skin friction
and where skin friction continues to increase or remain stable with
increasing strain. Curve B represents a weaker soil or rock which requires
more strain to reach its maximum skin friction, and the skin friction is
reduced to a residual value with increasing strain.

ROCK TIEBACK LOAD DISTRIBUTION

Load distribution along the anchor length of tiebacks installed in sound
rock have not been intensively investigated. Coates and Yu [108], have used
a finite element analysis to study the stress distribution along
straight-shafted tiebacks in three dimensional space. Figure 92 shows the
distribution of skin friction along an anchor with depth for elastic
materials with differing Young's moduli. Their analysis indicated that the
skin friction will be concentrated near the front of the anchor for rocks
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Figure 91. Typical stress-strain behavior of a tieback anchor.
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Figure 92. Normalized skin friction distribution as
a function of normalized length [108].
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with a modulus equal to or higher than the modulus of the anchor. However,
for rocks with Ey/E; > 10, the skin friction distribution was shown to

be nearly uniform. The modulus of the anchor will be equal to the Young's
modulus for the tendon if the grout cracks. Cracking is likely to occur in
most tiebacks and E, will then become 29 x 106 psi (20 x 107 kPa).

Based on Coates and Yu work it may be assumed that a rock with a modulus
less than 3 x 106 psi (20.7 x 106 kPa) would have a near uniform
distribution of skin friction over the cracked section. The shear stress
would not be uniformly distributed over the uncracked portion since Eg
would be equal to 3 x 106 psi (2 x 104 kPa).

Rock tiebacks have not experienced significant anchor creep, and rocks
do not exhibit creep behavior in the laboratory. Soft or weathered clay
shales may exhibit creep behavior. A short-term tieback test procedure
should adequately predict the long-term load carrying ability of a rock
tieback, unless it is installed in a soft or weathered clay shale. Tiebacks
installed in these weak rocks should be creep tested.

LOAD DISTRIBUTION AND LOAD TRANSFER MECHANISM IN NONCOHESIVE SOILS

A. Pressure-Injected Tiebacks

Actual load distribution along pressure-injected tiebacks in sandy and
gravelly soils have been reported by Ostermayer and Scheele [109], and
Shields, et al [110]. Ostermayer and Scheele developed Figure 93 which
shows the distribution of skin friction at the ultimate load for
rotary-drilled, pressure-injected, tiebacks with varying lengths installed
in gravelly sands of different densities. The skin friction was calculated
after the tiebacks were unearthed and the diameter of the anchor was
measured. For the dense and very dense soils the curves shown in Figure 93
indicate that the skin friction is not uniformly distributed along the
anchor length. The tiebacks installed in loose and medium dense soil had
approximately a constant skin friction along the anchor. Ostermayer and
Scheele [109] postulated that the skin friction on all the tiebacks would
have been approximately uniform at failure if the anchor grout had not
extended above the anchor length. Drilled pressure~injected tiebacks are
normally constructed with the grout remaining along the unbonded length,
with higher grout pressures, and longer anchor lengths than were used in
these tiebacks. '

Shields, et al [110], presented Figures 94 and 95 showing the rate of
load transfer along driven pressure-injected tiebacks installed at two
sites. These curves show that the tieback load is transferred nonuniformly
to the soil. The tiebacks were not tested to their ultimate load. The
tieback shown in Figure 94 was installed in a dense fine to coarse gravelly
sand, and the tieback shown in Figure 95 was installed in a dense fine to
coarse silty sand and gravel with a trace of clay and mica. The load
transfer rate for the tieback shown in Figure 94 is higher than the one
shown in Figure 95 and the load was transferred farther down the anchor
length of the tieback shown in Figure 95. The soil surrounding the tieback
in Figure 94 was denser and contained fewer fines than the soil surrounding
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the tieback in Figure 95. Higher grout pressures were used during the
installation of the tieback shown in Figure 94. These factors may explain
the differences in the load transfer rates.

Pressure-injected tiebacks are used in soils ranging from silty sands to
sandy gravels. A description of how they are installed is contained in
Chapter 8, and Chapter 6 contains the empirical relationships used to
estimate their ultimate capacity.

Pressure-~injected tiebacks develop load transfer rates in excess of 30
kips/ft (438 kN/m) in dense sands and gravels. These high frictional
resistances probably result from high radial stresses locked into the soil
surrounding the anchor length. These radial forces are applied to the soil
during grouting, and they are permanently locked into the soil when the
grout becomes a semisolid. At grout pressures above 150 psi (1035 kpa)
water 1s forced out of the neat cement grout causing it to rapidly
solidify. Stocker [95] confirmed that pressure injected grout is partically
dehydrated by the high grout pressures. Grouting pressures twenty times the
effective overburden pressure are routinely used for pressure-injected
tiebacks. If a portion of these pressures are permanently locked into the
soill surrounding the anchor, then these high load transfer rates can be
explained.

The load transfer rates for pressure~injected tiebacks are not uniform
along the anchor length, but by assuming a uniform rate it is possible to
estimate the magnitude of the normal stress acting on the interface between
the soil and the grout. Assuming a uniform skin friction distribution, the
normal stresses can be calculated by the Equation (24).

s —Pr (24)
Ph =7 D tan¢ la

where Pn = normal stress
P = ultimate tieback capacity
D =  anchor diameter
¢ = angle of internal friction
1a = anchor length

Figure 60 indicates that a 15-foot-(4.58 m)-long pressure-~injected tieback
can develop an ultimate capacity of 250 kips (1112.5 kN). If a 35° angle
of internal friction is assumed and substituting P = 250 kips (1112.5 kN),
D = 4.6 inches (11.7 cm) and lg = 180 inches (457 cm) into Equation (24) a
normal stress of 137 psi (945 kPa) 1s calculated. The load transfer
mechanism for pressure-injected tiebacks is not as simple as that described
by Equation (24), but this relationship does show that high normal stresses
are mecessary to develop the tieback capacities obtained in the field.

Most of the permanent soil tiebacks have been made using pressure
injected techniques in sandy and gravelly soils. These tiebacks have
performed well and they have not been susceptible to creep. A short-term
tieback test should be able to predict the long-term performance of a
pressure-injected tieback installed in a sandy or gravelly soil.
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B. Low-Pressure-Grouted Tiebacks

Low-pressure-grouted tiebacks are used in soils ranging from silty sands
to sandy gravels. They are installed by either hollow-stem augers or rotary
drills. Descriptions of their installation methods are contained in Chapter
8, and Chapter 6 contains information on the estimation of their capacities.

The grouting pressures used for making these tiebacks are not sufficient
to lock in large normal stresses, and the soil around the anchor length is
1ikely to be loosened as a result of the drilling operation. Their ultimate
capacity is probably a function of the geometry of the anchor grout, and the
angle of internal friction of the soil. Experience has shown that their
capacities are affected by the quantity of grout pumped into the anchor
zone. Assuming a uniform skin friction distribution, the ultimate capacity
of a low-pressure grouted tieback installed above the groundwater table
might be estimated by Equation 25.

P=1l yh tan ¢ (25)
where: P = ultimate tieback capacity
D = anchor diameter
la = anchor length
Y = dry unit weight of the soil
hm = depth of overburden to the mid-point of the anchor
P = angle of internal friction

The PTI [76] indicates that a working skin friction of 10 to 20 psi

(69 to 138 kN/m2) may be assumed for an average overburden depth of 20 feet
(6.1 m). If a 30° angle of internal friction is assumed and substituting
D= 0.75 feet (0.23 m), 14 = 1 foot (0.305 m), Y = 120 pcf

(1,922 kN/m3), and h = 20 feet (6.1 m) Equation (25) gives an ultimate

skin friction of 22.7 psi (157 kPa). This ultimate skin friction is in good
agreement with the working skin friction reported by the PTI, and it
indicates that locked-in stresses probably do not significantly affect the
load transfer mechanism.

Low-pressure-grouted tiebacks in sandy and gravelly soils have performed
well in temporary and permanent applications. They have not exhibited a
tendency to creep and a short-term tieback test should be able to predict
their long- term performance.

C. Postgrouted Tiebacks

Postgrouted tiebacks have been installed in sandy and gravelly soils
using rotary drilling techniques. Postgrouting is described in Chapter 8.
High grout pressures, similar to those used for pressure-injected tiebacks,
are used during postgrouting, and the load transfer mechanism for a
postgrouted tieback is likely to be similar to that of a pressure injected
one.

Postgrouted tiebacks have been used for permanent applications and their
long-term performance may be predicted by a short-term tieback test.
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LOAD DISTRIBUTION AND LOAD TRANSFER MECHANISM IN COHESIVE SOILS

A. Single-Underreamed Tiebacks

Single-underreamed tiebacks are only installed in cohesive soils.
Chapter 8 contains a description of how they are made, and Equation (19)
(Page 115) 1s used to estimate their capacity. They develop their capacity
from bearing on the underream, and friction along the shaft. The shaft
capacity will be fully mobilized at significantly less movement than that
required to mobilize the resistance of the underream [111]. This load
transfer mechanism should be remembered when interpreting the total movement
curves for tiebacks which develop capacity by bearing, particularly

underreamed ones (See Figure 109, page 208).

Model studies reported by Beard [112] and Tanaka [113] are helpful in
understanding single-underreamed tieback behavior. Beard investigated the
performance of flat plate anchors in cohesive soils, and Tanaka investigated
single-underreamed tiebacks. They were able to measure pore water pressures
in the clay surrounding the anchor while a constant load was applied. For
deeply embedded underreams (depth of embedment equal to six times the
underream diameter), they found that positive pore water pressures developed
in the soil in front of the underream and negative pressures developed
behind it. Beard [112] concluded that the suction force resulting from the
negative pore water pressures might contribute to the short-term capacity of

an underreamed tieback in clay, and thus overestimate its long~term capacity.

Figure 96 shows a plot of tieback movement versus time for one of
Tanaka's tests. Beard and Tanaka's other tests are similar. Each curve
shown on Figure 96 represents the tieback's response to a different load.
The soil used in the test was a normally consolidated kaolin clay with an
overburden pressure of 72.5 psi (500 kPa). Fach movement~time plot in
Figure 96 is similar to a consolidation curve. The excess pore water
pressure behavior also suggested that consolidation was occurring above the
underream. Because soil strengths increase with consolidation, the
long-term capacities of single-underreamed tiebacks in normally consolidated
clays should be equal to or greater than their short-term capacities

(Underreamed tiebacks are not normally installed in normally consolidated
clays,)

Beard [112] and Tanaka [113] also performed tests in overconsolidated
clays. Beard found that the long~term capacity of those tiebacks were
greater than their short-term capacity if the anchor was embedded six times
the diameter of the underream. At shallow depths (embedment lessg than 3
times the underream diameter), Beard found that the long-term capaclty was
less than the short-term capacity. In addition, negative pore water
pressures developed in front of all the shallow anchors. Negative pore
water pressures would cause the soll to soften and lose strength with time.

There have been few permanent single-underreamed tiebacks installed.
Their scarcity does not mean that they will not perform satisfactorily. 1In
fact, the model tests reported by Beard [112] and Tanaka [113] indicated
that single-underreamed tiebacks should perform very well in
over-consolidated cohesive soils. Single-underreamed tiebacks should not
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Figure 96. Tieback movement vs. time for a single-underreamed model tieback
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have significant creep movements since they are embedded deep enough to
avoid the development of negative pore water pressures in front of the
underream, and a short-term test should give a good indication of their
long~term performance.

B. Multiunderreamed Tiebacks

Multiunderreamed tiebacks are normally installed in cohesive soils.
Chapter 8 contains a description of how they are constructed and Equation
(20) (Page 116) is used to estimate thelr capacity. They develop their
capacity from friction along the shaft above the underreams, end bearing of
the first underream, and shear along a cylinder established by the tips of
the underreams. Bassett [87] confirmed this load transfer mechanism on
model multiunderreamed tiebacks.

The long-term performance of multiunderreamed tiebacks in cohesive soils
has not been well documented. Littlejohn [114] reported a significant loss
of load at a permanent, multiunderreamed tiebacks installation on the River
Mole, England. This load loss may have resulted from strain softening
(creep) in the undisturbed overconsolidated clay along the cylinder defined
by the tips of the underreams. A stiff clay would soften i1f negative pore
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water pressures developed as a result of shear strains. If softening
occurs, the strength along the shaft would be reduced to a residual strength
and excessive movement would occur as the load redistributed down along the
anchor length.

C. Straight-Shafted, Low-Pressure-Grouted Tiebacks

Straight-shafted tiebacks can be installed by a variety of drilling
methods (See Chapter 8). Their capacities are estimated by Equations (17)
and (18) (Page 114). Each one of the drilling methods disturbs or remolds
the soil adjacent to the wall of the hole, and the soil shear strength is
reduced as a result of drilling disturbance.

Feddersen [115] reported the load transfer rates along a tieback with a
59 ft (18 m) long anchor length. The tiebacks were installed in a stiff to
very stiff, highly plastic clay. The load in the tendon was measured with
strain gauges, and the load transfer rate was calculated assuming a uniform
rate of load transfer between the gauges. Figure 97 shows the measured
force in the tendon for different load increments, and the calculated load
transfer rate as a function of distance along the anchor length. It is
obvious that the rate of load transfer is not uniform.

Evangelista and Sapio [116] presented the results of tests on two

8.7 inch (220 mm) tiebacks installed in a stiff clay. The clay had an
average water content of 23.6%, unit weight of 130 pef (2,083 uN/m3), and
an undrained shear strength of 5,632 psf (270.3 kPa). Figure 98 shows the
calculated skin friction along the anchor length at failure. The skin
friction was calculated from the strain gage determined load distribution,
assuming an anchor diameter. The calculated skin friction was less than 50
percent of the undrained shear strength of the clay and it was not uniform.

Straight-shafted, low-pressure-grouted tiebacks installed in
low-strength clays (undrained shear strength less than 1000 psf [47.9
kN/mZ]) are likely to creep, and these tiebacks should not be used for
permanent applications unless long-term testing and monitoring indicate
acceptable performance.

Straight-shafted, low-pressure-grouted tiebacks in stiff to hard clays
(undrained shear strength greater than 1000 psf [47.9 kN/mZ]) may not be
subject to significant loss of load as a result of creep. When creep occurs
in a stiff clay, the strength along the shear surface is reduced to a
residual value. The drilling methods used for low-pressure-grouted tiebacks
also remolds the clay and reduces the strength to a residual value. It is
possible that the creep mechanism in stiff and hard clays is destroyed by
drilling. This hypothesis has not yet been confirmed by model- or
full-gcale testing. Low-pressure-grouted tiebacks in clay must be carefully
tested and monitored if they are going to be used for permanent applications.

D. Postgrouted Tiebacks

Postgrouted tiebacks are installed mainly in cohesive soils, but they
can also be effectively used in sands and gravels. Their installation is
described in Chapter 8. At present each tieback contractor usesg experience
to estimate the capacity of his particular postgrouting system. The load
transfer mechanism for these tiebacks is not well
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understood and very little load distribution test data has been reported in
the literature. Bustamante, et al [89], reported on extensive testing
performed on TMD postgrouted tiebacks installed in an overconsolidated clay
having a unit weight of 118 to 124 pef (1,890 to 1,986 kN/m3), a natural
water content of 30 to 40 percent, a liquid limit of 80 to 90 percent, a
plasticity index between 50 and 60, and an cohesion between 1,253 and 1,671
psf (60 and 80 kPa). One of these tiebacks was monitored for 116 days, and
they found that the 185.4 kips (825 kN) lock-off load was reduced by

7.9 kips (35kN). Gandais and Delmas [117] reported that additional
observations on the same tieback showed a total loss of load of 15.8 kips
(70kN) over 250 days. They had predicted a 13.5 kips (60kN) reduction using
short-term test results. Gandais and Delmas [117] also reported that the
ultimate capacity of this tieback increased 20 percent upon retesting after
being locked-off for 9 months. This increase in capacity indicates that
consolidation rather than creep may have caused the observed time-dependent
movements.

Bustamante, et al [89], also showed that the tieback capacity was not
proportional to the amount of grout injected or grouting pressure, but it
was proportional to the volume of grout which formed the grout body directly
around the tendon. A significant amount of the grout injected was found in
horizontal lenses away from the anchor zone.

Schnabel Foundation Company has used TMD tiebacks in a silty clay with

an average undrained shear strength of 1,500 psf (71.9 kPa), a plastic limit
between 40 and 55 percent, and a natural water content between 17 and
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24 percent. These tiebacks were tested to 120 kips (534 kN), and locked-off
at 80 kips (356 kN). After one year of monitoring the maximum loss of load
was less than one kip (4.45 kN).

Based upon these tests, postgrouted tieback in stiff clay may be used
for permanent applications. Careful short-term testing and monitoring is
recommended for any permanent postgrouted tieback installed in a clay.

CONCLUSION

The observed performance of permanent tiebacks suggests that the load
transfer mechanisms presented in this chapter are valid. Creep theory
indicates that the time-dependent movements of a tieback can be evaluated by
studying the tieback movements as a function of the log of time.

Permanent tiebacks in dense sandy or gravelly soil or rock will not
experience significant loss of load holding capacity, or movements with
time. Tiebacks can be anchored in clay, but they must be carefully tested
to determine whether or not they will perform satisfactorily.
Straight-shafted tiebacks installed in low strength clays (undrained shear
strength less than 1,000 psf [47.9 kN/mZ]) will probably be creep
susceptible. Straight-shafted and postgrouted tiebacks in stiff to hard
clays (undrained shear strength greater than 1,000 psf [47.9 kN/mz]) may
not be subject to significant loss of load as a result of creep.,
Multiunderreamed tiebacks may experience large loss of loads as a result of
strain softening.

The plasticity index is an indication of the type and amount of clay
present in the soil. A soil with a high plasticity index will be more creep
susceptible than one with a low plasticity index. The French
Recommendations [53] require careful creep testing when the tieback is
installed in a cohesive soil with a plasticity index greater than or equal
to 20. A consistency index (See Page 103) less than 0.8 indicates that a
straight-shafted tieback may be creep susceptible. If the tieback must be
anchored in soils with properties poorer than those given above, then low
design loads, less than 40 tons (356 kN), should be used, careful testing
should be performed (See Chapter 10), and regular long-term monitoring
‘should be used.

Many temporary installations offer an excellent opportunity to evaluate
tiebacks installed in cohesive soils. Valuable information concerning their
long-term performance can be obtained if temporary tilebacks are tested in
accordance with the procedures recommended in Chapter 10. Then, the ’
long~term performance can be evaluated by monitoring the deformations of the
structure, and the tieback load during construction.
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CHAPTER 10 - RECOMMENDATIONS FOR TIEBACK TESTING AND MONITORING

Tieback tests are performed to verify that the tieback will carry the
design load for the service life of the structure without excessive
movements. Tests can also be used to check that the unbonded length has
been established. Tiebacks are one of the few structural systems where
every member can normally be tested before placing them into service.

A tieback testing procedure should identify the load-deformation
behavior of the tieback for each project, and provide the engineer with data
that will enable him to make an engineering decision as to their adequacy.
At this time, it is not possible to establish a universal failure criteria
that can be used for every type of tieback. The failure criteria that exist
in many of the standards are only satisfactory for a particular tieback
type. The tieback test data should also enable new tieback systems to be
developed.

If load-deformation patterns are to be used rather than an arbitrary
failure criteria to evaluate the tieback, then it is very important that a
standard test procedure be established. By using standard tests, engineers
will become familiar with the movement patterns of each type of tieback. A
standard test will also simplify contract specifications, improve the
understanding of tieback behavior, and reduce construction claims and
delays. The tests should not be modified because even minor changes in the
testing procedure may affect the results. TFor example, the loading
sequences used to reach the maximum test load and the length of time each
load increment is held will affect the rate of movement at the maximum test
load for a straight-shafted tieback installed in a cohesive soil.

"The tieback tests contained in the French Recommendations [53], the
German Standards [55] and [56], the Swiss Standard [57], the FIP
Recommendations [58], and the PTI Recommendations [59], are constant load
tests. They are performed using a hydraulic jack to apply and maintain the
load. The tieback movement is measured using a dial gauge or vernier.

These standards use a detailed test(s) on a selected number of tiebacks, and
a simple test or stressing procedure on the remaining ones. The details of
these testing programs are not presented, although they form the basis for
the following recommended testing program.

RECOMMENDED TESTING AND STRESSING EQUIPMENT

Figure 99 shows typical tieback testing arrangements for a bar and a
strand tendon. A hydraulic jack and pump is used to apply the load to the
.tendon. Monostrand Jacking should not be used for the testing of multistand

tiebacks, because it is practically impossible to establish the
load-deformation behavior of a tieback by incrementally loading and
unloading one strand at a time. A jack chair (See Figure 99) is used
between the jack and the bearing plate to enable the test to be performed
with the anchor head or nut in place. A stressing or testing anchorage is
used behind the hydraulic jack to grip the tendon during loading. The
movement of the tieback is measured with a dial gauge or a vernier supported

on a reference which is independent of the structure being supported. The

182



Stressing head

a) Strand tendon.

b) Bar tendon.

Figure 99. Tieback testing airangement.
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tieback movement camnot be accurately measured by measuring jack ram
travel because the extension of the ram includes movement of the structure
in response to the applied tieback load.

The hydraulic jack and pressure gauge should be calibrated as a set.
The calibration should be done before the start of each project, and
recalibrated if pressure measurements are suspected to be erratic. The
calibration should be done using a minimum of three loading cycles over the
full range of the jack. A minimum of six increments should be used during
each loading cycle. The pressure gauge used for testing should be large
enough to distinguish 100 psi (690 kPa) changes in pressure. Load cells are
used to monitor changes in load while the tieback load is being held
constant for extended periods of time. Load cells can detect small changes
in load that cannot be accurately measured on a pressure gauge. Total load
should not be measured with a load cell unless its accuracy can be shown to
be greater than the accuracy of the pressure gauge. The accuracy of a load
cell can be affected by cell construction, friction on the cell's bearing
surfaces, misalignment, bending of the bearing plates, and damage. The ram
travel of the jack must be long enough to enable the tieback to deform. The
hydraulic pump must be capable of raising the load from one load increment
. to another in less than 60 seconds.

A dial gauge is normally used to measure tieback movement. The gauge
may be mounted on a tripod or fixed to any support which is independent of
the structure. The dial gauge should be capable of measuring to the nearest
0.001 inches (0.025 mm). A wire and vernier can also be used to measure
movements, if they are expected to be large. The wire is aligned coaxial to
the tendon and it 1is placed over a pulley. A weight is used to tension the
wire, and the movement is measured using a scale attached to a frame and a
vernier attached to the weight.

RECOMMENDED PERFORMANCE TEST

The first three tiebacks and a selected percentage of the remaining
tiebacks should be performance tested. The tests should be located near
borings. The tiebacks are tested as soon as the grout has gained sufficient
strength. Pressure injected and postgrouted tiebacks in sandy or gravelly
soll can be tested 3 days after installation. Other types of tiebacks made
with Type I cement require 5 to 7 days curing before testing. If Type III
cement is used, the tiebacks can normally be tested after 3 days.

The performance test is used to verify capacity and establish the
load-deformation behavior for the tiebacks at a particular site. It is also
used to separate and identify the causes of tieback movement, and to check
that the unbonded length has been established. The movement patterns
developed during the performance test are used to interpret the
load-deformation curves for the simpler proof tests.

Performance testing is done by measuring the load applied to the tieback
and its movement during incremental loading and unloading. Table 12 gives
the performance test loading schedule that should be used for a tieback
anchored in rock, or a sandy or gravelly soil. Since these tiebacks are
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Table 12.

installed in a dense fine to medium sand.

Performance test made on a pressure-injected tieback
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P, 0.50 P 206 240 O.574
) 0.75 Py, 40 3780 0.879
P, 1.00 7y 53 50/0 /. 18S
P 1.20 B 7} 595n /1.520 %
T 2 190 0.245  |w%
P, 0.25 »py 13 1230 0.290
Py 0.50 Pm, 2@ Z4L 0- 572
P, 0.75 7, 40 3780 0.886
’, i.:: L 5:;, 5010 1.197
P .20°P & ]
e | iwiy 1705 T A
Pe 1.33 B, -2 : 1.795,
A L33 p, 3 s 1.715
A 133 P & 1.759
r, 133 Py 5 1. 760
’ 133 P, 7 1.76)
7 193 by Y 10 y I.Té}_
Ps T 1,20 Pi“ﬁ (A 1.L07 %
’, 1.00 7y 53, 1.40] *

| _Lock-off

Q) 'ro 1is the alignment load. It 1s normally between 2 and 10 percent of the design load and it 1s maintained in order
€0 keep the testing equipmant aligned. The actual value of this load depends upon the type of tendon and the
wveight of the jack.

(2) 1 ton=8.9 kN, 1 inch = 25.4 mn, 1 psi = 6.9 kPa.

* Total movement readings
** Residual anchor movement readings.
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not susceptible to significant loss of holding capacity with time, the
maximum test load is held constant for 10 minutes. During the load hold,
the movements of the tieback should be recorded at 0o, 1, 2, 3, 4, 5, 7, and
10 minutes. If the change in movement between 1 and 10 minutes exceeds
0.04 inches (1 mm), then the movement shall be observed for a total of 60
minutes. (Allowances for creep in the steel and variations in the creep
rates for different types of tendons may be necessary. [See Page 202]). If
the observation period is extended to 60 minutes, then the movements should
also be recorded at 15, 20, 25, 30, 45, and 60 minutes. The observation
period starts when the pump begins to apply load to the tieback. The load
should be raised from the previous increment in less than 60 seconds, and
the one minute reading is taken one minute after the pump was started.

Table 13 gives the performance test loading schedule that should be used
for a tieback anchored in a cohesive soil. The 60 minute load hold is used
to evaluate the long-term load holding ability of the tieback. During the
load hold, the movements of the tieback should be recorded at 0, 1, 2, 3, 4,
5, 7, 10, 15, 20, 25, 30, 45, and 60 minutes. If the change in movements
between 1 and 10 minutes is less than 0.04 inches (1 mm) (after allowing for
tendon creep [See Page 202]), then the load hold can be discontinued.

A creep curve should be plotted for each performance test where the load
was held for 60 minutes. Interpretation of the test results is discussed in
the section beginning on Page 194.

Iwo types of load-deformation curves should be plotted for each
performance test; a total movement curve, and a residual anchor movement
curve. Figure 100 (a) shows the total movement curve for the
pressure-injected tieback test results contained in Table 12. In order to
simplify the presentation of the data and to highlight the behavior of the
tieback, only the movement at the maximum load in each increment is
plotted. The data to be plotted is identified with an asterisk (*) in the
remarks column in Table 12.

Figure 100 (b) shows the residual anchor movement curve for the data in
Table 12. When a tieback is loaded, the anchor moves through the soil as it
develops capacity. When the load is reduced to zero, a portion of the
anchor movement is elastic and recovered, but some of the movement is
nonrecoverable. This nonrecoverable movement (residual anchor movement), is
also measured during a performance test. The residual movements are plotted
as a function of the highest previous load. The movements to be plotted are
identified with a double asterisk (**) in the remarks column in Table 12.

The total movement of a tieback is made up of elastic movements
(recoverable movements), and residual anchor movements (nonrecoverable
movements). The elastic movements result from elastic elongation of the
tendon and elastic movements of the anchor through the soil, and it is equal
to the total movement minus the residual anchor movement. Time-dependent
movements (creep movements) make up a portion of the residual anchor
movement if the load is held constant for a period of time. The creep
movements are a result of time-dependent movement of the anchor through the
soil, progressive debonding of the tendon in the grout, and creep movements
in the tendon. These components of movement can be identified in a
performance test, and they are identified in Figure 101. Figure 101 is a

plot of the data presented in Table 13.
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Table 13.

Performance test made on a hollow-stem-augered tieback
installed in a stiff silty clay.

Load o:.;::d Load 'Obl::I::ion e Mo
increment (PDL-dclign load) (tons) p(lin) pr;;::;l (1:::::; Remarke
0 0 o) ] o
%o m 5 245 o
3 0.25 B, 17. 840 0.449
T ?’5 245 0.13]
Pl 0.25 PDL ,7'5 ’60 0.426
P 0.50 By 3) /1525 /. 102
%o 5 245 o. 203
P 0.25 PDL ,7_5 gég 46435
! 9:50 Bpp 31 1525 1, 097
P3 0.75 PDL 22_ 2555 /. 7_é/ i
) 5 245 4.-2%8
P 0.23 Py, 175 360 6.446
P, 0.50 P 3', 155 /.10l
’3 91 Py, 5% 2555 L7718
) 1.00 Py 70 2440 2.622
T 5 245 0.391
?) 0.25 7y, 28 260 | o458
Py 0.50 Py él /525 ‘,.1123
P 0.75 By 52 2585 /1. 787
Pk 1.00 P 70 E;‘tqub il&édil
Py LB Py &4 4136 | 3679
Ty 5 245 672
P 0.25 By 1725 fbo 0.902
*2 0-50 Py 31 1925 .523
2 0.73 Py Yl 2585 2.007
7, 1,00 Py, 70 3440 2.638
P 1.20 Py 84 <41%0 3.699
P, 133 F) 92 1 4525 . 367
P 133 B 2 484
P 1.33 B, 3 529
B, 1.33 Py 4 4.554
A 1.33 By 5 4.573
B 1.33 P 7 4.543
P 1.33 P, 10 4.6/6
P 133 By 15 4,635
P 1.33 P 0 4.044
Pe 1,33 PDL 25 4.455
P 1.33 P 30 4.662
Py 133 By 45 4.L30
P 1.33 Py 60 4.9/
Ps 1.20 By 4 4/30 4632
P, 1.00 By 70 3440 4.448
Lock-off

(1) To is the alignment load.

to keep the testing equipment aligned.

weight of the jack.

It is normally between 2 and 10 percent of the de#ign load and it is maintained in order
The actual value of this load depends upon the type of tendon and the

(2) 1 ton = 8,9 kN, 1 inch = 25.4 mwm, 1 psi = 6.9 kPa
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movement (inches)

Total movement (inches)

Test load (tons)

0 20 40 60 80 100 120
0 s - N
R ORI
me Calculated elastici[[
=T elongation of the i @11
S unbonded length of{ %-—~
- ~~ the tendon -: P::
= S e
_:_ Al I T 1T LT T TT T T T T11 a an
2 ~=<t1 Elastic_anchor movement{ "t
NN NNEEEEEEN ';__4
_L.]__L._.I,.l B I O I U 0 8 O hiER
Residual anchor. ol 1
movement —H 5
} 1T
==
4: !
m_-====q
¢ =
n B Y
| Creep movement
6
a) Total movement. curve
_ Test load (tons)
0 20 40 60 80 100 120
0 [TV T T T T} ]
L1 T T T T 1T
3 ~ Residual anchor
@ ‘movement
Q
1
b) Residual anchor movement curve
Tieback data:
Lengths: Hollow stem augered tieback Grouting:
Total = 55 ft. (16.8 m) .
Shaft diameter = 12 inches
Unbonded = 18 ft. (5.5 m) Tendon: 6 - 0.5 in. strands 1} cu. yds.
Anchor = 37 ft. (11.3 m) 100 psi

Jacking = 5 ft. (1.5 m)

Note:

Figure 101.

1 ton = 8.9 kN
1 psi = 6.9 kPa

1l inch = 25.4 mm

1 cu. yd. = 0.765 m3

Performance test made on a hollow-stem-augered tieback

installed in a stiff silty clay.
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Many tieback specifications have specified a minimum and a maximum
elastic movement for the tiebacks. Typically the minimum elastic movement
has been required to exceed 0.8 times the calculated elastic elongation of
the unbonded length, and the maximum elastic movement has been required to
be less than the calculated elastic elongation of the unbonded length plus
half of the anchor length.

The checking of the minimum elastic movement is a reasonable thing to do
because it verifies that the unbonded length actually has been provided.
Requiring the maximum elastic movement to be less than a calculated elastic
elongation, assumes that the skin friction along a straight-shafted tieback
is uniform and that the end of the tieback does not move. Measurements and
tieback tests have shown that these assumptions often are not true, most
tiebacks do not transfer load to the soil uniformly, even in uniform soil
deposits. In a uniform soil deposit the skin friction along an anchor is a
function of strain. The skin friction--strain relationship for the tieback
will determine the load transfer rate. Chapter 9 contained a detail
discussion of skin friction distributions and load transfer rates. A shaft
tieback in a uniform soil deposit will normally have elastic movements less
than the calculated elastic elongation of the unbonded length plus half of
the anchor length. However, if a shaft tieback is installed in a nonuniform
soll deposit, then the skin friction will be affected by the soil and the
skin friction--strain relationship for each soil. If weak solls are located
around the front of the anchor, and stronger soils surround the lower
portion of the anchor, then the actual elastic movements will exceed the
maximum allowed. These tiebacks should not be rejected. The 1972 French
Recommendations [118] had a criteria for the maximum elastic movement, but.
that criteria was dropped when the 1977 Recommendations [53] were
developed. The requirement was dropped because many successful
installations had not been able to meet the criteria.

Interpretation of performance test results will be discussed in the
interpretation of tests results section of this chapter.

RECOMMENDED PROOF TESTS

Each production tieback which is not performance or creep tested should
be proof tested. A proof test is a simple test which is used to measure
total movement of the tieback during incremental loading. The increments of
load are the same as those used in the performance test except the maximum
increment is normally equal to 1.20 times the design load.

If the performance test indicates that the tiebacks are not creep
susceptible, and the tiebacks are installed in rock or sandy soils, then the
proof tests can be run in accordance with the schedule contained in Table
14. The table was designed to enable five tieback tests to be recorded on
the same form. The maximum load applied during the test is held constant
for 5 minutes and the tieback movement is recorded. If the movement between
1 and 5 minutes is less than 0.03 inches (0.76 mm) (after allowing for
tendon creep [See Page 202]) then the test is discontinued. If the
movement exceeds 0.03 inches (0.76 mm), then the load should be maintained
until the creep rate can be determined.
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In cohesive soils the test results are often more erratic than in rock
or cohesionless soils. These tests may require extended observations at the
maximum test load, and a plot of the total movement versus load is helpful
in comparing the results with the results of the performance and creep
tests. Table 15 gives the loading schedule for a proof test in cohesive
soils, and it contains the results of a test performed on a
hollow-stem-augered tieback installed in an interbedded stiff clay and silty
sand. Figure 102 shows a plot of the data in Table 15.

In cohesive soils, the engineer should review the creep curves developed
from the creep and performance tests, and determine the length of the
observation period and the magnitude or pattern of acceptable creep
movements for the proof tests. Normally, a five minute observation period
will be sufficient in cohesive soils. However, the time period may have to
be extended if the creep movement is erratic or excessive.

Interpretation of proof test results ‘:l’ss discussed in the Interpretation

of Test Results section of this chapter.

Table 15. Proof test performed on a hollow—stem-ahgered tieback installed
in an interbedded stiff silty clay and silty sand.

Basic Observation

Load of load Load: period Jack Movement Remarks
increment (PDL-d-sign load) | (tons) (ﬁ%g) pressure (psi) (inches)
0 0 (o) (o) -
T, (n 35 I70 o
Q) 0.25 By 19 950 0.4(9 .
F2 9.50 By 38 [8S0 1.059
) 0.75 Fpp 51 2500 1. 781
* 1.00 By Y- 2700 2.355
P, | 1m 3.5 i 4450 | z.3i8
’, L2 By 2 2.835
A 120 P 3 2.435 |
7 1.20 fy 4 2 94
A 1.20 by 5 2.645
’, 1207, 7 2.847
P, 1,20 Py, 10 2€5]
’ 120 By 15 ] 2.956
PS 1.20 PDL 20
P5 1.20 PEL © 25
PS 1.20 Pgi 30
Ps 1,20 PDL 45
Ps 1.20 PDL 60
k 1.00 By, 75.5 3700 2.680
Lock-OFf 57 2800 2.220

(1) To is the alignment load. 1t is normally between 2 and 10 percent of the design load and it is
wmaintained in order to keep the testing equipment aligned, The actusl value of this load depends
upon the type of tendon and the weight of the jack.

(2) 1 ton = 8.9 kN, 1 inch = 25.4 mm, 1 psi = 6.9 kPa.
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Test load (tons)

0 20 40 _60 80 _ 100

(3]

E-

Total movement (inches)

Tieback data:

Lengths: Shaft diameter - 12 inches Grouting:
Total = 55 ft. (168 m) _
Tendon: 7 - 0.5 in. strands 1} cu. yds.
Unbonded = 10 ft. (3.1 m) 100 psi
Anchor = 45 ft. (13.7 m)
Jacking = 5 ft. (1.5 m)
Note: 1 ton = 8.9 kN 1 inch = 25.4 mm
1 psi = 6.9 kPa 1 cu. yd. = 0.765 m3

Figure 102. Proof test performed on a holldw-stem—augered tieback

installed in an interbedded stiff silty clay and silty
sand,

193



RECOMMENDED CREEP TEST

The long-term behavior of tiebacks installed in cohesive soils is not
well understood. In order to predict the long-term behavior of tiebacks
installed in clays, the engineer should select at least two tiebacks for
creep testing. Normally, these’ tests are performed on two of the initial
three performance-tested tiebacks.

The test arrangement for a creep test is simllar to that used for
performance or proof tests, except a load cell is used to monitor the
tieback load. Table 16 contains a loading schedule, and Table 17 gives the
creep movement schedule for a creep test. The increments of load are the
same as those used during a performance test. Each observation period
starts when the pump begins to apply load and the one minute reading is
recorded one minute after the pump starts. All times in Table 17 are taken
from the time when the pump began to apply the load. The load must be
increased in less than 60 seconds. Tables 16 and 17 also contain the
results of a creep test performed on a postgrouted tieback installed in a
stiff clay with a trace of fine to medium sand, and Figures 103 and 104 show
the residual anchor movement, and creep curves for the tieback.

The total movement and residual anchor movement curves are similar to
those developed for a performance test. The creep movement at any time is
the change in movement from the movement at 1 minute. The creep curve is a
plot of the creep movement during each increment of load with respect to the
log of time. The creep rate is the slope of the line per decade of time. A
decade of time is one log cycle of time. A semilogarithmic plot of creep
movements as a function of time was selected because laboratory triaxial
creep results are described by similar curves. The French Recommendation
[53] and the German Standard [56] also use similar creep curves.

The length of the observation periods in Table 16 increase as the load
increases. This was done so that the creep movements are not significantly
influenced by the previous loads. The writer has found that previous load
history can affect the creep rate. The observation periods were selected so
that the tests could be completed in a reasonable amount of time, and a
virgin creep rate could be established. Since the creep movements are
plotted as a function of the log of time, it would take 1,000 minutes to add
one additional log cycle to a temporary tieback test and 3,000 minutes to
add one more cycle to a permanent tieback test. Fxtension of the test for
an additional log cycle is not justified, since excessive anchor creep
usually is apparent early in the second log cycle.

RECOMMENDED ON-SITE TESTING PROGRAM

The number of creep and performance tests performed on a project depends
upon whether the tiebacks are used for temporary or permanent applications;
whether the anchor is in rock, cohesive soil, or cohesionless soil; and, the
variable nature of the ground. Table 18 gives an indication of the number
of creep and performance tests that may be necessary. The engineer should
review the ground conditions, and specifically identify those tiebacks which
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Table 16.

Creep test made on a postgrouted tieback installed in a

stiff clay with a trace of fine to medium sand.

Basis Jack Load Movement Observation periods
Load of load oa ressure ce -
increment (PDL- design load) (lt'on:) F (psi) (ue)l(lz) _e(:ml:h::;. Temp, (ain) Pera,

0 o o 2384 -

To w 2 2453 | 0.069

7, 0.25 7 13.4 2844 0.224 °
To Z 2453 6.4

3 0-25 Py, 3.4 2944 0.243

r 0.50 &) 269 3307 0.4L5 10 30
T 2 2453 0.146

g 0B Ey éa.g 2844 | 0.308

2 : 6. 2307 .

PJ 0.75 PL 403 2 7‘7 g‘% 15 30
T : Z 2453 0.2/2

2 0.25 By 3.4 2844 | 039

?, 0.50 Py 269 233067 0.628

7 0.5 7, 40.3 3767 | 0.96Z

7, 100 7y, 528 4220 | J.i00 T R
TO : Z 2453 0. 34’

2 0.25 by 13.4 2844 0.50b

P2 9-30 Py 26.9 3307 | 6.735

7y 0.5 7y 4.3 3767 0.964

’, 1.00 P 538 4230 ]. 200

P 1.20p) - t4.5 4597 '].400 30 (4]
T 2 2453 0.420

T, o251, 12.4 2844 0.593

1, T 26.9 3207 0.833

T, 0.7 7y, 40.3 3767 [.075

% ki 53¢ fs‘g? [.320

5 “°m M,g \

T, 1.33°p, 71. 4837 ;2‘0!5; U0 00
A 1.20 P, - 645 | 4597 [.598

r, 1207, 53.8 4230 /.439

Lock-CEf

(1) T,is alignment load. It is normally between 2 and 10 percent of the design load and it is maintained in order
zg keep the testing equipsent aligned. The actual value of this load depends upon the type of tendon and weight

of the jack,

(2) ue = microstrains (10-6 inches)
(3) 1 ton = 8.9 kN, 1 inch = 25.4 mm, 1 psi = 6.9 kPa
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Table 17. Creep test performed on a postgrouted tieback installed
in a stiff clay with a trace of fine to medium sand.

oad increment . 0. N .00 1.20 .33
W‘rwm———: : ; n g :%&ﬁ”*ﬁxi"“nﬁ:’i:s"’_‘
ac TEeSSuUre $
iossteit ve () T 20 Yooy | ¥7ay | 4z35 | 597 [ 4E%T
Time minutes
! 2%0 | 486 | .759 | 1128 | 193! | 1.¢85
T 232 | 499 | 770 | 1138 | 1. 445 1 1.492
3 2234 | .50 | 770 | ).[38 | {449 | 1694 |
4 23 | .%509 T2 | 1138 | 1.954 | 1.699 |
5 237 | . m14 | .772 1.1145‘ 1459 | 1.699
? Z38 .g[é | 775 | (147 | |42 |}).702
10 . 239 .zzgs [.Is% 2 [.7I91
15 S/4 | .77 i 1228 | 1.7
20 . 777 1/76? 319
25 .M lc o 1. 720
10 277 1.7 ! 2 14 726__
45 11237 |
60 1. 14%¢
75 1.747
100 1.753 |
200 '
300
Total movemant 0.0'S 0.045 6.034 0-0 73 0-092 0-090
during load hold .

(1) ue = microstrains (10”8 inches)

(2) 1 ton = 8.9 kN, 1 inch = 25.4 ma
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Residual anchor

Total movement (inches)

movement (inches)

10 20 30

Test load (tons)
40

Tieback data:

- 4 e

a) Total movement curve.

- 10 20 ) 30

Test Load (tons).

40

iz -

-~ 70

b) -Residual anchor movement

Figure 103.

curve

Performance test made on a postgrouted tieback installed in a
stiff clay with a trace of fine to medium sand.

Lengths:
Total = 49 ft.

Unbonded = 19 ft.

Anchor = 30 ft.

Jacking = 6 ft.

Tendon:
13" Bar
Grouting:
3 pbases
maximum

pressure
450 psi

Note:
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Creep movement (inches)

o o e
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0_‘

t
7
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w
I &
i

Time (minutes)

Note: 1 ton = 8.9 kN, 1 inch = 25.4 mm

45

Figure 104. Creep test performed on a postgrouted tieback installed in a

stiff clay with a trace of fine to medium sand.
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Creep movement (inches)
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Note: 1 ton = 8.9 kN, 1 inch = 25.4 mm

Figure 104. Creep test performed on a postgrouted tieback installed in a
stiff clay with a trace of fine to medium sand.



should be creep or performance tested.

If the installation method is

changed or modified significantly, each new tieback type should be creep or
All the remaining tiebacks should be proof tested.

performance tested.

Table 18.

Recommended tieback testing program.

Ground conditions

Creep tests

Performance tests

(number) (number /percentage)
Temporary rock None First three tiebacks
tiebacks plus 1% of the re-

maining omnes.

Permanent rock None First three tiebacks plus
tiebacks 2% of the remaining ones.
Temporary tiebacks in None First three tiebacks plus
noncohesive soils 2% of the remaining ones.
Permanent tiebacks in None First three tiebacks plus

noncohesive soils

2% of the remaining ones.

Temporary tiebacks
cohesive soils.

in

First two tiebacks plus
additional groups of two

" if soil conditions vary

significantly over the
site.

One of the first three
tiebacks plus 5% of the
remaining ones.

Permanent tiebacks
cohesive soils.

in

First two tiebacks plus

additional groups of two
if soil conditions vary

over the site.

One of the first three
tiebacks plus 10%Z of the
remaining ones.

Occasionally, tiebacks will fail to pass a test, indicating a

construction problem or a change in soil type.

If several tiebacks fail to

pass a performance or creep test, then the design load should be reduced, or

the installation method should be modified or changed.

Minor modifications

such as increasing the anchor length, total tieback length, or adjusting the

angle of the tieback are very common.

After changing or adjusting the

installation methods, then performance or creep tests should be run in
accordance with the recommendations in Table 18.
tieback fails, its load-movement curve should be studied and a revised

design load should be assigned to it.

When a proof-tested

Any additional capacity required

should be provided by adjacent or additional tiebacks.
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The maximum test load may be increased above 1.33 times the design
load. However, in sandy or gravelly soils and rock there is no engineering
reason for increasing the overload. 1In cohesive solils a higher overload
will cause higher creep movements at the test load, and delay the initiation
of creep at the lock-off load. Table 19 gives the overloads recommended by
the various standards. The writer is not aware of any long-term performance -
problems when the tiebacks have been proof tested to 1.20 times the design
load, and creep and performance tested to 1.33 times the design load. When
it is not possible to establish an independent reference point to measure
the movement of each tieback, 1.e., waterfront walls, some landslides,
retaining wall repairs, and underground caverns, then a maximum test load.
between 150 and 200 percent of the design load can be used for the creep and
performance tests. Then the remaining tiebacks need only to be stressed and
locked-off.

Table 19. Tieback test overloads.

Tieback type Overload Source
Temporary and
permanent soil 1.5 Germany [55] [56]
tieback
Temporary tieback 1.3 to 1.8 depending Switzerland [57]
in soil or rock on risk
Permanent tiebacks 1.6 to 2.0 depending Switzerland [57]
in soil or rock on risk

Temporary and

permanent tiebacks 1.25 to 1.5 United States
in soil or rock [59]
Temporary tiebacks 1.2 France [53]
in soil or rock FIP [58]
Permanent tiebacks 1.3 France [53]
in soil or rock FIP [58]

INTERPRETATION OF TEST RESULTS

Typical total movement, residual anchor movement, and creep curves are
shown in this chapter. They were presented in order to familiarize the
reader with characteristic curves for common types of tiebacks, and to
illustrate typical behavior patterns. The curves reflect the load transfer
mechanism for the particular tieback, and they are helpful in evaluating a
tieback's ability to carry load. The magnitude of the total, residual, and
elastic movements by themselves are not significant in determining the
adequacy of a tieback. They represent the tieback's response to an applied
load. They can be used to compare the tieback's behavior to other tests at
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the site or tests in similar soils, and to verify that the anchor is located
beyond the critical failure surface. The movement of the tieback during the
load hold is very significant, since it is used to evaluate the long~term
load holding ability of the tieback.

Loss of tieback load with time may be caused by anchor creep, debonding
of the tendon, tendon relaxation, and structural deformations. Some
understanding of these mechanisms is necessary in order to evaluate the
creep test results.

Anchor creep is defined as the slow movement of the anchor through the
soll under constant load. As discussed in Chapter 9, this movement may
result from consolidation and/or creep. Anchor relaxation is defined as a
slow change in tieback load resulting from movement of the anchor through
the soil. Anchor creep 1s observed during a constant-load test, and anchor
relaxation is observed during monitoring after the load has been locked—off
in the tieback. At present, there is not a complete understanding of the
mechanism that causes an anchor to slowly move through the soil. Experience
has shown that tiebacks installed in rock and cohesionless soils are not
subject to significant anchor movements with time. However, tiebacks
installed in some cohesive soils may experience anchor movements and loss of
load with time.

The tendon grout bond may degrade with time during the testing of a
tieback. The complex behavior of the grout body surrounding the tendon is
difficult to predict because it is a function of:

1) Type of prestressing steel. (Bars develop bond by mechanical
interlock along the deformations, wire develops bond by adhesion
and strands develop bond by a combination of both mechanisms.)

2) Amount of grout surrounding the tendon.

3) Method used to drill and clean the drill hole.

4) Type and strength of the grout, i.e., cement grout, sand-cement
grout, concrete, and polyester resins.

5) Grouting method, i.e., tremie, low pressure, and high pressure.

6) Radial restraint of the ground, i.e., radial shear or confinement.

7) Level of stress in the tendon.

When a portland cement grout, sand-cement grout, or concrete is stressed
close to its ultimate strength, it normally will fail with time. Because of
the complex stresses induced in the grout around a tieback and the gradation
of stresses along the anchor length, it is possible to have progressive bond
deterioration until a point of stability is reached. Considering the
various factors listed above and the variation that exists from tieback to
tieback, bond degradation with time may be observed during the testing of a
tieback. Bond degradation or debonding may manifest itself by sudden jumps
in movement during a constant load hold. Figure 107 shows a creep curve
(60 ton curve) where bond degradation probably caused a sudden increase in
creep movement, and the transfer of load farther down the anchor length.

The slope of the creep curve is approximately equal before and after the
jump. Cyclically incrementing the test load will cause the bond degradation
to occur during loading, and bond degradation will normally not be observed
during a test.
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The creep or relaxation in the prestressing steel tendon will affect the
tieback creep movements during testing and the loss of load after lock-off.
Prestressing steels creep under constant load or relax (lose load) at a
constant length. Most available information on time-dependent behavior of
prestressing steel deals with relaxation. Creep information is limited, but
the indications are that the percentage of creep and relaxation are
approximately the same. The amount of steel creep observed during a test is
a function of the stress level, duration of test, the unbonded length, and
the tendon type. Table 20 gives typical relaxation percentages for various
tendon types. The stress level used in developing the table was 70 percent
of the ultimate strength, and the steel temperature was 68° F (20° C).

Using the relaxation data in Table 20, load loss and creep movements can be
estimated for bar and strand tiebacks. Table 21 summarizes these estimated
values for a 20 foot (6.1 m) and a 30 foot (9.15 m) unbonded length. It is
clear that the unbonded length, tendon type, and duration of load increment
significantly influences the creep and relaxation behavior of the tendons.
{‘The allowable creep movements given for the performance, proof, and creep
tests, assumes that the measured movements have been corrected for creep in
the steel.

Table 20. Percentage load loss resulting from the time dependent stress
relaxation of the prestressing steels (initial load = 70 %
ultimate strength at a temperature of 68°F [20°C]).

Tendon Percentage Load Loss

0.1 Hour | 1.0 Hours|10 hours | 100 hours | 500 hours | 1000 hours {40 Years - Extrapolated

Pre-straightened Wire
Normal Relaxation 0.25 0.80 1.90 2.90 4.00 4.50 10-12
Low Relaxation 0.09 0.20 0.40 0.65 0.95 1.10 4

7-H;re Strands

Normal Relaxation 0.35 1.15 2,10 3.40 4.70 5.50 10-14
Low Relaxation 0.07 0.33 0.60 0.84 0.98 1,10 4
Bars 0.20 1.00 1.86 2.75 3.37 3.65 6

Tiedback structures move in response to the applied tieback load.
Normally the load causes the structure to be pulled towards the anchor. As
the structure moves, the unbonded length is shortened, and a corresponding
load reduction occurs. The magnitude of the load reduction depends upon the
unbonded length, tendon type, and the amount of movement. For example, a
0.25 inch (6.4 mm) movement in a 1 1/4 inch (32 mm) bar tendon with an
ultimate capacity of 187.5 kips (834.4 kN) and a 20 foot (6.1 m) unbonded
length would result in a 37.8 kip (168.2 kN) loss of load. A 0.25 inch
(6.4 mm) movement in a 4 - 0.5 inch (12.7 m) strand tendon with an ultimate
capacity of 165.2 kips (735.1 kN) and a 20 foot (6.1 m) unbonded length
would result in 17.85 kip (79.4 kN) loss of load.
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Table 21. Estimated tieback creep movement and load loss resulting from
creep of the prestressing steel. (Initial load = 70% of
ultimate strength, temperature = 68°F [20°C], unbonded
length = 20 ft [6.1 m]).

Tendon Type
1% inch (32 mm) 5 - 0.5 inch (12.7 mm)
Time Bar (ult. cap. = 187.5 kips) Strands (ult. cap. = 206.5 kips)
(hours) Creep Load Creep Load
Movement Loss Movement Loss
(inches) (kips) (inches) (kips)
0.1 0.0017 0.26 0.0057 0.51
1.0 0.0087 1.31 10.0186 1.66
10.0 ~0.0161 2.44 0.0340 3.03
100.0 0.0239 3.60 0.0550 4,91
500.0 0.0292 4.41 0.0761 6.79
1000.0 0.0317 4.78 0.0890 7.95
350,400 (40 years) 0.0520 7.86 0.1943 17.34
1l inch = 25.4 mm 1 kip = 4.45 kN

Figure 105 shows the three characteristic types of creep curves observed
during a test. These curves are similar to the laboratory creep curves
described in Chapter 9. Curves (a) and (b) indicated an acceptable
behavior, as long as the creep movement estimated by projecting the design
load creep rate over the 1life of the structure, 1is not excessive. A creep
rate of 0.08 inches (2.0 mm) per decade would produce a creep movement of
approximately 0.5 inches (12.7 mm) during 50 years. Curve (c) indicates
that the tieback would continue to creep until it failed. In the region
between curve (b) and (e), it 1is possible to have a creep curve which would
curve gradually upward at the maximum load. This tieback could be accepted
if the creep curve for the design load is similar to either curve (a) and

(b), and the estimated creep movements would not cause damage to the
structure.
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Figure 105. Characteristic creep curves.

A. Pressure Injected and Postgrouted Tiebacks

The various tieback standards and recommendations, [53], [55], [56],
[57], [58], and [59], were developed for pressure injected and postgrouted
straight-shafted tiebacks. Each one of these standards uses an allowable
creep rate to determine the acceptability of the tieback. In addition, some
standards require the measured elastic movements to be within a specified
range. Figure 106 shows plots of the creep criteria used in these
standards. The Swiss Standard [57] uses a different criteria for
cohesionless and cohesive soils, while the other standards propose the same
criteria for all tiebacks. The French Recommendations [53] allow for creep
in the steel, and the creep criteria for the Swiss Standard [57] and the
French Recommendations [53] is a function of the unbonded length and the
tendon type. The German Standard [56] uses a single creep rate regardless
of tendon type, length, or soil type.

The curves in Figure 106 also show that the allowable creep rates for
the short-term French and German tests are significantly greater than the
creep rates for their respective long-term tests. This difference probably
results from the loading sequences used for the different tests. Only the
maximum load in the short-term test is held, while each increment is held in
the long-term test. The loading history imparted during the load holds at
lower loads reduces the creep rate at the maximum load in the long-term test.

Figure 100 shows a typical performance test made on a pressure-injected
tieback in a dense, fine to medium sand. The total movement curve is
primarily elastic and very small residual anchor movements are measured.
These small residual anchor movements indicate that little movement is
required to mobilize the skin friction along the anchor. The amount of
residual anchor movement reflects the stiffness of the tieback-soil system.
If a pressure-injected tieback is installed in a medium dense sand, then the
residual anchor movement would be greater than that shown in Figure 100.

The writer does not recommend performing creep tests on
pressure~injected tiebacks in sandy or gravelly soils because:

1) Creep rupture is not observed in cohesionless soils at stress
levels significantly below their ultimate strength.
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2) Tieback load test failures are immediately apparent during testing
if the tieback is installed in cohesionless soil. Ostermayer [11],
Bernath, et al [119], and Gandais and Delmas [117] have all
reported that pressure injected and postgrouted tiebacks in
cohesionless soils have a creep rate of less than 0.04 inches
(1 mm) per decade of time until the ultimate load is applied.
These creep rates include the creep of the steel which is more
significant than the creep movement of the anchor. The writer,
too, has observed that the failure load for pressure-injected
tiebacks in sandy and gravelly soils is a well-defined load, and
the creep rate is less than 0.04 inches (1 mm) per decade at each
load, increment before failure and it exceeds 0.04 inches (1 mm)
per decade at the failure load.

Creep tests are recommended for postgrouted tiebacks in cohesive soils.
Figures 103 and 104 show a performance test and creep test for a postgrouted
tieback installed in a stiff clay with a trace of fine to medium sand. This
creep test was not performed exactly in accordance with the recommendations
made in this chapter. The clay had a natural moisture content of 30
percent, and a liquid limit and plasticity index of 60 and 32 respectively.
The creep rate at the maximum increment was equal to about 0.075 inches
(1.9 mm) per decade which is significantly greater than the creep rates
observed during the testing of tiebacks installed in sand. A significantly
higher creep rate in clay is to be expected since the stress-strain behavior
of a clay is different from that of a sand, and the elastic modulus of a
stiff to hard clay is about one tenth that of a dense sand [120].

The creep curve for the maximum load in Figure 104 changes slope at
about 30 minutes. It is likely that the steeper slope is more
representative of the creep rate for the applied load since the creep during
the first 25 minutes may have been affected by the previous loading
increments.

Figure 107 shows creep curves for a postgrouted tieback installed in a
stiff to very stiff silty clay with an unconfined compression strength of
between 2,000 and 3,000 psf (96 and 144 kPa), a natural water content
between 18 and 21 percent, a plastic limit between 17 and 21, and a
plasticity index between 25 and 32. The tieback whose creep curves are
shown in Figure 104 had a creep rate about 3 times as large as the tieback
shown in Figure 107. This is not unusual in cohesive soils, and it is
possible that creep rates greater than 0.08 inches (2 mm) per decade may be
acceptable for tiebacks in cohesive soils. At failure, the creep curve for a
postgrouted tieback will be similar to the 45 ton (400.5 kN) creep curve
shown in Figure 108. This tieback was installed in a soft to medium clayey
silt with a cohesion of 750 psf (36 kPa), an angle of internal friction of
15 degrees, a natural water content between 17 and 23 percent, a plastic
limit of 13.8, and a plasticity index of 12.2. The creep curve for the 40
ton (356 kN) load was linear which indicates that failure occurred at a
well~defined load.

B. Single-Underreamed Tiebacks

Single-underreamed tiebacks develop their load carrying capacity by skin
friction along the shaft and bearing on the bell. Figure 109 shows a
performance test which clearly shows this load transfer mechanism. The

tieback was installed in a stiff micacious clayey silt which was derived
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from the weathering of a mica schist. The total movement curve and the
residual anchor movement curve show that the shaft above the underream
carried most of the load up to 30 tons (267 kN). When the load was
increased to 41.5 tons (369.4 kN), then the underream began to carry load,
and large anchor movements were required to develop the bearing capacity of
the underream. The large residual anchor movements observed could, 1in part,
have been a result of the method used to place the anchor concrete. This
tieback was made by pouring concrete down the shaft and into the underream.
This method does not assure bearing of the bell, and some anchor movement
would be expected just to develop intimate contact between the soil and the
concrete.,

Figure 110 shows the result of a creep test performed on a
single-underreamed tieback in a hard to very hard clay with a standard
penetration resistance between 60 and 75 blows per foot. The creep curves
for the first five load increments are approximately straight lines with a
low creep rate. These curves are similar to curves for a.straight-shafted
tieback and the residual anchor movement for the first five increments
indicates that load was carried primarily by the shaft. The creep curve for
the 72 ton (640.8 kN) increment is significantly different from the other
curves. The 72 ton (640.8 kN) curve is similar to a consolidation curve.
Model tests discussed in Chapter 9 also showed a consolidation type creep
curve.

C. Large Diameter Stra;ght-Shafted Tiebacks

Augered tiebacks are commonly used in cohesive soils. Figure 111 shows
a performance test for a hollow-stem-augered tieback installed in an
interbedded stiff silty clay, and silty sand. The maximum load
(88 tons [783.2 kN]) during this performance test was held for sixty
minutes, and Figure 112 shows the creep curve. The elastic movement of this
tieback almost equaled the calculated elastic elongation of the entire
tendon. This means that the end of the tiebacks probably moved through the
soil. This fact does not indicate failure as the creep curve clearly shows.

Figure 113 shows a proof test and a creep test for another
hollow-stem~augered tieback installed at the same site. This tieback failed

during the load hold and a high creep rate was apparent during the first 10
minutes of the test.

LONG-TERM MONITORING

The long-term performance of a tieback can be evaluated by monitoring
changes in the tieback load, and deformations of the tiedback structure.
Monitoring includes:

1) The measurement of tieback load by lifting-off the anchor head or
nut, or by load cells.

2) The observation of structural deformation by visual checks, optical
surveys, extensometers, or slope indicators.

Lift-off tests can be used to verify that the load locked-off in the

tieback has not changed substantially. Normally, the load will be reduced
slightly as a result of tendon relaxation, anchor relaxation, and movement
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of the structure. 1In order to perform the test, the load locked-off in the
tieback should be checked immediately after lock-off. This is done by
recording the load required to 1lift the anchor head or nut from the bearing
plate. One to three days later a 11ft-off test can be performed by
reinstalling the hydraulic jack and recording the load required to lift-off
the anchorage. The hydraulic jack should not be used to continuously
monitor the load. 011 seepage and temperature will affect the oil pressure
in the jack and make it impossible to accurately monitor the load. The
movement of the structure must be known in order to interpret the results of
lift-off tests. If the structural movements are small, a ten percent
reduction in load is not unreasonable during the initial 3 days. If the
anchorage remains accessible, 1lift-off tests can be performed any time
during the 1ife of the structure. :

Load cells can be permanently installed to measure the load in a
tieback. In the United States, electrical resistance load cells are
generally used. There are a variety of load cells manufactured for the
purpose of monitoring rock bolts and tiebacks. These instruments may not be
stable over a period of years but this is not critical since the most
meaningful monitoring is done during the first year after installation.

Load cells can be encased in concrete and they can be remotely read using a
simple light-weight strain indicator.

The structural movements in response to the tieback load must be
accurately measured if load measurement data is to be analyzed.
Extensometers anchored behind the anchor zone, inclinometer, and optical
surveys can be used to monitor the movement of the structure.

Permanent tiebacks installed in cohesive soils should be monitored. The
extent of the monitoring program will depend on the variability of the
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Figure 113. Proof test and creep curve for a hollow—stem—augered tieback
installed in an interbedded stiff silty clay and silty sand.
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ground, risk, and the reliability of the monitoring instruments. Readings
should be regularly taken during construction so unusual behavior can be
identified and corrected before the contractor has left the site. Upon
completion of the installation, monitoring should continue, but at a
decreasing rate. A typical monitoring schedule might include a check at 3,
6, and 12 months. If no unusual performance can be detected, the engineer
may decide to discontinue the monitoring program after one year.

Tiebacks used for landslide stabilization and underground cavern support
have, on occasion, experienced large increases in load. Landslide
stabilization tiebacks should be monitored if the failure surface is not
well-defined, or if small changes in soil or rock strengths cause large
changes in the total tieback force required. All cavern tiebacks should be
monitored. The monitoring program is provided to determine if the tendon 1is
becoming overstressed, and whether or not additional tiebacks may be
necessary. Monitoring of these structures may extend for several years.

In Germany, tieback monitoring has been required on every permanent
tieback project. These monitoring programs have shown that it is not
unusual for the tieback load to decrease by 10 to 20 percent during the
first six months after installation and then stabilize. When monitoring
shows that the load has decreased without significant structural
deformations, it is assumed that this drop results from the
tieback- -structure system attempting to reach an equilibrium condition, and
tendon relaxation. When monitoring indicates that the structure is
deforming and the tieback load is decreasing, it is an indication that the
anchor is "creeping” out of the ground.

Table 22 contains a summary of the monitoring requirements or
recommendations of the various anchor standards. The recommendations can be

used as a guide in developing the monitoring program for a particular
project. ’

Cording, et al [121], and Dunnicliff and Sellers [122], have prepared
detailed manuals which describe the instrumentation required to monitor
tiebacks. These can be used as a guide in developing the program and in
selecting the equipment.
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19 (4

Table 22. Recommended tieback monitoring.

TIEBACK STANDARD

Swiss Std.
[57]

PT1 Recommendations
[59]

German Std.
[56)

French Recommendations

[53)

FIP Recommendations
[58]

Draft British Code
[54)

Monitoring of deforma
tions 1is recommended
for tiebacks whose
failures would have
few seriocus conse-
quences, but would not
endanger public safety
or order.

Monitoring of deforma-
tions is required for
tiebacks whose failure
would have quite ser-
ious consequences,

but would not endanger
public safety or order.

Monitoring of the load
on 5% of the tiebacks

is required when a
failure would have quite
serious consequences,
but would not endanger
public safety or order.

Monitoring of the load
on 10X of the tiebacks
is required when a fail-
ure would have serious
consequences and would
probably endanger public
safety and order.

In order to monitor
tieback load, the
tendon must remain
unbonded.

Load cells and ex-
tensometers are re-
commended for moni-
toring.

The engineer must
establish the moni-
toring program.

The wonitoring re-

quirements are deter-
mined by whether the
performance of the
tieback structure can
be observed, by the
construction tech-
niques, and by the
nature of the soil.

Monitoring is required,
if a tieback failure
would endanger public
safety and order.

Monitoring is required
if the tieback is in-
stalled in a cohesive
soil.

License will specify
monitoring require-
ments for each tieback
system.

Permanent tiebacks
should be monitored.

Structures must be moni-
tored quarterly for one
(1) year after construc-
tion and monitored annu-
ally for the next nine
(9) years.

The load must be monitor-
ed on the following num-
ber of tiebacks

--102 of the first 50

-- 7% of 51-100 anchors
-~ 5% of 101 and up.

The monitoring device can
be an all or nothing
device.

A 20X variation in load
should be investigated.

Lift-off reading or load
cells may be required.

The displacements of the
structure are required
to be checked.

Lift-off reading or load
cells are required for all
installations with a ser-
vice life over two (2)
years.

Movements should be moni-
tored and the design
should state the maximum
permissable movement.




CHAPTER 11 - CONCLUDING REMARKS

Experience has shown that permanent tiebacks can be effectively
protected from corrosion, and that they can maintain their load carrying
capacity in most soils and rock without excessive movement .

Permanent tiebacks are being used on privately funded construction
projects where the owner, designer, and the contractor can work together to
produce a well designed installation. In order for permanent tiebacks to be
widely used on publicly funded projects, most designers will have to
increase their knowledge of tieback work, and government agencies will have
to modify their contracting practices.

This report was prepared to provide interested designers with up-to-date
information concerning tieback applications, design, corrosion protection
methods, specification, construction, and testing. With this knowledge, a
designer should be able to prepare a performance specification which will
allow qualified contractors to competitively obtain work using their
expertise and proprietary systems, and enable the designer to review the
contractor's system and verify its performance.

Experience has shown that increased knowledge in itself will not
encourage widespread use of innovative construction methods on publicly
funded projects. The owner must also modify established contracting
practices if permanent tiebacks are to gain wide acceptance on government
work. Reinforced Earth is a good example of one instance where contracting
practices where changed in order to enable an economical, innovative
technique to be widely used. The following changes in contracting practices
sould be considered in order to effectively incorporate permanent tiebacks
and other innovative techniques on publicly funded construction.

First, the owner must be prepared to pay the additional costs necessary
to obtain a competently prepared tieback design and specification. The
designer may require more time to design a tiedback structure than a
conventional structure. The extra design costs should be offset by reduced
construction costs.

Second, the designer must be involved during the construction of the
project. The designer on government work often is reluctant to incorporate
innovative techniques in his design as long as he is not involved in the
selection of the contractor and the construction of the project. It is not
reasonable to expect him to prepare a performance specification for a new
construction method if he does not know the technical competence of the
reviewing agency or the inspectors. Normally the contractor is selected on
the basis of price, and often the inspection of the work is performed by the
owner or an engineering firm other than the designer. This contracting
practice forces the designer to specify every detail of the tieback system
and every step of the installation. The owner then assumes that 1if he
requires the contractor to perform in accordance with the specifications, a
satisfactory installation will result. The opposite is often the case,
because contractors with little or no experience bid and obtain work
specified in this manner. Now, the owner or his engineer, must accept
responsibility for the performance of the design if the contractor complies
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with the specifications. When the contractor cannot install the tiebacks in
accordance with the specification, or the tiebacks fail to carry the test
load, claims and delays normally result.

Third, the owner must develop effective methods of prequalifying
contractors for difficult, innovative work in order to obtain a satisfactory
installation. Prequalifying contractors based solely on years of experience
or the number of jobs he has done has not achieved the desired result. The
most effective prequalification procedure currently used is to list the
contractors who will be allowed to bid the work. 1In Chapter 7 an alternate
prequalifaction procedure was suggested. This procedure requires
prequalified contractors to submit for review by the designer a description
of their tieback system prior to bid. The designer then would review the
submission and inform the contractors if their system meets the requirements
of the specification or indicate what changes would be required in order for
the systems to be acceptible. This type of procedure prequalifies the
contractor and his system, and it allows the contractor to use his
proprietary techniques.

Fourth, the designer must also be involved in the construction of the
project in order to verify that his design is satisfied, and he should be
available to respond to changes that may occur during construction. When
any new technique is developed, the development will be evolutionary. It is
impossible to detail the finished product, and expect no changes during
construction. The contracting methods must allow incremental development
and additional fees for engineering, or the owner must accept the fact that
these innovative methods will not be widely used.

Fifth, the owner must be willing to accept a portion of the risk
associated with using a new technique such as permanent tiebacks. This is
only reasonable since the owner will benefit from any savings realized. 1In
order to minimize the risk, the owner should encourage designers to use
permanent tiebacks on simple, straight-forward projects where experience can
be developed. Without the owners encouragement, most designers will only
use permanent tiebacks when conventional structures are very costly or
practically impossible to build. Tiedback or tied-down structures are an
alternative to conventional structures, and the most significant cost
savings are going to result from the best solution to routine problems, not
a unique solution to isolated difficult problems.

Sixth, the contract also has to make the contractor legally responsible
for those portions of the design which he performs. The owner cannot expect
the designer to be responsible for the contractors work. Experienced
tieback contractors are willing to take this responsibility.

In summary, when the work is properly specified, the designer becomes
responsible for the structural design and the contractor becomes responsible
for the tieback materials, construction methods, and capacity. Performance
specifications enable experienced contractors, who are able to perform and
willing to be responsible for the work, to install the tiebacks.
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Anchorage:
anchor head, 2, 132, 134
bearing plate, 2, 132, 134
corrosion mechanism affecting the, 87
corrosion protection of the, 81, 82, 90, 135
definition of, 2
nonrestressible, 2, 132
restressible, 2, 132, 135

Bond breaker, 2, 129, 131
Cement grout, (See grout)

Contraction practices:
prequalification, 121
recommended improvements in, 216, 217
specifications,
closed, 121
‘performance, 120, 121
sample, 122-128

Corrosion:

definition of, 46

galvanic,
differential aeration cells, 49, 50, 55, 56, 62, 84
differential concentration cells, 48, 49, 55, 56
differential stress cells, 49
dissimilar metal cells, 47, 48, 55, 56, 61, 88, 89

stray-current, 49, 50, 55, 56, 83, 86, 87, 88, 90
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Corrosion (continued):
types of,

bacterial, 52
hydrogen embrittlement, 53, 59-61, 63, 84, 88-90
pitting, 51, 52, 55, 56, 62-64, 84, 88
rust, (See uniform surface corrosion)
stress-corrosion cracking, 53, 59-62, 84
uniform surface, 51, 56, 89

Corrosion of:
buried steel, 53-55
concrete structures, 57-61
culverts, 56, 57
pipelines, 55-56
reinforced earth, 56-57
tiebacks, 61-66
(See Tiebacks)

Corrosion protection systems for tiebacks:
anchorage, 81, 82, 90, 135
coatings, 71, 74, 88, 89
compression tiebacks, (See also secondary grout protection)
compression tube, 75, 79, 95
encapsulation, 71, 75-78, 91, 95, 131, 132
grout, (See simple corrosion protection)
insulation, 86, 88, 90, 91, 95
recommended, 94-97
secondary grout, 75, 80, 81, 149, 150
simple corrosion protected, 71-73, 90, 91, 95, 97

Corrosion tests:

to measure soil or groundwater aggressivity,
chemical properties, 94
pH, 94
physical properties, 94
resistivity, 93
stray current, 94

to measure corrosion attack on a tieback, 97-100

Creep in:

grout, 201

prestressing steel, 186, 201-203

soil, 165-169

tiebacks, 102, 103, 165, 171, 177, 178, 180, 181, 190
Depassivator, 58-61

Design load, 2
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Drilling, rock:
percussion, 139
rotary, 142
(See overburden drilling)

Drilling, soil:
auger, 159
caisson, 150, 159
driven casing, 159
hollow-stem auger, 155, 156
rotary, 155, 157, 158

Elastic movement, 186, 190, 204

Grout:
acid resistant, 138
admixtures, 137
anchor, 2, 136-139
cement, 136
chemical attack of, 137, 138
concrete, 136
encapsulation, 132.
materials, 136
mixing, 138, 139
primary, 2, 149, 150
pumping, 138, 139
resin, 132, 136
sand-cement, 136
secondary, 2, 149, 150
sulfate resistant, 138

Hollow-stem—augered tiebacks:
capacity in cohesionless soils, 110
capacity in cohesive soils, 114, 115
creep test of 212, 213
installation, 152, 155, 156
performance test of, 189, 209, 211
proof test of, 192, 193, 213

Jacking length, 2-4

Lift-off load; 2

Low-pressure-grouted tiebacks:
capacity in cohesionless soils, 108-110
capacity in cohesive soils, 114, 115
definition of, 5, 6
installation, 152, 155-159
load transfer, 175, 178-180

Monitoring, 209, 214, 215
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Multiunderreamed tiebacks:
capacity in cohesive soils, 116
definition of, 5, 6 :
installation, 152, 154, 155
load transfer, 176-178

Overburden-drilling, 142, 143

Permanent tiebacks:
applications, 8, 10-45
definition of, 3, 66

Postgrouted tiebacks:
capacity in cohesionless soils, 111, 113
capacity in cohesive soils, 116-118
creep test of, 195, 196, 198, 204, 206, 207
definition of, 5, 6
installation, 152, 159, 161-164
load transfer, 175, 178, 180, 181
performance test of, 197
™MD, 75, 161, 164
Tube a manchette, 159, 161-163

Pressure-injected tiebacks:
capacity in cohesionless soils, 111, 112
creep test of, 204, 206
definition of, 5, 6
installation, 153, 159, 160
load transfer, 171-174
performance test of, 186-188

Residual anchor movement, 186, 189, 194, 204, 209
Residual load, 2

Resin grout, (See grout)

Risk, 104, 105, 214

Rock tiebacks:
anchor capacity, 104-108
installation, 139-151
load distribution, 169-171

Sheath, 2, 129, 131

Single—underreamed tiebacks:
capacity in cohesive soils, 115
definition of, 5, 6
installation, 150-152, 154
load transfer, 176, 177
performance test of, 206, 208-210
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Soil tiebacks:
anchor capacity, 108-117
installation, 150-164
load distribution, 171-181
load transfer, 171-181
(See also creep)

Specifications:
sample, 122-128
(See also contracting practices)

Tendon:
anchorages, 132-135
bar, 129, 130
bond breaker, 2, 129, 131
bond length, 2
centralizers, 132, 133
coupling, 2
creep, 186, 201-203
definition of, 2
fabrication, 129-135
grease, 131
jacking length, (See jacking length)
materials, alternate, 92
relaxation, 186, 201-203
sheath, 2, 129, 131
spacers, 132, 133
strand, 129, 130
unbonded length, (See unbonded length)
wire, 129, 130

Tests:

equipment for load, 182-184

interpretation of load, 200-213

recommendations for tieback, 194, 199, 200

overload during, 199, 200

types of,
creep, 194-196, 198, 207, 210, 212, 213
performance, 184-190, 197, 208, 211
proof, 190-193

Test load, 2

Temporary tiebacks:
applications, 8
definition of, 2, 66

Tiebacks:
corrosion mechanisms affecting the anchor head, 87
corrosion mechanisms affecting the anchor length 82-87
corrosion mechanisms affecting the unbonded length, 87
definition of, 2
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Tiebacks (continued):

history,

7

low-pressure-grouted, straight-shafted, 5, 6, (See also
Hollow-stem—augered tiebacks, Low-pressure-grouted tiebacks)
multiunderreamed, 5, 6 (See also Multiunderreamed tiebacks)
pressure-injected, 5, 6 (See also Pressure-injected tiebacks)
single-underreamed, 5, 6 (See also Single-underreamed tiebacks)

uses of,
for
for
for
for
for
for
for
for
for
for
for

bridge abutments, 20, 23, 24
bridge piers, 42, 44

depressed roadways, 16-18
excavation support, 8, 9
foundation walls, 16, 19
landslide stabilization, 26-33
repair or alteration of existing walls, 37, 39-42
retaining walls, 8, 10-17
tunnel portals, 20-22
underground caverns, 42
waterfront walls, 35, 37, 38

(See also Corrosion)

Tiedowns:

definition of, 2

uses of,
for
for
for
for
for
for

depressed roadways, 24-26

dams, 40, 42, 43

roof support, 35, 36

reactor containment vessels, 45
slabs, 24-26

towers, 32-35

Total tieback length:
design of, 117

Unbonded length:
corrosion mechanisms affecting the, 87
corrosion protection of the, 71-81, 90,
definition of, 2-4
design of, 117

Unbonded testing length, 2-4

Watertightness testing of rock, 143, 149
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