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CHAPTER 1
INTRODUCTION

Permanent ground anchor wall systems, often called tiedback walls, use tensile elements an-
chored in the ground to support earth retaining structures or to stabilize landslides. These
walls are built in excavated cuts from the top down. For most highway applications, ground
anchor walls consist of anchored soldier beams with temporary wood lagging and a permanent
cast-in-place concrete face. Figure 1 shows a typical anchored wall, and the major components
of the wall. Soldier beams distribute the ground anchor load to the ground and support the
earth at the face of the cut. The components of a ground anchor are shown in Figure 2.

The steps involved in constructing a permanently anchored soldier beam wall are shown in
Figure 3. First the soldier beams are driven or drilled into the ground from the existing
ground surface. After the soldier beams are installed, the excavation proceeds to the first
ground anchor level. As the excavation is made, wood lagging or shotcrete is applied to
support the ground between the soldier beams temporarily. Next, the ground anchors are
installed. They are made by driving or drilling a hole into the ground behind the wall. After
the hole has reached the desired depth, a prestressing steel tendon is grouted into the ground.
The grouted anchor fixes the tendon to the ground at the far end. After the cement grout has
cured, the ground anchor is load tested and locked-off to the soldier beam. Then the excava-
tion and placement of lagging or shotcrete continues to the next anchor level or the bottom of
the cut. If additional levels of ground anchors are required, the steps described above are re-
peated.

After the excavation is completed, prefabricated drains are attached to the lagging or shotcrete.
An unreinforced concrete leveling pad is often cast at the bottom of the wall. The pad enables
the wall forms to be easily set and it is not designed. A permanent, reinforced, cast-in-place
concrete face is constructed from the bottom up. Headed studs are used to attach the concrete
face to steel soldier beams. Grouted or epoxied dowels are used with drilled-in, reinforced
concrete soldier beams.

Driven steel sheet piling, soldier piles in a deep soil-mixed trench, or structural diaphragm
walls are occasionally used for the vertical elements of anchored walls. These walls are used
when it is necessary to cut off groundwater from behind or under the wall. Sheet piling or
deep soil mixed walls have been used when the ground between soldier beams will not support
itself long enough to install lagging or shotcrete.
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Permanent ground anchor walls have been routinely built in the private sector since the late
1970’s. A considerable base of empirical knowledge exists with respect to their design, con-
struction, and performance. Public agencies bave built many permanently anchored retained
walls since the 1980’s. Most walls in the public sector were designed using conservative
guidelines adopted in the 1980’s. In the late 1980’s, the Federal Highway Administration
(FHWA) recognized that the design guidelines could be improved. It funded a research pro-
gram to improve the understanding of the behavior of permanent ground anchor walls and to
develop a design manual for highway walls.

The research program was directed toward improving the understanding of permanent ground
anchor walls constructed using tiedback soldier beams. For highway applications, these walls
are generally less than 25 ft high, and they are supported by one or two rows of permanent
ground anchors.

This volume is part of a four-volume report summarizing the research. It presents a summary
of current practice, a review of limiting equilibrium analyses used for ground anchor wall
design, and the results of limiting equilibrium studies. The chapters in Volume I include the

following:

e  Chapter 2 provides background information and a historical perspective on anchored
walls. Apparent earth pressure methods for determining the lateral earth load are pre-
sented, and differences between anchored walls and braced cuts are discussed. Chap-
ter 2 also reviews current force equilibrium methods (simple limiting equilibrium meth-
ods), and discusses the assumptions employed by each. '

o  Chapters 3 and 4 present methods for determining the overall force required for an-
chored wall stability. A force equilibrium method is developed in Chapter 3. It is used
to illustrate the importance of anchor position, soil strength, and location of the failure
surface (through the bottom corner of the excavation or through the base of the cut).
Principles for determining the internal and external stability of anchored walls are pre-
sented. Chapter 4 addresses the use of general purpose slope stability (computer) pro-
grams for determining the force required for stability.

The other three volumes of the research report are entitled:

Volume II  Full-scale Wall Tests and a Soil-structure Interaction Model (Weatherby, et
al., 1998)

Volume Il Model-scale Wall Tests and Ground Anchor Tests (Mueller, et al., 1998)
Volume IV Conclusions and Recommendations (Weatherby, 1998)

The four volumes address the major elements of permanent ground anchor wall design and
provide guidance and recommendations to be used in the development of a design procedure
presented in a separate manual. Some research finds were incorporated in a computer code



developed for the design or analysis of permanent ground anchor walls. The manual is entiled
Design Manual for Permanent Ground Anchor Walls (Weatherby, 1997), and the computer
program is named 7B Wall - Anchored Wall Design and Analysis Program for Personal
Computers (Urzua and Weatherby, 1998).

Recommendations presented in this report are intended to apply to permanent ground anchor
walls for typical highway applications. They were not developed for temporary earth support
systems, but many principles presented apply to both permanent and temporary construction.



CHAPTER 2
BACKGROUND AND CURRENT PRACTICE

2.1 INTRODUCTION

Design methods for anchored walls have much in common with design methods for braced
cuts. However, additional considerations for anchored walls are necessary because anchored
walls are internally supported.

2.2 APPARENT EARTH PRESSURE

The distribution and magnitude of earth pressures on excavation support systems are derived
principally from experiences with internally strutted excavations in which the increase in a
strut load is measured as excavation proceeds. Struts are commonly prestressed to levels less
than 50 percent of their design load because they are axially stiff. Relatively little displace-
ment is required for the struts to build up load as the excavation proceeds. Strut load mea-
surements have served as the basis for the development of design criteria such as apparent
earth pressure (AEP) envelopes (Terzaghi, et al., 1996). These apparent earth pressure en-
velopes are used to design strutted excavation support walls and anchored walls.

Anchors are less stiff than struts and, accordingly, must be tensioned to loads close to their full
design load to minimize lateral wall movements during excavation. Because they are relatively
extensible, ground anchor load does not change significantly during excavation. Thus, the
measured load reflects the pre-load (lock-off load) in the system rather than the load imposed
by the ground during the excavation process (as observed with strutted excavations).

Experience with support of braced walls in the last 100 years has shown that, while the total
magnitude of lateral force measured on braced walls is close to the value calculated from active
earth pressure theory, the distribution of earth pressure on the wall does not fit the classical
theories of Coulomb and Rankine. Instead of earth pressure increasing linearly with depth
(e.g., a triangular distribution), it has long been observed that high pressures develop in the
upper part of the wall, as bracing is placed. The restraint provided by the bracing results in
higher pressures in the upper portions of the wall than would result if the wall were free to
rotate outward at the top sufficiently to reduce the pressures to the active earth pressure case
(triangular distribution).

Field measurements of strut loads on internally braced excavations in sands (principally in
Berlin, Munich, New York City) and in clays (principally in Chicago) led to the development
of a design procedure for bracing using apparent earth pressure envelopes (Peck, 1969).
Apparent earth pressures were calculated by dividing measured strut loads by the area of the
wall supported by each strut.



Apparent earth pressure distribution will vary depending on the details of construction. For
example, higher loads may develop in some struts because they are more highly pre-loaded, or
because they are installed with less delay than other struts.

The apparent earth pressure envelope used for design encompasses the highest apparent earth
pressures determined from the measured strut loads, and thus, will predict greater pressures
than measured in most struts. Accordingly, the design capacity of a wall, based on the appar-
ent earth pressure, will be greater than measured earth pressures. The shape of most apparent
earth pressure envelopes used in design is rectangular (magnitude constant with depth) or tra-
pezoidal (magnitude constant with depth over central 50 to 60 percent of wall height, but with
reduced pressures at top and/or bottom). Typical apparent earth pressure envelopes are pre-
sented in Figure 4.

The apparent earth pressure envelope for sand (Figure 4a) is a rectangle with an apparent earth
pressure (p,..) equal to

Pacp = 0.65K,YH e [2.1]

where K, is the Rankine coefficient for active earth pressure (K, = tan?{45-¢/2}), y is the
total unit weight of the soil, and H is the height of the cut. Applying the apparent earth pres-
sure along the full height of the cut produces a total lateral force that is 1.3 times the value that
would be predicted from Rankine active earth pressure theory.

The maximum apparent earth pressure for soft to medium clays is expressed as
Paer = Ky YH ... [2.2]

where K, = 1-4s,/yH, v is the total unit weight of the soil, # is the height of the cut, and s,
is the undrained shear strength of the soil. Soft to medium clays are defined as having a ratio
of yH/s, greater than about six. The distribution of apparent earth pressure varies from zero
to full pressure at a depth of 0.25+ (Figure 4b). The pressure remains constant for all depths
greater than 0.25H. Applying the apparent earth pressure along the full height of the cut pro-
duces a total lateral force that is 1.75 times the value that would be predicted from Rankine
active earth pressure theory.

The distribution for the apparent earth pressure for stiff clays is shown in Figure 4c. The
maximum apparent earth pressure for stiff clays is

Pagp = 0.2YH to 0.4YH ... [2.3]

Stiff clays are identified as those with ratios of yH/s, less than four. For comparison, the ap-
parent earth pressure diagram using 0.2yH will yield the same total force as determined for a
granular soil with a friction angle of 32.6° (assuming Rankine conditions). Similarly, the ap-
parent earth pressure diagram using 0.4yH corresponds to a soil with a friction angle equal to
14.5° (assuming Rankine conditions).



Apparent earth pressures for cuts in cohesive soils having values of yH/s, between four and
six are evaluated using both the soft to medium clay diagram (Figure 4b and Equation 2.2) and
the stiff clay (Figure 4c and Equation 2.3) diagram. The diagram giving the highest total lat-
eral load is used.

The above apparent earth pressure diagrams assume that the wall is either in a granular or a
fine-grained soil. Frequently, excavation support systems and anchored walls are built in
mixed grounds. In mixed grounds, selecting the appropriate apparent earth pressure diagram
and determining the intensity of the earth pressure can be difficult. To avoid these uncer-
tainties, Schnabel (1982) recommended using a trapezoidal apparent earth pressure diagram
having an intensity of pressure equal to 25+ (Figure 4d). Thousands of temporary and
permanent anchored walls built in sands, clays, and mixed soil profiles have been designed
using this diagram. The total load estimated using Schnabel’s diagram is approximately equal
to the load from Terzaghi and Peck’s diagram for a sand with an angle of friction of 35°, or
their diagram for a stiff clay with the pressure equal to 0.2yH. Most measured strut loads in
sands and clays fit within the 25+ envelope. Walls built to support low-strength cohesive soils
do not fit this diagram.






2.3 EFFECT OF BEARING CAPACITY

The apparent earth pressures discussed above and illustrated in Figure 4 are for conditions
where the soil below the cut provides good support. However, excavations in deep deposits of
soft to medium clay may fail or displace excessively because the weight of the retained soil ex-
ceeds the bearing capacity of the soil beneath the cut. Accordingly, special attention is given
to assessing the base stability of a cut in soft to medium clay and the effect of base stability on
apparent earth pressures.

2.3.1 Assessing Base Stability

Soil retained by and next to the wall exerts pressures on the soil under the excavation.
Significant basal heave and a significant increase in apparent earth pressures can result if the
pressure exceeds or approaches the bearing capacity at the base of the excavation. Shown in
Figure 5a is an illustration of a cut in soft clay # deep and B wide. The block of soil abcd
exerts a vertical pressure q,,,,,; On strip cd equal to its weight minus the shear resistance of
the soil along plane bd (q,,,,,y = {HB'Y-s,H}/B'). The bearing capacity of a cohesive soil is
equal to N_s, where N, is the bearing capacity factor and equal to 5.14. The factor of safety
can be estimated as the ratio of the bearing capacity to the bearing pressure as

Es - 5.14s,

H(E Y-s,8' ... [2.4]

Based on Equation 2.4, the factor of safety will decrease for increasing width B’; however,
based on the geometry of the failure surface, B’ cannot exceed B//2. Thus, the minimum F$

for Equation 2.4 is
5.14s,

2 .5
H(y- S"B‘/_) 23]

The width, 8’, may be affected if a hard stratum is located near the bbttom of the cut (Figure
5b). The failure surface is restricted to pass above the hard stratum. For this case, B’ is equal
to depth 0. Substituting D for 8 in Equation 2.4, the expression for FS becomes
s - 5.14s,
H(DY—s,)ID ...[2.6]
For the simplified and limiting case of a very wide cut in a homogenous soft to medium clay of
constant strength, the factor of safety in Equation 2.4 can be expressed as

Fs =
YHIis, N

.27

where N, is a stability number. The magnitude of the stability number can be an indicator of
potential for movement and basal heave. Small values of N, (with respect to 5.14) indicate
adequate basal stability and small ground movements.
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A refinement for estimating stability of the base is to consider the plan dimensions of the cut.
The bearing capacity factor for the cut is taken to be identical to a footing with similar plan
dimensions. Accordingly, the bearing capacity factor (N,) is affected by the depth of embed-
ment (H/B), and the plan dimensions of the cut (width/length). Values of the bearing capacity
factor, N, proposed by Janbu, et al. (1956) are shown in Figure 5c. Janbu’s bearing capacity
factor can be substituted in Equation 2.7 to give an estimate of base stability that takes into
account dimensions of the cut. Peck, et al. (1974) confirm Janbu’s chart and indicate that,
when N_ exceeds eight, collapse was likely.

a) b)
9 — 1 T 1T T 1 T 7
9}~ Square and
cireular
al- L~
Np ,
6
5k -
4 L | JE | 1 L 1 )
o / 2 J 4 5
H/8

c)

a) plane of failure through soit
b) plane of failure affected by stiff underlying layer
¢) bearing capacity factor, N_, as a function of
relative depth (H/B) and plan dimension
(width/length) from Terzaghi, et al. (1996)

FIGURE 5
Base Stability for Excavation
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23.2 Assessing Apparent Earth Pressure

Terzaghi, et al. (1996) observed that Equation 2.2 (with K, = 1-4 s,/YH) underestimated lat-
eral pressures exerted on walls supporting cuts in deep deposits of soft to medium clay where
base stability was poor. Henkel (1971) developed an equation for estimating the active earth
pressure coefficient that includes the effect of failure through the base of a cut. The equation
for the earth pressure coefficient is

4s, d Sup

v +2‘/§7J [1 (2+n)Y—H) ... [2.8]
where d is the depth of the failure surface below the cut, s, is the undrained shear strength of
the soil through which the excavation extends, and s, is the strength of the soil providing
bearing resistance (Figure 6a). Henkel’s estimate for K, , Equation 2.8, should be used in
Equation 2.2 when estimating apparent earth pressures for deep cuts in soft to medium clay
where base stability is poor.

K, =1-

Relationships between K, and yH/s, are shown in Figure 6b for Henkel’s method. For pur-
poses of illustration, the soil in which the excavation occurs is taken as uniform in strength,
but with different ratios of d/H (depth of soil below excavation/height of cut). Shown in solid
lines are the relationships predicted with Henkel’s method. The earth pressure coefficient (K,)
increases with the ratio yH/s, and with d/H. The Rankine active earth pressure (K, = 1-
4s,/yH) provides a lower bound relationship for K, . Agreement between values of earth
pressure observed and those predicted with Henkel’s method are good.

13
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FIGURE 6
Henkel’s Method for Determining 4, for Potential Base Failure
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24 LATERAL EARTH PRESSURE

Apparent earth pressure diagrams are used directly to calculate strut loads or anchor loads.
Bending moments in the soldier beam above the first support also may be based on the ap-
parent earth pressure diagram. However, for portions of the soldier beam below the first
support, the actual distribution of pressure will be different from that given by the apparent
earth pressure diagram. Lateral deflection of the beam results in redistribution of soil pres-
sures (arching) so that lateral pressures are reduced along the deflected portion of the beam and
redistributed through the soil to the stiffer portions of the wall (at the supports). Accordingly,
some design approaches allow a reduction in bending moments calculated from apparent earth
pressure diagrams. Therefore, earth pressures used to determine bending moments (for por-
tions of the soldier beam below the first support) are assumed to be two-thirds of the apparent
pressures (Peck, et al., 1974). It is also recognized that should the soldier beams yield in
bending, they will not be subject to progressive failure that could lead to collapse (as will struts
that become overloaded).

Lagging thickness and span are typically selected on the basis of experience and soil type.
Soldier beams typically are spaced 6 to 10 ft center to center.

2.5 ANCHORED WALL GEOMETRY

The geometry required for an anchored wall is governed by construction requirements and by
design. The final design must exhibit stability for all potential failure surfaces passing through
and behind the anchors. Design procedures typically use simple guidelines to identify preli-
minary requirements for anchor length and toe depth. The preliminary design is then modi-
fied, as necessary, to meet the specific site requirements for safety and economy.

Total anchor length must be sufficient to maintain overall stability of the soil mass in which the
anchor is located. The total length required for overall stability requires evaluation of a soil
wedge (Figure 7), which includes the entire anchor as an internal force within the soil wedge.
The failure plane is assumed to pass through back of the anchor (or through some predeter-
mined portion of the anchor). Several methods proposed for assessing the overall stability of
anchored walls are discussed later in this section. Further recommendations for evaluating
overall stability are described in Chapter 3, Limit Equilibrium.

Simple guidelines for establishing the initial geometry for an anchored wall supporting a cut
of height, H, are illustrated in Figure 8. The unbonded length of the anchor should extend be-
hind the active wedge and be a minimum of 15 ft for strand tendons and 10 ft for bar tendons.
The minimum unbonded lengths are used to minimize reductions in transfer loads as the an-
chors are locked-off to the supported structure. Some codes use an additional distance behind
the active wedge of H/5 or 5 ft (this was originally recommended to ensure under-reamed an-
chors developed their load-carrying capacity behind the active wedge). Anchor bond length
will depend on the capacity that can be developed in a given soil with a given installation pro-
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cedure. Anchor length, hole diameter, and grouting pressure are three significant parameters
influencing capacity. Ground anchor capacity should be verified using performance tests and
proof tests (Weatherby, 1982 and AASHTO-AGC-ARTBA Task Force 27 Report Specification
Jor Permanent Ground Anchors, 1990). Each anchor is tested to verify its load-carrying capa-

city.
\ R w
P R
R’b
R R
[

FIGURE 7
Failure Surface and Force Diagram for Overall Stability
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Unbonded Length:
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FIGURE 8
Simple Rules for Determining Ground Anchor Lengths
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2.6 ANCHORED WALL STABILITY

Methods commonly used for studying the stability of an anchored wall are presented herein.
These methods assume the soil is at a limit equilibrium state, and use force equilibrium GF, =
0, and 2F, = 0) to solve for specific unknowns. Several analysis methods employ different
definitions for the factor of safety that makes comparison between methods difficult. Conse-
quently, each method will yield a different factor of safety for an identical wall. Details and
assumptions for each method are discussed in this section.

2.6.1 Kranz’s Method

Kranz (1953) proposed a method to design anchored bulkheads with short and long deadman
anchors with particular emphasis directed toward stability analysis for bulkheads with short an-
chors. Kranz used force equilibrium to determine the stability of the anchored wall and de-
fined the factor of safety with respect to anchor load. Kranz’s paper was published in German
and has been referenced widely in American ground anchor design guidelines. Unfortunately,
many (English language) references have misinterpreted important details for determining wall
stability using the Kranz method. The discussion below is based on a review of the original
version.

2.6.1.1  Long Anchors

Kranz analyzed the soil mass behind the anchored wall as a free body. He distinguished be-
tween long and short anchors by comparing the active zone behind the wall with the passive
zone in front of a deadman anchor (Figure 9). An anchor was identified as long if the active
zone behind the wall did not intersect the passive zone in front of the deadman. Thus, the ca-
pacity of a long anchor is unaffected by the presence of the wall.

The shape of the active wedge and an accompanying free body diagram is shown in Figure 9
The bottom surface of the active wedge extends at 45+¢/2 from the tip of the wall to the
ground surface. Force equilibrium is used to determine the load necessary for the anchor to
ensure stability (Figure 9). Kranz defined factor of safety as

T

FS = 2
7 ... [2.9]

mob

where T, is the ultimate pullout capacity of the anchor and 7, is the mobilized capacity of

the anchor.

mob
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Kranz’s Method for Analysis of Anchored Bulkheads with Long Anchors

2.6.1.2  Short Anchors

Kranz also developed analyses to determine the factor of safety for anchored bulkheads with
short deadman anchors. Anchors were identified as short when the active zone behind the wall
intersected the passive zone in front of the anchor. Thus, the capacity of the anchor was af-
fected by the presence of the wall.

The analysis divides the failure wedge (ACEF) into two sub-wedges (Figure 10a and 10b).
A free body for the upper wedge is used to determine the anchor force required for stability
(Tmo»)» and a free body for the lower wedge is used to determine the maximum deadman an-
chor force that can be developed (7).

The upper wedge is the active wedge (ABF) assumed to form at the top of the soil mass. A
free body diagram for wedge ABF is used to determine the magnitude of the anchor load (T,_,)
required for stability. As illustrated in Figure 10a, the magnitude of 7, , is determined by
summing vector forces contributed from the self weight of the upper wedge (W), the passive
resistance provided at the toe (P,), and the reaction force along the bottom plane of the wedge

(R,).

Equilibrium considerations for the lower wedge (BCEF) are used to determine 7,. Kranz
identified 7, as the maximum deadman anchor force. The upper wedge (FAB) imposes a load
R, on the free body (BCEF) as shown in Figure 10b. Soil resistance, R, is provided along the
bottom surface (EF) and active earth pressure, P,, is provided along the vertical surface CE.
The weight of the free body is w. The force vector diagram is constructed to solve for the
force, T,, required to bring all the forces on the free body into equilibrium EF, =0, 2F, =
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0). Kranz defined the factor of safety as the ratio between the mobilized anchor load, T,,,, and
T, as shown in Equation 2.10 below.

TK
T

mob

FS =

... [2.10]

Kranz suggests that several trial failure surfaces be used to identify the minimum value for T, .
Trial failure surfaces are created by allowing the lower surface of the lower wedge (line EF in
Figure 10b) to intersect line segment BF anywhere between point B and F. However, Kranz
argues that the lower wedge passing through the back of the anchor and the bottom of the wall
usually results in the minimum factor of safety.

2.6.1.3 Discussion

The Kranz method has been proposed as an analysis method for anchored walls and has served
as a foundation for several newer methods. However, the free body diagrams, force equili-
brium analysis, and definition for factor of safety are inappropriate for anchored walls. Im-
portant details and limitations of Kranz’s method are:

e The Kranz method was developed for sheet piles with deadman anchors. A deadman
anchor develops its resistance from a passive wedge in front of it, while ground anchors
develop most of their resistance along the anchor bond length. Thus, assumptions made
by Kranz may not be appropriate for assessing the interference between the anchor and
the wall.

o The kinematics of the free body diagram are inappropriate for anchored walls. The free
body diagrams implicitly assume that the active wedge (ABF in Figure 10a) displaces
downward with respect to the free body selected (BCEF). However, for the lower wedge
BCEEF to fail, the lower wedge must move down with respect to the active wedge (ABF),
or move with the active wedge. Neither condition can occur. Therefore, the kinematics
assumed are inappropriate for failure of the lower wedge.

e The failure surface is assumed to pass through the bottom of the wall. However, the
failure surface for an anchored soldier beam and lagging system, or for an anchored sheet
pile wall may pass through the toe above the bottom of the soldier beam or sheet pile.

« Kranz defined the factor of safety for a wall as a ratio of anchor capacity to mobilized
anchor load (7,/7,,, for short anchors and T,,/T,,, for long anchors). This definition
can yield a very different £S than other more conventional definitions used for anchored
walls (such as F§ = available strength/mobilized strength, or FS = applied tie force/tie
force required for stability). Consequently, the definition for factor of safety used by
Kranz is not recommended as a reliable measure for wall stability.
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2.6.2
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FIGURE 10
Kranz’s Method for Analysis of Anchored Bulkheads with Short Anchors

Ranke and Ostermayer’s Method

Ranke and Ostermayer (1968) presented an analysis for anchored walls for single and multiple
rows of anchors. The Ranke and Ostermayer method extends the Kranz method to include
ground anchors, and to include multiple levels of anchors. Like the Kranz analyses, Ranke
and Ostermayer define the factor of safety in terms of anchor force (7,,,), and the maximum
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anchor force (T,). Also like the Kranz method, the Ranke and Ostermayer paper is written in
German, and has been misinterpreted in some English language references. The discussion
below is based on a review of the original version.

The wall geometry analyzed by Ranke and Ostermayer is illustrated in Figure 11 along with
forces on the free body and the resulting force vector diagram. Wall force, P, , acting on the
free body is determined as the result of earth pressures acting on the wall. The failure surface
passes through the middle of the anchor. Like the Kranz method, force equilibrium is used to
determine the force T,. This force is used as the numerator in defining the factor of safety
(Equation 2.10). The denominator in Equation 2.10 is taken as the existing force in the an-
chor.

Ranke and Ostermayer extended the method to include analyses of multiple rows of anchors.
Several different potential failure surfaces are selected that pass  through some anchors, while
passing behind other anchors. Factors of safety are determined using Equation 2.10.

Since Ranke and Ostermayer use a similar definition for factor of safety as Kranz, the same
criticisms (discussed earlier) for Kranz’s method also apply to this method. The definition for
factor of safety is misleading for anchored walls. For example, if the denominator in Equation
.10 is taken as the anchor lock-off load, then higher lock-off loads will result in a lower factor
of safety. Consequently, the definition for factor of safety used by Kranz, and by Ranke and
Ostermayer, is neither a meaningful measure of wall stability nor a factor that is easily com-
pared with other definitions for factor of safety.

Force Vectors

Geometry Free Body
Selk
=T A
w
} «—
Tk R
w
¢
R \
Pp
FIGURE 11

Ranke and Ostermayer’s Method for Analyzing Anchored Walls
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2.6.3 Broms’ 1968 Method

Broms and Bennemark (1968) proposed a force equilibrium procedure for evaluating the over-
all stability of a sheet pile wall anchored with a single row of anchors. The method uses sev-
eral trial failure surfaces to determine the minimum factor of safety. The factor of safety is
defined with respect to the maximum and mobilized passive soil resistance at the toe of the
wall. Additional requirements for the stability of the soil mass also are suggested by Broms.

The potential failure surface for an anchored sheet pile wall is shown in Figure 12 as line
EDC. The failure plane passes through the toe at point E (which is identified as the minimum
penetration required for FS = 1). The failure plane extends to point D, which is located 2 m
from the back of the anchor. A distance of 2 m was suggested by Broms to account for varia-
tions in the failure plane between anchors and to account for inconsistencies in the as-con-
structed lengths of ground anchors. Active earth pressure is assumed to act on the vertical
failure plane BD.

The driving forces acting on the free body (ABDE in Figure 12) are the weight of the free
body, w, and the resultant active earth pressure acting on plane BD, P,. The forces resisting
movement are the resultant passive earth pressure at the toe, P,, and the soil resistance along
the failure plane ED, R, and the capacity from the portion of the anchor outside the free body,
7. The vertical reaction force at the toe of the sheet pile wall, v, is also treated as a force act-
ing on the free body. All forces are combined in a force polygon to determine the magnitude
of P, ..., as shown in Figure 12.
The ground anchor is assumed to be positioned far from the wall where the anchor load has no
influence on the wall pressure (and vice versa). Broms suggests that the anchor be located be-
hind a line drawn from the tip of the wall (point C) at 45+¢/2 from the horizontal, and that
the anchor be at least 5 m below the ground surface.

Broms suggested that the factor of safety for the wall be determined by selecting a specific
geometry for the anchor wall and ground anchor, and solving for the passive resistance re-
quired for force equilibrium (FS = 1). The passive soil resistance for this case is identified as

Porega- Broms identifies the factor of safety as the ratio between the Rankine passive resistance

available for the as-built toe, P,,,,,, and the passive pressure required for stability, Ppreqas 88
shown below:
P
F§ = _hoat .. [2.11]
Pp reqd

Broms recommends constructing several trial failure surfaces passing through different posi-
tions along the anchor length, and selecting the critical failure surface as the one that yields the
lowest factor of safety. Broms recommends that the FS be greater than 1.5 to ensure adequate
stability at the toe of the wall.
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Broms also recommends evaluating the stability along the failure surface ED. The soil
strength along ED is reduced by 1.3 (so that tan(¢,,,,) = tan(¢,,,,)/1.3). The magnitude for

P determined for this case should be less than P

p reqd

to ensure adequate stability.

p avail

Finally, Broms also emphasized the importance of adequate vertical capacity at the toe, sug-
gesting that vertical displacements are responsible for some wall failures and undesirable dis-
placements. Broms recommends embedding the toe in soil that provides adequate bearing
capacity and/or reducing the vertical component of the anchor load by decreasing the anchor
inclination.

The method suggested by Broms has the following disadvantages:

The procedure does not adequately emphasize the importance of the ground anchor
length. It would be possible to compensate for a short anchor length with increased toe
penetration, which could lead to failure of the wall by overturning.

The definition for factor of safety is based on the passive resistance at the toe of the
wall. Resistance to failure of the soil mass can be provided by the portion of the an-
chor outside the failure surface (T), the soil resistance (R), and the passive soil resis-
tance, P,. A factor of safety based on only one of these components is unrepresenta-
tive of the overall Fs.

Broms includes the vertical component of the anchor force by assuming that all the ver-
tical force is transferred to the toe (which is a reasonable assumption for most vertical
walls). Thus, the vertical force is transmitted outside the free body and analyzed as a
vertical force, v. Implicitly, this assumes the soil at the base of the wedge does not
develop any additional normal component (which is not true). In fact, an increase in
normal pressure at the base along the failure plane would result in greater resistance
and result in a higher factor of safety. The assumption to include the vertical force, v,
essentially reduces the gravity force at the base of the soil wedge to W-v, and results in
lower (more conservative) estimates of factor of safety for Case 1 (Figure 12), in which
the soil reaction, R, is angled away from the wall. However, the same assumption re-
sults in a higher (less conservative) factor of safety for Case 2 (Figure 13), where the
soil reaction is angled toward the wall.
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Geometry Free Body Force Vectors

FIGURE 12
Broms’ 1968 Method for Analysis of Anchored Walls (Case 1)
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FIGURE 13

Broms’ 1968 Method for Analysis of Anchored Walls (Case 2)
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2.6.4 Broms’ 1988 Method

Broms (1988) modified his earlier method (Broms, 1968) by excluding the vertical component
of force v from the free body diagram (Figure 14). Furthermore, he recommended that the
failure surface pass through a point located a distance of s/2 from the back of the anchor
where s is the spacing between anchors. Other aspects of the Broms’ analyses are similar to
his previous method.

Gaometry Free Body Force Vectors
w <«Fh
L TS
R
FIGURE 14

Broms’ 1988 Method for Analysis of Anchored Walls

2.7 SUMMARY

A variety of design methods are available for determining the requirements for an anchored
wall. Many of these methods originate from experience with braced cuts and anchored
bulkheads. One important way in which anchored walls differ from braced cuts is that the load
in the anchors is controlled, while earth pressures applied to braced cuts are a result of the
ground transferring load to the struts as the excavation continues below the strut level. One
important way in which anchored walls differ from anchored bulkheads is that an anchored
bulkhead requires ground and wall movements to mobilize anchor load; however, a ground
anchor is prestressed and therefore does not require wall and ground movement to mobilize
anchor load.

Apparent earth pressure diagrams based on experience with braced cuts provide reasonable
guidelines for anchored walls. Support for this conclusion is developed further in Chapter 3
and in the Summary Report of Research on Permanent Ground Anchor Walls, Volume III
Model-scale Wall Tests and Ground Anchor Tests (Mueller, et al., 1998).
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CHAPTER 3
LIMITING EQUILIBRIUM

3.1 INTRODUCTION

Limiting equilibrium methods provide a means for quantitatively assessing the stability of an
anchored wall system and can be used in combination with empirical methods for the design of
anchored walls. The use of equilibrium methods to determine the stability of an anchored wall
system and the required anchor loads are discussed in this chapter.

First, the role of limiting equilibrium in developing current earth pressure diagrams is dis-
cussed. Factors of safety are defined and then evaluated for the apparent earth pressure dia-
grams for sand, soft clay, and stiff clay. Nexta simplified equilibrjum method is introduced
and developed. The equilibrium method is used to assess the stability of an anchored wall
system, and to determine the requirements for ground anchor geometry and capacity. Failure
surfaces passing through the bottom of the cut (corner failures), and failure surfaces passing
below the bottom corner of the cut (base failures) are considered. The limiting equilibrium
approach considers minimum requirements for stability of the wall and the ground anchor/wall
system. Additional comments are provided to address effects of multiple anchor levels, seep-
age, toe resistance, and layered soils on anchored wall stability.

3.2 PRECEDENCE FOR USING LIMITING EQUILIBRIUM PROCEDURES TO
DETERMINE THE OVERALL FORCE REQUIRED FOR STABILITY

Apparent earth pressure distributions for braced cuts are based on measurements made on full-
scale excavations. The total load exerted on braced cuts is based on limiting equilibrium meth-
ods. Terzaghi, et al. (1996) outline the basis on which the total load can be predicted for
sands, soft to medium clays, and stiff clays. Their results were introduced in Chapter 2 and
discussed herein.

3.2.1 Sands

The stability of a braced cut was investigated by determining the stabilizing force required for
a failure surface passing through the bottom of the cut (Figure 15). For convenience of analy-
sis, the failure surface was assumed to be in the shape of a log spiral. Because of the boundary
conditions imposed by the bracing, the failure surface is oriented vertically at the intersection
with the top ground surface. The vertical position for the stabilizing force (n,) was varied be-
tween 0.30+ and 0.5H in agreement with field measurements. Several stability analyses were
conducted, varying the vertical position of the load (n,) and the magnitude of wall friction (d),
and results of the log spiral stability analyses were compared with the magnitude of force that
would be predicted using a simple relationship, such as Rankine theory. In all cases, the log
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spiral was terminated at the bottom of the excavation, and the failure surface was oriented ver-
tically as the failure surface intersected the ground surface.

Differences between loads predicted using the log spiral method and the Rankine method were
generally small (Figure 15). Thus, Terzaghi and Peck identify the Rankine method as a simple
means to establish requirements for earth support, and the total load predicted from Rankine
active earth pressure is factored by 1.3 and distributed rectangularly to create the apparent

earth pressure diagram (Figure 4). Rankine active earth pressure coefficient, k ar» Tor a fric-
tional material is

1-sin¢
1+sin¢

Kar =

= tan?(45 - ¢/2) ... [3.1]

where ¢ is the friction angle for the soil.
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FIGURE 15
Log-spiral Solution for Earth Pressure Coefficient Necessary
for Stability in Sand Assuming a Corner Failure
(Terzaghi, et al., 1996)
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3.2.2 Soft to Medium Clays

The method used by Terzaghi and Peck to establish the total load required to support a braced
cut in soft to medium clay proceeds in a manner similar to that for sand. The initial estimates
of load (required to keep a cut stable) are determined on the basis of stability computations. A
circular failure surface is assumed to pass from the top of the ground surface through the
bottom of the cut (Figure 16). Furthermore, due to deformation constraints, the failure surface
is assumed to be vertical when it intersects the top of the ground surface. Stability calculations
are based on summing moments. The position of the required load is assumed between 0.3H
and 0.5H (from measurements) up from the bottom of the cut. The analyses are based on the
undrained strength of the soil.

Estimates of the force required using the limit method compare favorably with load estimates
using Rankine active earth pressures (Figure 16); thus, Terzaghi and Peck developed empirical
rules for the apparent earth pressure diagram for soft to medium clays based on the Rankine
active earth pressure. The active Rankine earth pressure coefficient, K, for a cohesive
material can be expressed as

4s,
K""=1_vH ... [3.2]

where s, is the undrained strength, v is the total unit weight of the soil, and H is the height of
the cut.

Flaate (1966) compared measured earth pressures against braced cuts in soft to medium clays
with earth pressures predicted using Equation 3.2 (Figure 17). The results of his study are
represented by the small solid circles. Good agreement was found for cuts in soils with yH/s,
greater than 5.5, and with stiff soils below the base of the cut. Cuts excavated down to stiff
soil force the most probable failure surface through the corner and thus satisfy assumptions
made in the original limiting equilibrium analyses reported by Terzaghi, et al. (1996) (Figure
16). The agreement is remarkable considering the simplicity of the Rankine equation and the
complexity of the excavation and bracing procedures.

Equation 3.2 is derived by summing horizontal forces and includes tensile stresses developed
in the upper portions of the cut. However, the resistance of a soil to tensile stress is unreli-
able. Accordingly, the coefficient of active earth pressure was rederived excluding tension and
is expressed as

4s, 4s}?
- — ... [3.3]
YH y?H?

Karnr =

The “no-tension” formula for active Rankine earth pressure (K,g,) is similar to Equation 3.2
with an additional term. K,g,, Will always be greater than K,,.
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Comparisons of measured earth pressures with earth pressures predicted excluding tension and
including tension are shown in Figure 18. Data included measurements reported by Flaate
(1966) and data from Knapp and Peck (1941). The measurements reported by Knapp and Peck
include cuts with yH/s, values between 3.8 and 5.5. It can be seen that the active Rankine
earth pressure including tension (Equation 3.2) can under-predict pressures significantly for
YHIs, values between 3.8 and 5.5. Excluding tensile stresses results in better estimates for
earth pressure, particularly in the vH/s, = 3.8 to 5.5 range. In practice, the stiff clay apparent
earth pressure diagram is used to estimate the earth pressures in the yH/s, = 3.8 to 5.5 range.
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FIGURE 16

Limiting Equilibrium Solution for Earth Pressure
Coefficient in Clay Assuming a Corner Failure

(Terzaghi, et al., 1996)
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a) Rankine solution tension included
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Comparison of Predicted Earth Pressure Coefficient with Measured Earth Pressure Coefficient
(Flaate, 1966, and Knapp and Peck, 1941)
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The failure surface is assumed to pass through the bottom of the excavation (corner failure) for
all these analyses. This assumption is justified in that most excavations are conducted down to
firm strata, thus forcing the most probable failure surface through the bottom of the cut.

For sites in which the potential failure surface passes beneath the bottom of the cut (base fail-
ure), a larger force will be required for stability. Henkel’s (1971) method, described in Chap-
ter 2 provides a means to determine the additional earth pressure when the potential for failure
through the base of the excavation is great. The equation for the earth pressure coefficient,

K,, is:

Ky =1-

4s, d Su
202 = |1-@2+m-=2 ...[34
e \FH[ ( ")VH) [3.4]

where d is the depth of the failure surface below the cut, s, is the undrained shear strength of
the soil through which the excavation extends, and s,, is the strength of the soil providing
bearing resistance (Figure 6). Use of Equation 3.4 may yield values of earth pressure too
small when the soil at the base is stiff enough to force failure through the bottom of the cut.
Accordingly, the estimate of K, should be the greater of Equations 3.2 and 3.4. Henkel
(1971) reported the method provided reasonable estimates for earth pressures in excavations in
deep deposits of soft to medium clay soils (Table 1).

TABLE 1
Henkel’s Lateral Earth Pressure Coefficient, &,

(Christian, 1989)

SITE OBSERVED K, HENKEL’S SOLUTION
Vaterland 1 0.88 0.89
Vaterland 1 1.12 1.06
Vaterland 1 0.92 0.90
Mexico City 0.66 to 0.80 0.79

3.2.3 Stiff Clays

Stability computations using undrained strengths are misleading for stiff clays (YH/s,<4) be-
cause the clay appears to be self-supporting. However, strut measurements indicate that stiff
clays must be supported. The apparent earth pressure distribution recommended by Terzaghi,
et al. (1996) result in a total force proportional to 0.75fyH?. Based on full-scale measure-
ments, values of f vary between 0.2 and 0.4 (Figure 4c). No undrained stability analyses
support the magnitude of load observed from these measurements.
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3.24 Discussion

Estimates of total load from apparent earth pressure diagrams are based on reasonable agree-
ment between earth pressures predicted using Rankine active earth pressure theory and pres-
sures measured in the field during excavation of braced cuts. Total loads predicted on the
basis of limiting equilibrium analyses matched the loads measured in the field.

The determination of the ground anchor force required to support a cut using limiting equili-
brium analysis, or slope stability computations, is consistent with an extension of the original
work of Terzaghi and Peck (1967). The use of limiting equilibrium procedures has several
advantages in that it is a more general formulation of the boundary condition problem, and
therefore can accommodate changes in the wall geometry, strength properties, and ground-
water conditions in a more fundamental way. However, the use of limiting equilibrium or
slope stability computations requires that a consistent definition for a factor of safety be used.
The next two sections will define the factor of safety, and quantify the factor of safety inherent
with the use of apparent earth pressure diagrams.

3.3 DEFINITION OF FACTOR OF SAFETY AND COMMON VALUES

Ground anchor loads determined using apparent earth pressure diagrams include a factor of
safety. When apparent earth pressure diagrams are not used to determine the ground anchor
load, there are two means to impose a factor of safety on the anchored wall system. Either the
support load required for stability is increased by a factor, Fs,,,, or the anchor load required
for stability is determined for a soil with strength reduced by a factor FS grongtn - Both defini-
tions for factor of safety have been used in engineering practice for wall systems. However,
the two definitions often result in the different design loads.

3.3.1 Factor of Safety with Respect to Strength — Fs,,,, .,
One method to quantify a factor of safety is to determine the ratio of soil strength available
(tan¢,,,,) to the soil strength required for stability or mobilized strength (tan¢__,). The factor
of safety for soil exhibiting friction can be defined as

t
il 1) .. .[3.5]

strongth —
tan ¢
mob

For soils exhibiting cohesion, ¢, the FS,,,,.,, is defined as

c

stongth = —— ... [3.6]

cm ob

FS

Factors of safety to quantify the stability of failure surfaces passing below the structural wall
components and behind the ground anchors are well suited to use Equations 3.5 and 3.6.
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Equations 3.5 and 3.6 can also be applied to failure surfaces intersecting structural or anchor
components. The mobilized strength is the strength necessary for stability with the design
loads applied. Design loads can be selected to obtain the factor of safety wanted.

Common factors of safety used in practice for the design of anchored walls or slopes range be-
tween 1.1 and 1.5. Values adopted for a factor of safety vary with the importance of the wall
or slope, the consequences of failure, and economics. '

3.3.2 Factor of Safety with Respect to Load — Fs,,,

Another means to quantify the factor of safety for an anchored wall system is the ratio of the
applied load to the load required for stability. The factor of safety with respect to load (Fs,,,,)
is defined as

Load_ .
FS = applied
load Load,,,, ... [3.7]

This definition of factor of safety is applied to failure surfaces passing in front of the anchor,
where anchor loads affect the stability of supported soil. Typical values for Fs,,, vary from
1.2 t0 2.0.

3.3.3 Factors of Safety for an Example Wall

A simple example is provided to illustrate the difference between a Fs,,,,.,, and the FS,,,
based on a design using the apparent earth pressure envelope for sand (Figure 4a). A vertical
cut is assumed to be supported by an anchored wall system. The sand exhibits a friction angle,
¢ = 40°. The horizontal pressure selected for wall stability and control of displacement is
based on the apparent earth pressure concept (Terzaghi, et al., 1996). Apparent earth pressure
is assumed to be uniform and horizontal along the full depth of excavation with a magnitude of
0.65K,,yH , where K, is the active Rankine earth pressure coefficient and is equal to tan®(45-
$/2). The uniform pressure corresponds to a total load from apparent earth pressure of P,

= 0.65K,,YH?, while the minimum load required for stability is P,, = 0.5K,,yH? (assuming
Rankine conditions). The Fs,,, equals 1.3 (FS = 0.65K,,yH?/0.5K,,yH?).

To calculate FS,,,,,, (tand,,,,/tand, .), $,,, must be back calculated. The mobilized friction

angle, ¢, , is the friction angle required for P,, to equal P,., calculated using ¢,,,,.
2 d>mob 2 _ 2 q)avail 2
0.5tan 45—T YH? = 0.65tan’| 45 -—= YH ... [3.8]
For a ¢,,,, of 40°, ¢,,,, equaled 34°. Therefore, FS,,,,,, €quals 1.244. Thus, factors of

safety based on load may be different from factors of safety based on strength and they cannot
be considered equivalent.
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3.34 Back-calculated Values for Factor of Safety

Before limiting equilibrium analyses can be used to determine the loads required to support
anchored walls, estimates of the factor of safety that result from using apparent earth pressure
envelopes need to be determined. Apparent earth pressures recommended by Terzaghi, et al.
(1996) are used herein to back-calculate factors of safety with respect to load and factors of
safety with respect to strength. Their estimates for apparent earth pressures assume that the
potential failure surface passes through the bottom corner of the excavation. The effect of
failure surfaces passing below the bottom of the excavation will be discussed later.

3.3.4.1  Sand — Apparent Earth Pressures

The apparent earth pressure for sands is a uniform pressure of 0.65k,,yH along the height of
the wall. Total load from apparent earth pressure is P,., = 0.65K,,yH?. Assuming Rankine
conditions, which is consistent with assuming failure through the corner of the excavation, the
total load required for stability is P,, = 0.5k,.,yH2. The Fs,,, is the ratio of the two forces
(Pagp! Pag), Which is equal to 1.3. This ratio is independent of soil strength and wall height.
The FS,,,.y 1s determined as the ratio of the available strength tan(4,,,,) to the mobilized
strength tan(¢,,,,). The mobilized strength is determined as the strength required for stability
with the apparent earth pressure applied and can be expressed as

by = 2 45°—atan[\/ﬁ-tan(45°—%)] ... [3.9]

Using Equation 3.9 for defining ¢_,, and Equation 3.5 for defining Fs the Fs varies for

different values of soil strength, as shown in Figure 19 and Table 2.

strength ?

TABLE 2
FS,, ..., fOT an Apparent Earth Pressure Wall in Sand (corner failure)
SOIL STRENGTH MOBILIZED STRENGTH FACTOR OF SAFETY
b pyan (deg) ®nop (deg) (tang,_ , /tand )
30 23.29 1.341
35 28.61 1.283
40 34.00 1.244
45 39.43 1.216

The apparent earth pressure diagram for sand was developed for soils with friction angles
between 35° and 40°. In this range the F$ varies between 1.244 and 1.283.

strength
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Effect of Soil Friction Angle on Factor of Safety with
Respect to Strength and Load for Terzaghi & Peck Sand Criteria
(failure surface passes through bottom corner of the excavation)

3.3.4.2 Sand — K, Conditions

Factors of safety also can be determined for “at-rest” (k,) conditions, and may provide a
means to identify an upper bound Fs for wall design. Although K, conditions may provide an
upper-bound for estimates of earth pressure, requirements imposing loads and deformations
consistent with K, conditions may be uneconomical to achieve in the field.

The Fs,,, can be determined by comparing the total horizontal force required to maintain K,
conditions with the force required to maintain active conditions (K,z). Assuming K, equals
0.95(1-sind,,,,), and the total at-rest horizontal force P, = 0.5k yH?, the FS,,, can be de-
termined as FS,,, = Py,/Pas- Similarly, the FS,,, ., for K, conditions can be determined as
FSqyongtn = tand,,,/tand,,, . Table 3 shows both values of Fs for different strength soils. The
relationship is also shown in Figure 20.

For sands, the FS can be determined as tan(d,,,,)/tan(d,,,) , Where ¢, is

strength

oo = 2| 45° ~atan[0.95(1-sin, ;) ] .. [3.10]
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And the Fs,,, can be expressed as

FS,,q = 0.95 [1 +sin(d,,., )]

FACTOR OF SAFETY

TABLE 3
FS, i ongen aNd Fs,_ for K Conditions (corner failure)
SOIL STRENGTH,
d)."” (deg) F. sstrenyrh F. sload
30 1.52 1.42
35 1.50 1.49
40 1.48 1.56
45 1.46 1.62
Ko = 0.95(1-5ind,,.)
2.0 ] T ] 1 1 !
19, SOOI SOOI SO SO ]
1.8 fr b, .
1T oo, -
16 L nF.Sstrenglh ....... ............. '_"-._

1.0

¢’avall (deg)

FIGURE 20

Effect of Soil Friction Angle on Factor of Safety with

Respect to Strength and Load Assuming K, Conditions

(failure surface passes through the corner of the excavation)
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The comparison illustrates how the two definitions can indicate different trends in the FS. The
FS gongny T€Mains almost constant for the range of ¢ illustrated, while the Fs,,,, increases con-
siderably with increasing soil strength. The FS,,,,., provides a convenient and more stable
reference value for an upper bound FS of approximately 1.5.

3.34.3 Sand — Discussion

Based on the back-calculated values of FS using apparent earth pressure and K, conditions, the
total force on the wall, P,,,, should result in a FS,,,,,,, between 1.2 and 1.5 to be consistent
with current design procedures. Walls with FS between 1.0 and 1.2 may be stable, but may
also experience undesirable displacements near the wall. Walls constructed with a FS,,,,.,,
near 1.3 result in design loads similar to walls designed to support apparent earth pressures.
Walls built with FS between 1.3 and 1.5 may result in smaller displacements (if stiff wall com-
ponents are also used). Anchored walls built with FS_,,.,, of 1.5 may replace the at-rest hori-
zontal pressures for normally loaded sands if at-rest deformation conditions can be maintained.
Attempts to control the deformations and satisfy K, conditions may result in significant hori-
zontal loads that are uneconomical to implement.

3.3.4.4  Soft to Medium Clay (yH/s,>4)

Anchored walls can provide support for cuts in soft clay. The soft clay criterion is evaluated
in terms of FS,,, and FS,,,,.,. The apparent earth pressure diagram for soft clays is shown in
Figure 4b. In the diagram, the pressure increases linearly to a value of K,yH at a depth of
0.25H. The apparent earth pressure remains constant below a depth of 0.25+. The value of
K, is 1-4s,/yH and the apparent pressures are cited for conditions where the potential failure is
through the bottom corner of the cut rather than a base failure. Bottom corner failures occur
for conditions where the excavation ends at, or near high strength ground.

Based on the shape of the apparent earth pressure envelope for soft clay (Figure 4b), the total
force applied is 0.875yH?2(1-4s,,,.,/YH). Assuming a triangular pressure distribution, the total
force is 0.5yH2(1-4s,,,,,/YH). Using Equation 3.7, the Fs,,, for the soft clay criteria is 1.75
(determined as 0.875/0.5), which is independent of soil strength and height of the wall.

The same apparent earth pressure results in a FS,,,,, that varies significantly with the term
YHIs,. By setting the total force from the apparent earth pressure diagram, 0.875vyH2(1-4
S,/ YH), €qual to the total force lateral load, 0.5yH?(1-4s, 0,/ YH , S, noy Can be calculated.
Then the FS,,,,, can be calculated using Equation 3.6. For example, the FS ., equals 1.0
at yH/s, = 4, and 4.0 at yH/s, = 8. Accordingly, the apparent earth pressure for soft clay
provides little guidance for an appropriate value for FS,,,,,. Guidelines for FS,,,,,, for soft
to medium clays can be developed from the original data reported by Flaate (1966) and Knapp
and Peck (1941).

Measured active earth pressure coefficients reported by Flaate (1966) and Knapp and Peck
(1941) are summarized in Figure 18a and were used to determine a FS,,,,,,. Values of K,
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(Equation 3.2) were re-calculated using factored strengths (s, ., = s,/ FS gyengrn) @0d compared
with K,,,. The Fs was increased until K, for each case history was calculated to be greater
than K,,,,. All values for Fs,,,, ., were less than or equal to 1.4. Accordingly, a FS strongth
equal to 1.4 provides conservative estimates of K,, for computing total lateral force 0.5
YH2K,.) for the cited case studies. However, the calculation for K, (Equation 3.2) allows
tension to be developed in the soil, and effects of soil tension become significant for cuts with
YHIs, < 3.5.

Earth pressures were calculated for the same case studies described above, except the soil
could not develop tension (Equation 3.3 and Figure 18b). All values of K, ., . were calculated
to be greater than k., for each case study when a FSgrengn = 1.25. Accordingly, estimates
of earth pressure that do not allow tension in the soil require only a FSgongn = 1.25.

3.3.4.5  Stiff Clays (yH/s, <4)

The apparent earth pressure diagram recommended by Terzaghi, et al. (1996) for stiff clay is
trapezoidal in shape with maximum pressure, p = fyH (Figure 4c). Values of f between 0.2
and 0.4 are recommended. The pressure increases linearly from the ground surface to a depth
of 0.25H, remains constant from 0.25H to 0.75H, and then decreases linearly to zero at 1.0H.
The resulting total force is 0.75fyH?2.

An Fs,,,, for temporary walls in stiff clay cannot be defined because the strength of the stiff
clay (vH/s,,,, <4) is theoretically enough to require no additional horizontal force for support
of the cut. Therefore, Fs,,, cannot be defined. However, the FSengn Can be determined for
the stiff clay by comparing the available strength of the clay to the minimum strength of the
clay required for supporting the cut. The results are

4
Fssren T
Y 4 sp) ... [3.12)

u avail

where f is between 0.2 and 0.4. The variation of Fs,,,,, with the non-dimensional term
YH!s, is shown in Figure 21 for values of f equal to 0.2, 0.3, and 0.4. The results show that
the FS,,,,., becomes very large for small values of yH/s, and illustrates that undrained
strength stability analyses for anchored walls in stiff clays should not be done.
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FIGURE 21
Effect of yHis,,,, on Factor of Safety (With Respect to Strength)
Assuming Terzaghi & Peck Distribution for Stiff Clay Conditions
(failure surface passes through the bottom corner of the excavation)

3.3.4.6  Interpretation of the Stiff Clay Criteria as a Frictional Soil

The relationship between apparent earth pressure for stiff clay and the drained strength that
would be required for stability is established in this section. The equivalent strength, ¢,,,,, for
a frictional soil is back-calculated using P, ., from the stiff clay criteria and P,, = 0.5VH,K,,
where K,, = tan?(45-¢,,,/2). The resulting equation is

., = 2 (45°-atan 157 ) ... [3.13]

Using Equation 3.13, values of f = 0.2, 0.3 and 0.4 result in ¢, of 32.5°, 22.2°, and
14.5°, respectively. Therefore, a soil with a friction angle of 32.5° would require an apparent
earth pressure envelope with f = 0.2 to support a vertical cut (with FS,,,;,, = 1.0). Rela-
tionships between FS,,,,,, and ¢,,,, based on Equation 3.13 are shown in Figure 22 for three

values of f (0.2, 0.3, and 0.4).

avall

Figure 22 may be used by assigning the stiff clay a friction angle corresponding to its drained
strength (¢, ,,). Friction angles for the clay may be determined from information available to

avall
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identify the soil,such as results of strength tests, classification tests, or geologic origin. Fric-
tion angles plotted as a function of plasticity indexes are shown for some clays in Figure 23;
however, it can be seen that, while there is a trend for decreasing strength with greater plas-
ticity, the scatter prevents a unique relationship from being drawn. Furthermore, drained
strengths of a soil will depend on the soil’s stress history, degree of fissuring, and degree of
pre-shearing. At certain stress levels, the drained strength of overconsolidated clays may be
represented by an effective stress friction angle and cohesion.

W

w w
o (4]
| 1

Fsstrengi:h (ta“¢availltan¢mob)
N
(¢,
|

2.0
15}
1.0
10
¢avall (deg)
FIGURE 22

Effect of Friction Angle on Factor of Safety (With
Respect to Strength) for Terzaghi & Peck Stiff Clay Criteria
(failure surface passes through the bottom corner of the excavation)

To illustrate this reinterpretation, a soil with drained strength ¢, ,, equal to 25° would corre-
spond to an f = 0.28 for a Fs = 1. A factor of about 0.36 would be required for a FS qtrongth
= 1.5.

Since this reinterpretation does not include a cohesion intercept, this method may predict pres-

sures greater than necessary for support. Including cohesion may give a more realistic repre-
sentation of the soil strength.
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FIGURE 23
Relationship Between Drained Friction Angle for Clays and Plasticity Index
(from Terzaghi, et al., 1996)

3.34.7 Discussion

Terzaghi, et al. (1996) ensured that the total force from the apparent earth pressure was ade-
quate for wall safety by comparing more fundamental methods, such as limiting equilibrium,
with simple estimates, such as those obtained by Rankine analyses. Therefore, limiting equi-
librium methods provide a fundamental and valid approach to determining the total force
necessary to support a cut. The limiting equilibrium approach is consistent with the current
approach for apparent earth pressures, and therefore, can be used for determining the overall
load required for the stability of a vertical cut. General trends for designs built with apparent
earth pressures are that the FS,,,,,,, for frictional ground varies between 1.25 and 1.3.
Limiting equilibrium analyses for anchored walls in soft clays should exhibit Fs,,,., between
1.25 and 1.4. In addition, the total anchor force determined from the limiting equilibrium
analysis should be checked using apparent earth pressure diagrams for soft to medium clay.

Limiting equilibrium should not be used for the design of anchored walls constructed in stiff
clay soils (yH/s, <4). Anchored walls in stiff clays should be designed to support apparent
earth pressures. If drained shear strength parameters are known, they can be used in a limiting
equilibrium analysis or the appropriate apparent earth pressure diagram to determine the total
ground anchor load. Permanent ground anchor walls in stiff clays should be designed to
support the largest earth pressure determined from either the stiff clay apparent earth pressure
or using drained shear strength parameters.
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34 SIMPLIFIED LIMITING EQUILIBRIUM APPROACH

A force equilibrium method is used herein to illustrate the effects of wall components on the
stability of an anchored wall system. Results of the equilibrium formulation are compared with
some traditional formulations for quantifying earth pressures.

A simple and rational approach to determine the requirements for stability of a soil mass is to
determine the additional force required to satisfy both horizontal and vertical equilibrium.
Coulomb (1776) first used this approach for analysis of gravity retaining walls. Force equili-
brium also provides a basis for several existing design and analysis methods for determining
the stability of anchored wall systems (Kranz, 1953; Ostermayer, 1977; Broms and Benne-
mark, 1968; Broms, 1988).

Limiting equilibrium can be used to determine total anchor force. The anchor loads will equal
the force required to support the active wedge of soil. Limiting equilibrium also is used to
determine the overall stability of the soil/anchor system acting as a mass. The assessment of
total anchor load, and overall stability are the objectives of a stability analyses where failure
surfaces are drawn at any point between the end of the anchor and the active wedge (Figure
24).

FIGURE 24
Failure Surface Used in Limiting Equilibrium Analyses of Anchored Walls

An anchored wall is shown in Figure 25a to illustrate the components of the wall system. The
shaded area (ABDEG) represents the portion of soil for which stability will be determined.
The potential failure surface is illustrated as a dashed line (FEDB and FEDC). The potential
failure surface is assumed to pass through part of the ground anchor (point D), beneath the
bottom of the cut through the soldier pile (point E), and then surfaces at some distance from
the wall at point F. N
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a) Example of tiedback wall system

b) Free-body diagram
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¢) Force vectors acting on area ABDEG
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FIGURE 25

Force Equilibrium Considerations for an Anchored Wall System

The soil mass ABDEG is represented as a free body in Figure 25b along with the forces ex-
erted by the components of the anchored wall system. Gravity forces exerted by the shaded

45



portion of the soil mass are represented as a force vector w. Active soil pressure acts on the
right vertical face (BD) and is represented as a force with a total magnitude of P,r. The force
applied by the anchor to the free body is represented by 7. The magnitude of T depends on
the location that the potential failure surface intersects with the anchor bond length (point D).
For a failure surface passing between the wall and the anchor zone, full anchor force is avail-
able for support of the shaded soil mass. However, no anchor force is available for a potential
failure surface that passes outside the anchor zone, because the anchor provides no external
forces to the shaded area. If the failure surface (point D) passes through the anchor, the an-
chor force must be assigned a load that can be developed along the length of the anchor outside
the area ABDEG.

Resistance due to the soil strength along the bottom surface is represented as force vector R ,
and the passive soil resistance provided by the soil on the left side of line EG is represented by
P,. Resistance provided to the free body by the components of the wall (soldier pile) that ex-
tend beyond the boundaries of the free body (ABDEG) are horizontal resistance, SP,, and ver-
tical resistance, SP,.

The composite action of all the force vectors is illustrated in Figure 25c. Summing the forces
in the x-direction (horizontal) gives

ZF, = P,cos(8) + Tcos(i) + SP, - Rsin(a-¢) - P, ... [3.14]

and summing forces in the y-direction (vertical) results in

ZFy =W - Psin(d) + Tsin(i) - SP, - Rcos(x-) ... [3.15]

The term & is the interface friction angle between the embedded portion of the wall and the
passive zone of the soil. Equations 3.14 and 3.15 are the basic equilibrium equations used to
determine the safety of an anchored wall system. The equations can be arranged to determine:

* Minimum soil strength required to provide stability for a given anchor load.
* Toe resistance required by the soldier piles.
* Anchor force necessary to provide stability.

34.1 Results for a Simple Failure Surface

The force equilibrium method is used to determine the total force required to support the cut.
An example of an anchored wall system is adopted to illustrate the force equilibrium method
(Figure 26a). The anchored wall system retains a vertical cut in a sand with frictional

strength, ¢, unit weight, v, and height, H. The unbonded length of the anchor extends far
behind the wall to ensure that the most critical failure surface passes above the anchor zone and
the full anchor load contributes to wall stability. The potential failure plane passes through the
toe at depth, d, and mobilizes a passive resistance from the soil, P,, and a horizontal and
vertical resistance from the soldier pile (sP,, SP,, respectively).
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a) Example of tiedback wall system

b) Free-body diagram

c) Force vectors acting on area ABCE

FIGURE 26
Force Equilibrium Considerations for an Anchored Wall System
with the Failure Surface in Front of the Anchor Bond Length

For simplicity, the shape of the planar failure surface is assumed to be a straight line (BC), as
shown in Figure 26a. Although a number of shapes could have been used for the failure sur-

47



face, a straight line approximation for the active portion of retained soil has been found to be
adequate (Taylor, 1948; Terzaghi, et al., 1996). Beneath the bottom of the cut, the failure
surface is assumed to be shaped as a log spiral on the passive portion of the soil. For soldier
pile and lagging walls, significant soil to soil contact exists, thus interface resistance along the
vertical face CE is assumed to be equal to the strength of the soil.

Passive toe resistance is P, = 0.5vd?k,. The passive earth pressure represents the passive
resistance provided by the soil above the failure surface at the toe. Passive earth pressure co-
efficients were determined assuming a log spiral failure surface in the passive zone (Terzaghi,
et al., 1996). Passive earth pressure coefficients are shown in Figure 27.

The contribution of forces from the anchor and soldier pile are shown as force vectors 7, SP,,
and sp,. For simplicity and for ease of comparison with other solutions, the three forces are
treated as a horizontal force with magnitude P, ,. Thus, P, , represents the horizontal force
required to provide stability to the vertical cut. Taking P, , as horizontal implicitly assumes
that the vertical force in the soldier pile (SP,) is equal in magnitude (and opposite in direction)
to the vertical component of the anchor load (7-sin(i)). This allows consideration of the forces
that act on the soil (not the soil/wall system). The forces on the soil are shown in Figure 28.

The solution for the external force required for stability (P
forces in the x-direction to get

reqa) CONtiNUES by summing the

2F, = P,cos(d) + P, - Rsin(a-¢) ... [3.16]

and summing forces in the y-direction (vertical) to get

2F, = W - Psin(8) - Rcos(a-¢) ... [3.17]

Combining the two equations and solving for P, , results in the following expression:

+E)2
Progs = _;_sz [ﬂ—KPEZ(sin(G%—C‘EQ)——) tan(a-¢) ... [3.18]

tan(o) tan(a-¢)

where £ is the ratio of d/H, o is the angle of the failure plane with respect to the horizontal,
and all other parameters have been defined previously. The solution proceeds by varying
values of § and o until a maximum for P , is determined. Solutions were determined for soil
friction angles of 20°, 30°, and 40°, and are presented in Table 4 in non-dimensional form as
Kot = Praga/(0.5yH?).

ra
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TABLE 4

Magnitudes of K, for the Force Equilibrium Method (base failure)

¢ (deg) L A g 0§
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FIGURE 27

Passive Earth Pressure Coefficients (NAVFAC DM7.2, 1982)
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a) Example of tiedback wall system

b) Free-body diagram

c) Force vectors acting on area ABCE

FIGURE 28

Force Equilibrium Considerations for an Anchored Wall System with P

Thus, the magnitude of load required to support a vertical cut of height, H, would be Prgy =
0.5vH?k

reqd *
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Equation 3.18 requires failure surfaces that pass below the bottom of the cut. For soil strength
below 30°, failure surfaces passing below the bottom of the cut require more anchor load for
stability than failure surfaces passing through the bottom corner of the cut. However, most
conventional methods for determining the required load for support assume the failure surface
passes through the bottom of the cut. Accordingly, the magnitude of P, for low-strength
soils is expected to be greater than the total force estimated from apparent earth pressure
methods that assume failure surfaces though the bottom of the cut.

3.4.2 Comparison with Rankine Analysis

A Rankine analysis is an approach frequently used to estimate the active earth pressures against
a wall, and provides a good measure with which to compare the simplified force equilibrium
analysis. The estimate of load required to support a wall is determined as P,, = 0.5YH?K,,
where K, is the active earth pressure coefficient determined as K,, = tan?(45+¢/2). The
use of Rankine earth pressure and H implicitly assume the maximum force required to support
the cut coincides with a failure surface that passes through the bottom corner of the cut (corner
failure). However, failure may also occur below the bottom of the cut (this is identified as a
base failure and is illustrated in Figure 28). A comparison of the magnitude of K, and K, is
shown below in Table 5 for three soil strengths.

TABLE 5
Comparison of Earth Pressure Coefficients &, and K
¢ l{reqd KAR
(deg) (base failure) (corner failure)
20 0.570 0.490
30 0.349 0.333
40 0.220 0.217

Reasonable agreement between the two failure modes exists for friction angles equal to or
greater than 30°. However, the K,,,, is 16 percent greater than K, for a soil with a friction
angle of 20°. The failure surface for a soil with a friction angle of 20° extends below the
bottom of the cut far enough to cause this difference in earth pressure coefficients.

Factors of safety were determined for the case of a vertical cut supported by the apparent earth
pressure for sand. Factors of safety were determined for base and corner failures to illustrate
the effect of the mode of failure. The factor of safety with respect to load and strength is
shown in Figure 29. The difference between a corner failure and base failure is minor for
friction angles equal to or greater than 30°, but the difference is significant for friction angles
less than 30°. Since most granular soils exhibit friction angles greater than 30°, the differ-
ences between base and corner failures will be small for most cuts.
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Effect of Soil Friction Angle on Factor of Safety
for Surfaces that Pass Through the Bottom Corner of
the Base Using Terzaghi & Peck Criteria for Sand

52



3.4.2.1 Discussion of Force Equilibrium

The example problem shows the use of force equilibrium for determining the stability of an
anchored wall. The potential failure surface that provides the least resistance to sliding will in
general be nonlinear; however, studies by Taylor (1948), Terzaghi, et al. (1996), and others
have shown that only small errors are associated with approximating the potential failure sur-
face as linear. Furthermore, the method presented herein considers only force equilibrium.
Many of the analyses presented have been compared with more rigorous methods that consider
force and moment equilibrium. Agreement was found to be excellent between the methods
presented and the more rigorous methods. Additional discussion of advantages and disadvan-
tages of requiring moment equilibrium can be found in Duncan (1992), Fredlund and Krahn

(1977), and Wright, et al. (1973).

3.5 USING LIMITING EQUILIBRIUM AS AN APPROACH FOR DESIGN

A procedure that uses the force equilibrium method for design of anchored walls is described
in three parts: (1) requirements for the wall to provide stability for potential failure surfaces
passing completely within the unbonded portion of the anchor (internal stability); (2) require-
ments for potential failure surfaces passing beyond the anchored portion of the anchor (global
stability); and (3) requirements for failure surfaces that may pass through the anchor zone (in-
termediate stability).

351 Simplified Approach — Internal Stability

The internal stability for an anchored wall system determines the total force required to keep
that wall system stable, and also can be used to determine the unbonded length (L ,,y0qe0) of the
ground anchor system. The procedure to determine P, and L, 00504 1S described in this
section. Equations developed herein use force equilibrium procedures similar to those
described above.

3.5.1.1 Development of Equations for Determining Internal Stability

The internal stability of an anchored wall system is ensured by providing an external force,

P ¢ that satisfies all requirements for equilibrium. An example failure surface is illustrated
in Figure 26. The equation relating P, to wall geometry and soil properties is given in
Equation 3.18 assuming a horizontal soil surface at the top of the wall. If the soil at the top

of the wall slopes at angle B, Equation 3.18 is modified to:

P =

LY (1+E)? » 2( (B cos(d) )
reqd 2VH —_——tan(a)—tan(B) pE, sin(0) _—_t

an(a-¢)

tan(x-¢) ... [3.19]

where all parameters o, B, v, 5, §, ¢, and H have been defined previously. The effect of the
slope, B, on P, is given in Table 6. The maximum P, is determined by varying the non-
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dimensional depth factor £ and the slope of the potential failure surface o. The magnitude of
P oqa fOI soil strengths between 20° and 40° and slope angles between 0° and 20° is shown in
Figure 30. The combination of depth and angle that correspond to the maximum Peqq identi-
fies the location of the potential failure surface. Failure surfaces for slope angle B between 0°
and 20°, and soil strength ¢ between 20° and 40° are shown in Figure 31.

TABLE 6
Comparison of P, for Different Wall Geometries
¢ B P"‘"" P reqd
(deg) (deg) BASE FAILURE BOTTOM FAILURE
(kN/m) (kN/m)
20 570 490
25 442 406
30 0 349 333
35 275 271
40 220 217
20 618 524
25 472 431
30 5 369 352
35 288 284
40 230 : 227
25 511 462
30 394 374
10
35 305 300
40 241 238
30 426 402
35 15 324 319
40 254 251
35 350 344
20
40 271 267
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FIGURE 31
Critical Failure Surfaces for Frictional Soils with Different
Strengths and Different Slopes at Top of Wall

3.5.1.2  Evaluation of Minimum Unbonded Length

The anchor bond length, the portion of a ground anchor that contributes to the stability of a re-
tained soil, should be behind the critical failure surface. Any portion of an anchor within the
zone of sliding cannot contribute to the support of the cut. Thus, it is important to identify the
location of the potential failure surface to determine the minimum unbonded length of the an-
chor and where to locate the anchor bond length.

Three methods for determining the minimum unbonded anchor length will be presented and
compared. They are: a method based on Rankine analysis, a method proposed by Peck, et al.
(1974), and a method based on the force equilibrium method (Equations 3.18 and 3.19).

The Rankine method identifies the potential plane of sliding as a plane of failure passing

through the bottom of the wall and angled up at « = 45+ ¢/2 with respect to a horizontal
plane. The anchor bond length must be behind this failure plane.
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The second method, proposed by Peck, et al. (1974), modified the Rankine method by requir-
ing the unbonded length of an anchor to extend beyond the Rankine failure plane by a length
equal to one-fifth of the total height of the wall.

The third method employs the force equilibrium method (Equations 3.18 and 3.19). The po-
tential failure surface can be identified by determining the angle of the failure plane (x) and a
depth ratio (€) of the potential failure plane that result in the largest magnitude of .. Mag-
nitudes of o and E for soils with different strengths are presented in Table 4. Illustrations of
the failure plane for some combinations of soil strength, ¢, and soil slope, B, are shown in
Figure 31. Ground anchors should develop their load-carrying capacity in the soil beyond the
failure plane, therefore, the position of the failure plane identifies the minimum unbonded

length.

A comparison of the minimum unbonded length predicted using the three methods is shown in
Figure 32 for soil strengths of 20° and 40°. For soils having an angle of internal friction equal
to 20°, the Rankine failure surface is closest to the wall, and thus, results in the shortest un-
bonded lengths. The method suggested by Peck, et al. (1974) gives the greatest lengths, while
the force equilibrium method yields intermediate lengths. For ¢ = 40°, the force equilibrium
and the Rankine failure surfaces pass through the bottom of the cut and make an angle with the
horizontal equal to 45+ ¢/2.

A comparison of the predicted failure surfaces for walls with back slopes is shown in Figure
33. It can be seen that the minimum unbonded lengths required by Peck, et al. (1974) agree
reasonably with the force equilibrium method (base failure) for low-strength soil (¢ = 20°).

However, for the stronger soil (¢ = 40°), the method by Peck, et al. (1974) predicts greater
unbonded lengths.

The force equilibrium method considers the strength of the soil and geometry and provides a
good estimate of the location of the critical failure surface. When using the force equilibrium
method to determine the unbonded length, the unbonded length must extend behind the failure
surface to ensure that the ground anchor develops its load-carrying capacity behind the critical
failure surface. Current Federal Highway Administration (FHWA) practice is to extend the
unbonded length behind the critical failure surface 5 ft or a distance equal to 20 percent of the
height of the wall.

The force equilibrium method provides a better estimate for the location of the potential failure
plane, and therefore, a better estimate for the required unbonded length. The Rankine failure
surface identifies unbonded lengths that are either in agreement or shorter than those required
by the force equilibrium method. The method suggested by Peck, et. al. (1974) appears to pre-
dict unbonded lengths greater than the force equilibrium method when the ground behind the
wall is level, and unbonded lengths greater than or approximately equal to lengths predicted
with the force equilibrium method when the ground behind the wall slopes upward.
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Agreement between methods may not always be predictable because of the influence of soil
non-homogeneity, surcharges behind the wall, and presence of groundwater and seepage.

Consideration of these elements would require a more general analysis of stability (discussed
in Chapter 4).

Poqa
—_—>
for soil strength
¢ =20deg
Rankine and Force Equil. (comer)
\ Force Equilibrium (base)
Peck et al (1974)
P
reqd
_)

for soil strength
¢ =40deg

Rankine and Force Equil. (comer)
\ Force Equilibrium (base)
Peck et al (1974)

FIGURE 32
Comparison of Three Methods for Determining Minimum
Unbonded Length of an Anchor, Horizontal Ground Surface
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Comparison of Three Methods for Determining Minimum
Unbonded Length of an Anchor, Sloped Ground Surface

3.5.2 Simplified Approach — External Stability

The external stability of an anchored wall is the stability of the wall and soil mass with respect
to failure surfaces that pass behind the ground anchor(s). The total length of an anchor should
be designed to achieve the required factor of safety. Global stability and external stability are
terms used to identify this type of potential failure.
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3.5.2.1  Analysis for External Stability

Stability analyses can be conducted for the soil mass and anchor system using limiting equili-
brium procedures that employ the method of slices (see Chapter 4). Force equilibrium pro-
cedures also can be used, and represent a common approach for determining the external sta-
bility of anchored wall systems. Discussed herein is the development of, and results from, a
force equilibrium analysis on an anchored wall system. Results from the simple force equili-
brium approach are used to illustrate important aspects of anchored wall design, specifically,
the length required for a ground anchor, and the depth required for the anchored wall.

The external stability of an anchored wall system is determined by assuming that the potential
plane of sliding passes “behind” the anchor (Figure 34) and below the soldier pile. Since an-
chors are spaced at a horizontal distance, s, the potential failure surface may assume a three-
dimensional shape rather than the two-dimensional shape assumed in these analyses. The fail-
ure surface near an anchor may pass behind the anchor, but the failure surface may become
steeper and move in closer to the wall for portions of the soil between anchors. To use a two-
dimensional failure surface to approximate the three-dimensional failure surface, assume that
the failure surface intersects the ground anchor at a distance of one-third the horizontal anchor
spacing (s/3) from the back of the anchor (Figure 34). Broms (1988) has also suggested the
use of s/3.

The distance s/3 is about 3 ft for a typical permanent ground anchor wall. Since the distance
is small, current practice is to assume that the two-dimensional analysis realistically represents
the three-dimensional shape of the failure surface. However, if the ground anchor spacing be-
comes much greater than 10 ft, then the distance s/3 may become significant, and increasing
the total anchor length by the distance s/3 may be warranted.

The stability for the soil mass is determined by requiring horizontal and vertical force equili-
brium. The soil mass under consideration is the soil prism ABDEG. The left vertical
boundary is defined by the anchored wall while the bottom is defined by a failure plane that
passes below the bottom of the cut to a position near the back of the anchor. The vertical
boundary on the right side of the soil mass extends from the back of the anchor (minus s/3)
and is oriented vertically (Figure 34).

Forces exerted and resisted by the mass of soil are illustrated in Figure 34b and 34c. The soil
mass acts downward with a magnitude equal to its weight. On the left face, passive soil resis-
tance acts at an angle 5. Active soil pressure is assumed on the right vertical face. On the
bottom, soil resistance acts at an angle ¢ from the perpendicular to the failure plane. The
forces will sum to zero in the horizontal and vertical directions for an FS = 1 and a friction
angle equal ¢,,,. The actual Fs,,,,., will be tand,,,,/tand_,. A FSgyengrn Of 1.3 is used in
practice.

The passive force is provided by the soil in front of the wall. The passive resistance is influ-
enced by the mobilized friction angle (¢,,,,) and by the wall friction angle (5) and expressed as
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P, = 0.5yd?K,, where d is the depth below grade of the passive failure and K, is a passive
earth pressure coefficient. Passive earth pressure coefficients for different mobilized friction
angles (¢,,,,) and wall friction angles (5) are given in Figure 27 assuming a log spiral failure.
For an anchored wall system consisting of soldier beams and lagging, the strength along the in-
terface (along the vertical line) should be near the soil strength. Thus, for the analyses, pas-
sive earth pressure coefficients were selected by taking & = ¢,,,.

The right vertical face (line BD in Figure 34) is acted upon by active pressures. The earth
pressure along BD is determined assuming Rankine active conditions, and the total force (P,z)
is calculated as P,, = 0.5yh?K,,, where h is the length of line BD.

The failure plane is defined to pass through the back portion of the anchor. The coordinates
for the back of the anchor are presented in non-dimensional form with the horizontal position
as x (horizontal distance from wall/wall height), and the vertical position as A (difference be-
tween the elevation of the top of the wall and the back portion of the anchor/wall height) as
shown in Figure 35. The depth of the failure plane beneath the bottom of the cut is identified
in non-dimensional terms as £ =d/+. Summing forces in the x-direction (horizontal) results in

3F, = Par - Ppcos(d)- Rsin(¢-a) =0 ... [3.20]

Summing forces in the y-direction (vertical) results in

IF, = W - Ppsin(8) - Rcos(¢-o) = 0 ... [3.21]

The two equations can be combined to obtain the following requirement for equilibrium:

K8 cosb -K, N
tan(d - o)

(1+&+NX - K, Esind + ... [3.22]
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a) Example of tiedback wall system

b) Free-body diagram

AR

¢) Force vectors acting on area ABDEG

FIGURE 34
Force Equilibrium Considerations for an Anchored Wall
System with Failure Surface Passing Behind the Anchor
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X = x/H A= yH £ = dH

FIGURE 35
Definition of Non-dimentional Parameters x, A, and §

3.5.2.2  Base Failures (Below the Bottom of the Cut)

Equation 3.22 specifies equilibrium requirements for the overall stability for an anchored wall
system. To evaluate global stability, specify the position for the back of the anchor (x, A),
vary the depth (E), and solve for the maximum soil strength (¢,,,) required to satisfy Equation
3.22. The angle of the failure plane () varies, but is defined by the anchor position (x, A)
and the depth (§).

Contours for soil strength required for stability are given in Figure 36 for failure surfaces pass-
ing beneath the bottom of the cut. The contours provide a relationship between the geometry
(the position of the back of the anchor) and minimum soil strength required for stability. Con-
‘tours of the position required for the back of the anchor are given for soil strengths, ¢, of 20°,
30°, and 40° for FS = 1. Note that, as the mobilized soil strength decreases, the length re-
quired for the anchor increases and the failure surface passes deeper below the bottom of the
cut.

Figure 36 allows the determination of the total anchor length to achieve any required factor of
safety. For example, an anchored wall is being constructed in a soil with a friction angle of
40°, and an Fs of 1.3 is required for external stability. A factor of safety of 1.3 is equivalent
to a mobilized friction angle of about 33°. - A dashed line is drawn in Figure 37 as an inter-
polation between the lines ¢__, = 40° and ¢,,, = 30°.

mob mob
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The depth of the failure surface below the bottom of the cut also is a consideration. As the soil
strength decreases, the failure plane passes below the bottom of the cut. In poor ground, the
failure surface may extend deeper than toes commonly used for anchored walls.

When the excavation extends through poor ground into rock or firm bearing, a base failure
cannot occur. For these conditions, conduct the external stability analyses for failure surfaces

through the bottom of the cut.
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FIGURE 36
Effect of Mobilized Soil Strength on Position Requied for Back of Anchor
(base failure)

64



30

20}

Height, m

-10 L

Horizontal Distance, m

FIGURE 37
Example for Determining Mimimum Anchor Length for ¢, ,, = 33°
(base failure)

3.5.2.3  Failures Through the Bottom of the Cut

The failure surface will pass through the bottom corner of the cut when the excavation goes to
rock or firm bearing. Equations 3.20 to 3.22 are applicable, but without the passive resistance
provided at the toe. The resulting equations for equilibrium simplify to

K, N
1+A) - —2— =0
X(1+A) an (6 - ... [3.23]

where o = atan((1-N/x). Equation 3.23 can be used to determine the minimum ground an-
chor length for the 10-m-high wall when the failure surface passes through the bottom corner
of the cut. The shear resistance and the lateral capacity of the soldier beams is ignored. Mini-
mum total anchor lengths are shown in Figure 38 as contours for soils with different mobilized

friction angles.
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The minimum total anchor lengths in Figure 38 are less than the lengths in Figure 37. When
low-strength ground is located below the bottom of the excavation, the ground anchors will
have to be longer to satisfy external stability.

30F e

20 |-

10

Height, m

1oL

-10 0 10 20 30

.Horizontal Distance, m

FIGURE 38
Effect of Mobilized Soil Strength on Position Required for Back of Anchor
(corner failure)

3.5.3 Wall Stability — Failure Surface Passing Through Anchor

The third case to be investigated is the case where a potential failure surface passes through the
anchor bond length. Failures of this type have not been reported. However, it is possible that
the factor of safety for a failure plane passing through the anchor bond length may be less than
the factor of safety passing in front of or behind the anchor.

Force equilibrium again is used to illustrate the influence of a failure plane passing through the
anchor bond length. The equations are similar to the equations developed for bottom failure
and base failure, except that a partial anchor force is added to the wall. The partial anchor
force represents the anchor force that can be included for a failure surface passing through the
anchor bond length. For example, if the failure surface passes completely in front of the an-
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chor zone, then the full anchor force should be applied to the left vertical face. On the other
hand, if the failure plane passes halfway through the anchor bond length, then only part of the
total anchor force would be available and applied to the left vertical face. The exact proportion
of the total anchor load depends upon the load transfer characteristics along the length of the
anchor and the factor of safety used in the design of the ground anchor. Force vectors and an
illustration are shown in Figure 25. The resulting equation that includes the partial anchor
force, P, is

/P”’2 - KN + K, E2cosd - (K, Esind - (1+E+N X) tan(d-a) = 0 ... [3.24]
ayYH

The solution to Equation 3.24 for a 10-m-high wall is shown graphically in Figure 39 for a soil
with a friction angle of 33° and an anchor force P. Equation 3.24 was solved by assuming the
applied anchor force was a certain portion of the total anchor force (P). Contours identifying
the back of the failure surface were determined by selecting a vertical elevation for the back of
the failure surface (A, Figure 35) and then finding the greatest horizontal distance (x) that
could still satisfy Equation 3.24. For each trial distance, depth (£) was also varied to satisfy
Equation 3.24. The parameter o is defined by the geometry (x, A and ). The horizontal dis-
tance (x) was increased until no depth (§) could satisfy Equation 3.24.

Contours identifying the position required for specific proportions of the total anchor load are
shown in Figure 39 The contours for 1.0P and for 0P agree with the two previous analyses:
failure surface for local stability, and failure surfaces for external stability. Portions of the an-
chor force less than P and greater than zero are also shown in Figure 39, and illustrate that the
required anchor length for 0.5pP is greater than halfway between the length required for P and

(=0

The effect of a firm stratum at the base of the excavation is shown in Figure 40. A firm stra-
tum at the base forces the potential failure surface to pass through the bottom corner of the
excavation. The effect is to cause a shallower failure surface that results in shorter anchor

lengths.

Thus, Figures 39 and 40 illustrate the importance of developing most of the total anchor ca-
pacity beyond the minimum unbonded anchor length, and the desirability of using long bond
lengths rather than short ones. These analyses also suggest that the stability of walls with an-
chors extending through ground where the upper soils are stronger than the lower soils should
be carefully evaluated.
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FIGURE 39
Requirements for Anchor Load Along the Anchor Length (base failure)
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FIGURE 40
Requirements for Anchor Load Along th Anchor Length (corner failure)
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3.6 USE OF LIMITING EQUILIBRIUM EQUATIONS AND GENERAL
PURPOSE SLOPE STABILITY COMPUTER PROGRAMS

The equations presented in this chapter solve force equilibrium equations for an anchored
wall with simple geometry and simple soil properties. However, soil layering, slope geom-
etry, seepage conditions, surface loadings, and other site conditions require a more general
solution and methodology. Several computer programs are available that can account for
general conditions of surface loading, layered soil profiles, seepage conditions, and overall
wall geometry. The use of these programs is described in Chapter 4.

69






CHAPTER 4
USE OF GENERAL PURPOSE SLOPE STABILITY PROGRAMS

4.1 INTRODUCTION

General Purpose Slope Stability (computer) Programs (GPSSP) offer a means to determine re-
quirements for the equilibrium of anchored wall systems. GPSSP solve for the minimum re-
sistance along potential failure surfaces passing through the soil. These potential failure sur-
faces may be circular or non-circular. Many GPSSP include capabilities to consider variable
slope geometry, layered soil profiles, groundwater table and seepage effects, internal loads,
and surface loads. However, reliable use of these programs may be compromised by an in-
complete understanding of the limitations of the GPSSP or by undocumented errors in pro-

gramming.

Use of GPSSP is discussed herein. Approaches that use GPSSP to determine the anchor loads
necessary for stability are discussed, and approaches to determine the position of the anchor
necessary for overall stability are presented. Methods to investigate the stability for failure
surfaces passing through the anchor bond zone are also discussed. Examples are provided to
illustrate these approaches. Results using GPSSP are compared with results using a force equi-
librium method developed in Chapter 3. Finally, some additional examples are provided to il-
lustrate the effect of using non-circular versus circular failure surfaces, and the seepage effects
on requirements for anchored walls.

4.2 DETAILS OF USING GPSSP FOR ANCHORED WALL ANALYSES

GPSSP offer a general formulation for determining equilibrium for a soil mass. Some details
and advantages of the GPSSP are discussed herein.

The factor of safety in GPSSP is based on the ratio of the soil strength available to the soil
strength required for equilibrium. This definition is consistent with the factor of safety with
respect to strength (discussed in Chapter 3). The factor of safety is defined mathematically as:

available strength
S = g ... 41

strength required for equilibrium

A general procedure for determining the factor of safety for a soil mass is to construct a trial
failure surface through the soil mass and then subdivide the soil above the failure plane into
several vertical slices. Subdividing the soil mass into slices allows GPSSP to include effects of
soil layering, effects of water pressure, variable geometry, and surface loads (Figure 41).
GPSSP require a variety of assumptions to solve equilibrium equations for the soil above a
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potential failure surface. Methods available may solve for the factor of safety by requiring
force equilibrium (2F, = 0 and 2F, = 0), or moment equilibrium (M = 0), or a combin-
ation of moment and force equilibrium. If equations of equilibrium are formulated for each
slice, there will be 3*n equations, where 7 is the number of slices.

Equilibrium Equations

n  Moment Equations
n  Forces in X direction
n  Forces in Y direction

Total =3n Equations of Equilibrium

The unknown quantities for each slice (Figure 41) include the location and magnitude of the
normal force (N), the magnitude of the interslice shear force (X), and the magnitude and loca-
tion of the interslice normal force (E). Unfortunately, the number of equilibrium equations is
fewer than the number of unknowns (e.g., the factor of safety and the magnitude and location
of forces along the side and base), thus, the system of equations is under-determined. The
number of unknowns is quantified below:

Number of Unknowns

1 Factor of Safety

n  Values of Normal Force (N)

n  Locations of Normal Force
n-1  Values of Interslice Shear Force (X)
n-1  Values of Interslice Normal Force (E)
n-1  Locations for Interslice Force

Total = 5n - 2 Unknowns

To make solving for equilibrium a determinate problem, assumptions are required to reduce
the number of unknowns to equal the number of equations. Most solution techniques require
assumptions with respect to the interslice force angle. General features for some common
methods of slices are given in Table 7. Additional information is provided on the assumptions
‘made for interslice forces.

GPSSP allow the use of both circular and non-circular failure surfaces. Algorithms to find the
critical failure surface employ a procedural search of trial failure surfaces. Shown in Table 7
is a list of analyses available and their capabilities to accommodate circular and non-circular
failure surfaces. Many GPSSP are coded to allow the user to select a specific method of an-
alyses from a list of several methods, such as those listed below.

A key advantage of GPSSP is their ability to compute the factor of safety for a trial failure
surface very quickly. This ability allows several trial failure surfaces to be evaluated and
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assists greatly in identifying the critical failure surface (the failure surface with the smallest
factor of safety).

TABLE 7
Assumptions and Features of Some GPSSP Methods of Analysis
METHOD OF SHAPE OF EQUILIBRIUM ASSUMPTIONS FOR
ANALYSES FAILURE SURFACE EQUATIONS INTERSLICE FORCES
. . 3F,=0 .
Bishop circular Vo horizontal
ZMoverall =0
. . . IF,=0 .
Janbu (simplified) circular, non-circular ZF =0 horizontal
H=
3F,=0
Janbu (rigorous) circular, non-circular ZFH =0 user-defined line of thrust
IM=0
Corps of Engineers circular, non-circular §II=:H ___% user-defined interslice force angle
2F,=0 interslice force angle defined by
Lowe and Karafiath circular, non-circular ZFH =0 slope of top and bottom of each
slice
IF, =
Spencer circular, non-circular 2Fy=0 constant interslice force angle
M=0
2Fy = user-defined variation in interslice
Morgenstern and Price | circular, non-circular IFy=0 f |
SM'=0 orce angle.

As indicated above, GPSSP programs make assumptions regarding the interslice forces in
order to reduce the unknowns so the equilibrium equations can be solved. Ground anchor
forces are applied in the same orientation as the interslice forces, and the simplifying assump-
tions may affect how the ground anchor force is distributed to the slices or the mass. There-
fore, before using a GPSSP to evaluate the internal stability of an anchored wall, the computer
code should be verified. One means of checking a program is to see if it will predict failure
surfaces and ground anchor loads similar to those determined using the simple force equili-
brium method contained in Chapter 3. Hand computations and performing analyses with a
different GPSSP also can provide an independent confirmation of the program’s accuracy.
Estimates based on design charts or apparent earth pressure diagrams can provide additional
support for a valid solution.
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FIGURE 41
Equilibrium Considerations for Method of Slices
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4.3 USE OF GPSSP FOR DETERMINING P,

GPSSP can be used to determine the force required to meet equilibrium requirements for an
anchored wall. Shown in Figure 42a is an anchored wall. A potential failure surface passing
through the soil and under the soldier beams is shown in Figure 42b. The failure surface
passes in front of the anchor bond zone, therefore, the complete ground anchor load acts as a
stabilizing force to the soil mass above the failure plane (Figure 42c). This illustration is the
simplest representation of equilibrium considerations. The shaded zone in Figure 42 identifies
the area over which failure surfaces may occur. Some failure surfaces may pass under the tip
of the soldier beams while other potential failure surfaces are shallower and pass through the

soldier beams.

a) Anchored wall

b) Failure surface in front of anchor bond length

Ptie

c) Applied anchor force

FIGURE 42
Considerations for Stability of Failure Surfaces Passing in Front of the Anchor Bond Length
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4.3.1 Analyses Based on the Location of the Failure Surface

When failure surfaces pass through structural components such as the anchor bond zone or the
soldier beams, it is necessary to analyze for the forces exerted on the soil mass rather than the
forces applied to the structural components. Three cases are presented herein to illustrate
methods to obtain the anchor force required for stability of a retained soil mass. The cases
include conditions where the potential failure surface passes: (1) through the soldier beam at
the level of the excavation, (2) through the soldier beam at a level just below the excavation,
and (3) below the tip of the soldier beam.

4.3.1.1  Failure Surfaces Passing Through the Soldier Beam at the Excavation Level
Free-body diagrams for a failure surface passing through the soldier beam and in front of the

anchor bond zone are shown in Figure 43. ‘The ground anchor force applied to the wall and
the failure surface is illustrated in Figure 43a.
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¢) Free-body diagram for soil

FIGURE 43 _
Determining the Load Required for Stability of Soil in Frond of the Anchor
(potential failure surface passing in front of the anchor length
and through the bottom corner of the excavation)
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A free-body diagram for the wall components (soldier beams) above the potential failure sur-
face is illustrated in Figure 43b. If the soil mass moves downward with respect to the move-
ment of the soldier beam, downdrag forces result, and the load exerted by the soil (P,,,) is
angled downward (at an angle + &). However, if the wall components settle more than the
soil mass, then P_,, is directed upward at an angle (-5). Resistance to lateral and vertical
movement of the soldier beam is provided by the portion of the soldier beam embedded below
the failure surface. Resistance to lateral movement is quantified as B,, while resistance to
vertical movement is provided by P,. The specific magnitude, orientation, and location of the
force P_,, depends on such details as the lateral load (P, ), the relative movement between the
wall and the soil, and the anchor force and inclination.

Two free-body diagrams for the soil behind the anchored wall are shown in Figure 43c. The
left diagram illustrates the stability in terms of the soil force, P,,,, while the right diagram ex-
presses the free-body diagram in terms of the individual forces P,,, P,, and P,. These indi-
vidual forces are applied to the soil by the anchor and the structural components below the
failure surface, and their result is equal to P_,.
Since the embedded portion of a soldier beam typically has a vertical capacity greater than the
applied vertical load, the soldier beam should settle less than the soil, and the resultant P,
will be oriented at + &. If effects of wall friction are neglected (a conservative approach if
P, is oriented at + &), P, is horizontal. The elevation at which P_, acts is dependent on
the interaction between the wall and the soil mass. Based on estimates from full-scale mea-
surements, the elevation is typically between 30 and 55 percent of the wall height (Terzaghi, et
al., 1996).

4.3.1.2  Failure Surfaces Passing Through the Soldier Beam Between the Beam Tip and the
Bottom of the Excavation

Free-body diagrams for a failure surface passing in front of the anchor bond zone and through
the soldier beam at an elevation between the beam tip and the excavation level are shown in
Figure 44. The ground anchor force applied to the wall and the failure surface is illustrated in
Figure 44a.

A free-body diagram for the wall components (soldier beams and lagging) above the potential
failure surface is illustrated in Figure 44b and is very similar to that shown in Figure 43b. If
the soil mass moves downward with respect to the soldier beam, downdrag forces result, and
the load exerted by the soil (P,,,) is angled downward (at an angle + &). However, if the wall
components settle more than the soil mass, then P, is directed upward at an angle (-53). Re-
sistance to lateral and vertical movement of the soldier beam is provided by the portion of the
soldier beam embedded below the failure surface. Resistance to lateral movement is quantified
as P, while resistance to vertical movement is provided by P,. The specific magnitude, ori-
entation, and location of the force P, depends on such details as the lateral load (R,), the rela-
tive movement between the wall and the soil, and the anchor force and inclination.
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Two free-body diagrams for the soil behind the anchored wall are shown in Figure 44c. The
left diagram illustrates the stability in terms of the soil force, P, ,, while the right diagram ex-
presses the free-body diagram in terms of the individual forces P,,, P,,, and P, applied to the
soil by the anchor and structural components below the failure plane. The result of the indi-
vidual forces (P,,, P, and P,) equals P, ,.

Since the embedded portion of a soldier beam has a vertical capacity greater than the applied
vertical load, the soldier beam will settle less than the soil, and the resultant P_, will be ori-
ented at + 3. If the effects of wall friction are neglected (a conservative approach for P,
oriented at + ), P,,, is horizontal. The elevation at which P, , acts is dependent on the in-
teraction between the wall and the soil mass. Based on estimates from full-scale measure-
ments, the elevation is typically between 30 and 55 percent of the wall height (Terzaghi et al.,
1996).
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FIGURE 43
Determining the Load Required for Stability of Soil in Frond of the Anchor
(potential failure surface passing in front of the anchor length and
between the bottom of the excavation and the soldier beam tip)
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4.3.1.3  Failure Surfaces Passing Below the Soldier Beam

Free-body diagrams for a failure surface passing in front of the anchor bond zone and below
the tip of the soldier beam are shown in Figure 45. The failure surface and the anchor force
applied to the wall are illustrated in Figure 45a.

A free-body diagram for the wall components (soldier beams and lagging) above the potential
failure surface is illustrated in Figure 45b. The combination of resistance provided by the soil,
P,,,» and by end bearing at the beam tip, P,, is equal and opposite in direction to the applied
anchor load.

A free-body diagram for the soil behind the anchored wall is shown in Figure 45¢c. The dia-
gram illustrates the stability in terms of the external force applied by the anchor, P, .
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FIGURE 43
Determining the Load Required for Stabiiity of Soil in Frond of the Anchor
(potential failure surface passing in front of the anchor length and below the soldier beam)
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4.3.2 Simplified Approach for Determining P,
The total horizontal load required for the stability of the soil (P,,,,) can be estimated using
GPSSP. The approach assumes that P, , includes the load contributed by the ground anchor
and by the soldier beams. The location of P, is based on results of earth pressure measure-
ments, and typically is selected to be at an elevation of 30 to 50 percent of the wall height.
Furthermore, the orientation of P, , is assumed to be horizontal. The magnitude of P roqa 1
increased until the minimum acceptable factor of safety is obtained. The magnitude of P
represents the total anchor load and the load carried by the soldier beams.

reqd

Results of the simple approach using GPSSP are shown in Figure 46 for cuts in sand. GPSSP
analyses were performed for several soil strengths (¢) using a non-circular failure surface
passing through the bottom corner of the excavation. Several analysis methods were used to
estimate K,. The methods of analysis include approximate methods (e.g., Rankine), methods
that solve for moment equilibrium only (e.g., log-spiral method), methods that require force
equilibrium only (e.g., the Corps of Engineers’ method and Lowe and Karafiath’s method),
and a method that requires moment and force equilibrium (e.g., Spencer’s method). Most
predictions for P, , agree except the log-spiral method. The log-spiral method under-predicts
the magnitude of P, , because the log-spiral shape for the failure surface is too restrictive and
does not allow the failure surface enough flexibility to assume a shape that would provide less
soil resistance.

Failure surface passes through corner

06 ! ! ! Corp of Engineers’ method (i-35°)
. Corp of Engineers’ method (i-0°)
: : : Lowe and Karafiath method
O5L. ... Ry = Spencer’s. method. (n,=0.333).......

01 b e _
00 { 1 | ! § |
10 15 20 25 30 35 40 45
qJavail (deg)
'FIGURE 46

Effect of Method of Analysis and Friction Angle on the Magnitude of P, eqd
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Results of the simple approach using GPSSP for cuts in clay are shown in Figure 47a for
failures through the bottom of the excavation and Figure 47b for failures that pass below the
bottom of the excavation at a depth of 0.2H. GPSSP analyses were done for several soil
strengths and are reported in non-dimensional form using the normalizing relationship vH/s,,
where vy is the total unit weight of the clay, H is the total height of the cut, and s, is the un-
drained shear strength of the clay. The three equilibrium methods of analysis used to develop
the relationship between P, , and yH/s, are Bishop’s method, the Corps of Engineers’ meth-
od, and Spencer’s method. The relationships are compared with those predicted using the
approximate relationships such as the Rankine and modified Rankine method (Terzaghi, et al.,
1996), and Henkel’s method (Henkel, 1971).
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FIGURE 47
Relationship Between K, and yH/s, for Different Limiting Equilibrium Methods
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Limiting equilibrium methods agree well with Rankine analyses for failure surfaces passing
through the bottom corner of the excavation, however, the methods diverge for conditions
where the failure surface passes below the bottom of the excavation. For ratios of YH/s,
between 5 and 7, the GPSSP predicts slightly higher values than the Rankine and Henkel
models. For ratios of yH/s, greater than 7, the limiting equilibrium methods are bounded by
the Rankine predictions (lower bound) and by predictions using Henkel’s method (upper
bound). Overall, predictions using the Henkel model agree well with Bishop’s method.

4.3.3 Toe Resistance

As the soil above the failure surface attempts to move out, shear resistance is mobilized in the
soldier beams. Shear in the soldier beam provides additional resistance to soil movement.
Predicting soldier beam shear requires the consideration of three possible failure modes. The
failure modes are: (1) Shear of the soldier beam; (2) Flow of the soil between the soldier
beams; and (3) Lateral capacity of the soldier beams.

Shear of the soldier beam will seldom control the toe resistance. Toe resistance dependent on
flow resistance or lateral capacity of the soldier beams is discussed below.

4.3.3.1  Failure by Soil Flowing Between the Soldier Beams

Figure 48a illustrates how the toe resistance is dependent on the movement of the soil between
the soldier beams. This type of failure will be described herein as a “flow-through” failure be-
cause the soil above the failure plane moves between the firmly embedded soldier beams. The
soldier beams are assumed to be structurally fixed and firmly embedded below the failure sur-
face. Therefore, resistance to failure is provided by the soldier beam cross-section restricting
the flow of the soil. Two examples are given in Figure 48a: the left diagram illustrates a case
where the soldier beam is firmly socketed into a strong material, while the right diagram illu-
strates a very long soldier beam that is firmly embedded because of its great length below the
failure surface.

The resistance provided by flow-through failure is quantified by determining the resistance to
flow caused by the presence of the soldier beams. The resistance to flow (n.) is proportional
to the length of the soldier beam and, therefore, exhibits units of force per unit length F/L. A
sketch of the soil resistance to flow is shown in Figure 48b. The total resistance exerted by the
soldier beam is proportional to the length of the beam over which flow occurs. Therefore, as
the depth of the potential failure surface increases, so does the resistance to flow (Figure 48b).

Broms suggests the lateral soil resistance, p,,, of a soldier beam at a given depth be equal to

Py = 3:0,Kpp'b .. [4.2]
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where o, is the vertical effective stress, K, is the Rankine passive earth pressure coefficient,
and b is the beam width or diameter. The soil resistance, p,, is expressed in units of force per
unit length of soldier beam (F/L). The total resistance provided by the soldier beam to flow of
the soil between the beams (P,) is determined by summing up the soil resistance for the por-
tion of the beam above the potential failure plane. This concept is illustrated in Figure 48b.

Thus, the total resistance provided by the soldier beam considers the potential for flow through
the beams. However, the lateral capacity of the portion of the soldier beam embedded below
the potential failure surface must be capable of resisting this load. The lateral capacity of the
embedded portion of the soldier beam is the subject of the section below.

a) Side view of soil above failure surface passing between piles

Additional resisting Total resisting
force/unit depth (py; ) force (pyy)
i\ T 1
z
d dTZ z z PLL = Py (2 dz
L4
}

for p; | = constant
PLL=Pry*d

b) Mobilization of resistance due to presence of piles

FIGURE 48
Flow Through Resistance Provided by the Soldier Beams
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4.3.3.2  Failure by Exceeding the Lateral Capacity of the Soldier Beam Below the Failure
Surface

Figure 49a illustrates a condition where the soldier beams move with the soil above the failure
plane, and the limiting soldier beam resistance is provided by the portion of the soldier beam
embedded below the failure surface. The lateral capacity of the embedded portion of the beam
can be determined using Broms’ method, or COM624 (Wang and Reese, 1992).

The total resistance provided by the soldier beams can be modeled as a reinforcement with
shear resistance. The resistance provided by the soldier beam decreases with depth as the fail-
ure surface deepens. Both failure by flow and failure by exceeding the lateral capacity of the
embedded portion of the soldier beam should be investigated for each case. The resistance
provided by the soldier beam would be the minimum load due to either case. Normally, re-
sistance due to flow between soldier beams greatly exceeds the lateral capacity of the em-
bedded portion of the beams. Flow resistance may control in soft clay soils.

; Total resisting
) force (pyy )

a) Resistance provided by portion
of pile below failure surface

v

b) Available pile resistance with depth

FIGURE 49
Lateral Resistance Provided by the Soldier Beams
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4.4 USE OF GPSSP FOR DETERMINING THE POSITION FOR THE BACK OF
THE ANCHOR

Limiting equilibrium methods can also be used to determine the position required for the back
of an anchor to satisfy external stability requirements. Limiting equilibrium programs allow
the user to evaluate the factor of safety for an anchored wall with a specific geometry and
ground anchor length. Multiple analyses can be conducted to determine the position required
for the back of the anchor to achieve a specific factor of safety.

For a specific anchored wall with a predefined geometry and anchor length, several trial failure
surfaces are passed through the back of the anchor to find the critical failure surface and the
minimum factor of safety (Figure 50a). If the failure surface intersects the soldier beams, their
resistance also can be included in the evaluation for the factor of safety. If the factor of safety
is too low, a new position of the anchor can be selected, and the analyses repeated.

Conducting multiple stability analyses for failure surfaces passing through several positions re-
presents a design option for determining the position necessary for the back of the anchor. A
grid of points is constructed near the anticipated position for the back of the anchor. Minimum
factors of safety are determined for each point (Figure 50b). Contours for factors of safety can
be constructed and used to determine the position required for the anchor to achieve a desired
factor of safety (Figure 50c). Figure 50c illustrates how the position of the back of the ground
anchor affects the factor of safety. This plot can be constructed for a specific site and used to
identify the required position for the back of the anchors for cuts in cohesive soils, cohesion-
less soils, and layered soils.

Several analyses have been conducted with the limiting equilibrium methods to identify the
position required for the back of the anchors for a 10-m-high cut in cohesionless soil (¢ = 0).
The results of these analyses are shown in Figure 51a for potential failure surface passing
through the bottom of the excavation (corner failure), and in Figure 51b for potential failure
surfaces passing below the bottom of the excavation (base failure). No resistance from the
soldier beams was assumed. Contours are labeled as mobilized friction angles from 20° to
40°. These contours represent a factor of safety equal to one for each mobilized friction angle.
The factor of safety for specific site conditions can be determined by varying anchor geometry
to determine ¢,,,,. The factor of safety is then determined as the ratio of tan(¢,,,,)/tan(d,,,,) -

Results of GPSSP are compared with results of the force equilibrium method developed in
Chapter 3. The GPSSP employed Spencer’s method to determine the factor of safety (and
mobilized friction angle). Stability analyses were conducted for failure surfaces passing
through points on a grid pattern extending horizontally from 6 m to 20 m from the vertical face
of the wall, and from 2 m to 8 m above the bottom of the cut. Contours of mobilized friction
angles developed from the stability analyses (using the Spencer’s method) are shown with a
solid line. Superimposed on the same graph are contours of mobilized friction angles deter-
mined from a force equilibrium method (developed in the previous chapter). The shapes and
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positions of the two sets of contours compare favorably for failures passing through the bottom
of the excavation (Figure 51a). These results suggest that the two methods predict similar re-
quirements for the back of the anchor.

Contours for failure surfaces allowed to develop below the bottom of the excavation (Figure
51b) show similar trends for both the GPSSP and for the force equilibrium method. The a-
greement between the two methods is very close for mobilized friction angles above 30°, but
the GPSSP predicts slightly shorter total anchor lengths for friction angles below 30°. Over-
all, however, the predictions for anchor length made with the GPSSP and the force equilibrium

(Chapter 3) method agree within 0.5 m for soil friction angles above 25°.

Figure 52a-d illustrate the effect of analysis method on the required position of the back of the
anchor. Four different equilibrium methods were used with the GPSSP (Corps of Engineers’
method, Lowe and Karafiath, Janbu, and Spencer’s method, respectively). Predictions were
made for a cut in sand, allowing the failure surface to pass beneath the bottom of the cut. Re-
sults for each method are shown on separate graphs as solid contour lines for mobilized soil
friction angles between 20° and 40°. Also shown on each graph are dotted contour lines that
represent results from the force equilibrium method (Chapter 3).

The GPSSP predictions using the Corps of Engineers’ method are shown in Figure 52a. The
required distance to the back of the anchor is similar for the two prediction methods for $,0, O
35° and greater. However, predictions for the two methods disagree as much as 3 m for Drros
of 20°. The different predictions are due to differences in assumptions used to solve the equi-
librium equations and the difference in the assumed shape of the failure surface. The Corps of
Engineers’ method assumes a constant inclination for the interslice forces (for this case = 0°)
for both the active and passive portions of the potential failure surface and assumes a planar
shape for the active and passive portion of the soil, while the force equilibrium method (Chap-
ter 3) uses a log spiral for the shape of the passive wedge and assigns an interslice force angle
equal to ¢, between the active and passive wedge.

Predictions for determining the distance to the back of the anchor using the GPSSP and the
Lowe and Karafiath method (Figure 52b) are similar to results using the Corps of Engineers’
method. Predictions between the Lowe and Karafiath method and the force equilibrium meth-
od are similar for ¢, of 35° and greater, but diverge for ¢, , less than 30°. The differences
between the two predictions result from different assumptions for the passive wedge and for
the interslice force angles, as discussed above.

Predictions for distance required for the back of an anchor using the GPSSP and Janbu’s meth-
od (Figure 52c¢) are in close agreement with those of the force equilibrium method (Chapter 3)
for ¢__, between 20° and 40°.

mob
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FIGURE 50
Determination of the Position Required for the Back of the Anchor to Satisfy External Stability
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FIGURE 51
Position Required for the Back of the Anchor —
Spencer’s Method and Force Equilibrium Method
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FIGURE 52b

Position Required for Back of the Anchor — Comparison of
Lowe and Karafiath Method and Force Equilibrium Method
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Position Required for Back of the Anchor — Comparison
of Janbu’s Method and Force Equilibrium Method

4.5 USE OF GPSSP FOR DETERMINING STABILITY FOR FAILURE
SURFACES THROUGH THE ANCHOR BOND LENGTH

Methods for determining the factor of safety for failure surfaces passing in front of and behind
the anchor bond zone have been discussed in the previous sections. Discussed herein are de-
tails of how GPSSP can be used to determine the factor of safety for failure surfaces passing

through the anchor bond length.

The determination of the factor of safety for a failure surface passing through the anchor bond
zone requires consideration of load transfer along the ground anchor. Consider the case of a
failure surface passing in front of the anchor bond zone. The full ground anchor load contri-
butes to the stability of the wall because the anchor bond zone is behind the failure surface.
Conversely, no anchor force contributes to stability if the failure surface passes behind the an-
chor bond zone because the load at the face of the wall and at the top of the anchor bond zone
are equal and opposite (and cancel each other out). However, if the failure surface passes
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through the anchor bond length, only a portion of the total anchor load will contribute to sta-
bility. The portion of the anchor load depends on the length of the anchor bond length that lies
beyond the failure surface and its load-transfer characteristics.

4.5.1 Assumptions Necessary for GPSSP Analyses

GPSSP can be used to determine the stability of an anchored wall system with the failure sur-
face passing through the anchor bond zone; however, several assumptions are required. The
first assumption is used to define load transfer along the anchor bond zone. If the soil provides
equal resistance to pullout along the length of the anchor bond zone, then the load in the an-
chor varies linearly from the anchor load at the front of the anchor, to zero at the back of the
anchor. The variation in load along the length can be expressed as equal to T+ (1-L/L,),
where L, is the anchor bond length, L is the length of the anchor behind the failure surface,

and T is the total ground anchor load.

The second assumption identifies the lateral load provided by the soldier beams. If the failure
surface intersects the soldier beams, their contribution also can be included in the GPSSP an-
alyses. Methods to quantify the contribution due to lateral capacity are identical to those des-
cribed earlier in this chapter under the section “Toe Resistance.” Three cases are illustrated in
Figure 53 where the failure surface passes through the bottom corner of the excavation, below
the bottom of the cut, and below the tip of the soldier beam.

The third assumption requires defining the inclination of the external force supporting the face
of the wall. The inclination is difficult to assess and depends on axial load transfer along the
wall, below the wall, and at the tip of the soldier beam. If the axial capacity of the beam ex-
ceeds the vertical component of the load carried by the soldier beam, then the external force
supporting the face will be either horizontal or inclined upward.
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FIGURE 53
Failure Surface Passing Through the Anchor Bond Zone
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4.5.2 Simplified GPSSP Analyses — Modeling Options

Simplified assumptions are used to conduct GPSSP analyses for failure surfaces passing
through the anchor bond length. Many assumptions are identical to those used for GPSSP
analyses for failure surfaces passing in front of the anchor bond zone. Three options for
modeling the anchored wall and the anchor bond length are given.

The first method for modeling an anchored wall for analysis with a GPSSP is shown in Figure
54a. The vertical loads along the wall are assumed to oppose each other, so the resultant load
on the soil mass is horizontal. Lateral loads from the soldier beams are included if the failure
surface intersects them. The horizontal force on the face of the wall is proportional to the lo-
cation where the failure surface intersects the anchor. A load reduction factor, R, varies lin-
early from 1.0 at the front of the anchor bond zone to 0.0 at the back of the anchor. Thus, if
the failure surface intersects the middle of the anchor bond zone, the factor R is 0.5, and one-
half of the anchor force is applied to the wall. This method has the advantage that, as the fail-
ure surface approaches the front of the anchor bond zone, the solution will converge with the
solution for determining P, as presented earlier in this chapter. This method has the dis-
advantage that few GPSSP methods currently can model a force dependent on the location of
the failure surface.

A second means to conduct GPSSP analyses for failure surfaces passing through the anchor
bond zone is illustrated in Figure 54b. The anchor force is modeled as a point load on the face
of the wall, and the anchor bond zone is modeled as an in-line series of point loads. The sol-
dier beams also are modeled with lateral and axial forces to represent their contribution. The
factor of safety is determined for the soil mass above the failure surface. All loads acting on
or within the soil mass are considered in the equilibrium of the mass. Many GPSSP include
the capability of placing point loads along a face or within the soil mass; however, consider-
able effort is required to model a wall in this manner. Furthermore, modeling the vertical
loads along the wall and along the soldier beams requires knowledge of vertical and lateral
load transfer along the beam.

A third way to use a GPSSP to model failure through the anchor bond zone is to consider the
anchor force as a high-capacity reinforcement (Figure 54c). The axial anchor force is modeled
along the length of the anchor and the anchor bond zone. The axial force in the reinforcement
is assumed to vary linearly from the full anchor capacity for all positions in front of the anchor
bond zone, to zero force at the end of the reinforcement. Many GPSSP have the capability to
include reinforcements in their analyses. Many GPSSP also have the ability to incorporate
multiple layers of reinforcements in the analyses. Thus, multiple levels of anchors can be
modeled. However, this model has the disadvantage that the reinforcement force is placed at
the location of the anchor bond zone, and therefore, does not allow the anchor load to be more
widely distributed over the potential failure plane. The resistance provided by the soldier
beam also can be modeled as a reinforcement; however, estimates for the vertical and lateral
resistances provided by the soldier beam are necessary.
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a) Tieback load on wall—magnitude of load proportional to intersection of failure surface with tieback anchor
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b) Modeling tieback, anchorage, and pile as opposing forces
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¢) Modeling tie and anchorage as a reinforcement

FIGURE 54
Means to Analyze Failure Surfaces Passing Through the Anchor Bond Zone
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4.5.3 Results

Method 1 (Figure 54a) was used to determine the effect of failure surfaces through the anchor
bond length. Analyses were conducted by modifying the FORTRAN code for the program
UTEXAS2 (Wright, 1986) to allow the surface load on the vertical face to be proportional to
the location where the failure surface intersected the anchor bond zone. Stability was assessed
employing Spencer’s method.

Analyses were performed for two anchored walls with the same soil properties and wall ge-
ometry but with different anchor bond lengths. The back of the anchor was identical for both
walls (point C, Figure 55), but the location for the front of the anchor differed. The front of
the anchor bond length for the first wall was just behind the critical failure surface (point A,
Figure 55). The anchor load (P,,,) and the location for the back of the anchor were adjusted
so that the minimum factor of safety was 1.5 for failure at the front of the anchor, and 1.5 for
failure at the back of the anchor. The front of the anchor bond length for the second wall was
located halfway between the Rankine failure zone and the back of the anchor (point B, Figure
55). In summary, both anchors have identical capacities, but the second anchor developed
capacity deeper in the ground over a shorter length.
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FIGURE 55

Variation of Factor of Safety for Failure Surfaces Passing
Through a Long Anchor and a Short Anchor
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Factors of safety were determined for specific points along the anchor bond zone for both walls
(Figure 55). The factor of safety for the first wall is shown to decrease for failure surfaces that
pass through the anchor bond zone. Factors of safety are shown to reduce to values near 1.2.
The factor of safety for the second wall is 2.0 at the front of the anchor bond zone and decreas-
es as failure surfaces intersect closer to the back of the anchor. However, the factor of safety
never drops below 1.5.

The above analysis uses a load-transfer model that may not be realistic for most ground an-
chors. Normally the anchor bond length is selected using a working load-transfer rate of 50
percent of the ultimate load-transfer rate, and each anchor is load tested to an overload of 1.33
to verify capacity. As a result, the capacity of the anchor is normally much greater than the
anchor design load. However, the study of failure surfaces passing through the anchor bond
length shows that anchors that develop their load-carrying capacity near the front of the anchor
bond length may not adequately contribute to the overall stability of the wall. In ground where
better ground overlies poorer ground, the load-transfer characteristics of the anchors should be
estimated, and GPSSP can be used to evaluate the stability of these walls.

4.5.4 Modeling Multiple Anchors with GPSSP

The factor of safety for failure surfaces can be evaluated when more than one row of ground
anchors are used to support a wall. Failure surfaces may pass behind the backs of some an-
chors, in front of other anchors, and through the anchor bond lengths of some of the anchors.
Failure surfaces passing through the anchors need some means to quantify the load that the
anchors contribute to overall stability. The approach for proportioning the load can follow
the same approaches discussed above for the single row of anchors, and illustrated in Figure
54a-c. Current capabilities of GPSSP may allow modeling the anchors as reinforcements, as
surface loads, or as internal loads.

4.6 USE OF GPSSP FOR LATERAL LOADS IN SOFT TO MEDIUM CLAYS

Bishop’s method was used to estimate the lateral load required to support the cuts that formed
the basis of the soft to medium clay apparent earth pressure diagram (Figures 4 and 17). Cuts
with yH/s, < 4.5 were not analyses. Flaate (1966) describes the wall and the soil profile at
each cut in detail. A GPSSP was used to perform the limiting equilibrium analyses. The com-
puter program allowed the actual soil profile to be modeled. Low-strength soils extended be-
low the bottom of the excavation for many of the cuts. Factors of safety were determined for
failure surfaces that went through the bottom corner of the excavation and through the base.
Figure 56 compares the computed earth pressure coefficients from the limiting equilibrium
analyses with the measured earth pressure coefficients reported by Flaate (1966). Earth pres-
sure coefficients for limiting equilibrium analyses with a Fs_,,,, = 1 and coefficients for an-
alyses with a FS,,,,, = 1.3 were computed. The steps performed to compute the earth pres-
sure coefficient were as follows:
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+ Determine the lateral load required to support the cut for FS unem = 1.

 Compute the earth pressure coefficient for FS,,.,, = 1 by dividing the lateral load by
0.5yH?2.
« Determine the lateral load required to support the cut for FS .., = 1.3

« Compute the earth pressure coefficient for FS,,g, = 1.3 by dividing the lateral load by
0.5yH2.

Figure 56a shows the measured and computed earth pressure coefficients for failure surfaces
With FS,pm = 1. Except for four case histories, the lateral loads computed from the limiting
equilibrium analyses were approximately equal to or greater than the measured load. The four
exceptions were projects in Norway. Flaate (1966) reported that ground freezing probably
increased the measured strut loads on two of these projects, and that one other project was
flooded for 20 days during construction.

Figure 56b shows the earth pressure coefficients computed from the limiting equilibrium an-
alyses With FS, ., = 1.3 versus the measured earth pressure coefficients for the cuts. A
FSyuongn = 1.3 Was selected for these analyses since the limiting equilibrium studies discussed
in Sections 3.2.2 and 3.3.4.4 indicated that the total load determined from the apparent earth
pressure diagrams had a factor of safety with respect to undrained shear strength of between
1.25 and 1.40. Figure 56b shows that the lateral loads determined using FSy,pgn = 1.3 were
greater than the measured loads on all the projects, including the four projects in Norway.
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Figure 57 compares the computed earth pressure coefficients from the limiting equilibrium
analyses (FS,» = 1.3) with earth pressure coefficients back-calculated from the total load
determined from the soft to medium earth pressure diagram (Figure 4). Earth pressure coeffi-
cients computed from the limiting equilibrium analyses are greater than those computed from
the apparent earth pressure diagram when the failure surface extended below the bottom of the
excavation more than 15 percent of the height of the cut. When the failure surface was near
the bottom corner of the excavation, the earth pressure coefficients calculated from the appar-
ent earth pressure diagram were greater than the earth pressure coefficients from the limiting
equilibrium analysis. Figure 57 shows that lateral loads estimated using the soft to medium
apparent earth pressure diagram include shallow base failures but the diagram does not account
for deep base failures. Terzaghi, et al. (1996) recommended that the earth pressure coeffici-
ents from the soft to medium clay diagram be increased to account for deep-seated base failures
following recommendations by Henkel (1971). Henkel used a limiting equilibrium method to
determine the lateral earth pressure coefficient when deep-seated base failures could develop.
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Comparison of Completed Earth Pressure Coefficients from Limiting
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The limiting equilibrium study of cuts in soft to medium clays shows that:

* Bishop’s method implemented in 2 GPSSP can be used to determine the lateral load re-
quired to support the cuts.

* A FSpm = 1.3 applied to the undrained shear strength is satisfactory for determining
the lateral load for the design of a wall.

* Lateral loads determined from a limiting equilibrium analysis may be less than those de-
termined from the apparent earth pressure diagram if good ground is at the bottom of the

excavation.
*  GPSSP can determine the lateral loads required to support cuts with deep-base failure
surfaces.
4.7 ILLUSTRATION OF SOME EFFECTS WITH GPSSP

An advantage of GPSSP is their general application for solving equilibrium for complicated
boundary conditions. For example, by descretizing the soil above a potential failure surface
into slices and applying equations of equilibrium, GPSSP can solve equilibrium for layered
soils and can include the effects of groundwater, surface loads, internal loads, and seismic
events. Circular and non-circular shapes can be used to generate potential failure surfaces.
While these realistic conditions can be modeled by many GPSSP available today, these con-
ditions are not directly included in the more empirical approaches for estimating anchor loads
and anchor lengths. Thus, GPSSP can be used to determine the extra force or extra anchor
length required to support a wall due to seepage toward the excavation. GPSSP can also be
used to quantify ground anchor loads required to support cuts through layered soils, such as
sand over clay. Finally, analyses can be conducted with circular and non-circular failure
surfaces to investigate effect of the shape of the failure surface.

A GPSSP is used to illustrate the effect of two details:

¢ The effect of the position of the groundwater table (GWT) on stability of an anchored
wall.

* The effect of using a circular or non-circular failure surface for estimating the stability
of anchored walls.

4.7.1 Effect of Groundwater Table
A GPSSP was used to determine the effect of the position of the GWT on the stability of an
anchored wall. Results of the analyses are summarized as contours defining the position re-

quired for the back of the anchor for soil strengths ranging from 20° to 40°.

GPSSP analyses were conducted for three positions of the groundwater table:
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e A GWT well below the excavation.
e A horizontal GWT at the same elevation as the excavation.
« A GWT that results in seepage toward the wall.

The GWT reaches a height of 7.5 m above the excavation level at a distance of 30 m from the
vertical face of the cut. The GWT rises from the excavation as a parabola. The shape for the
GWT is based on recommendations by Casagrande (1937). The shapes assumed for the GWT
at the excavation level and for the case of seepage toward the wall are shown in Figure 58a.

Stability analyses for the anchored wall were conducted using Spencer’s method. Non-circular
failure surfaces were used to determine the minimum factor of safety, and failure was allowed
to pass either through the bottom corner of the excavation or through the base. Lateral resis-
tance provided by the soldier beam was ignored. Results illustrating the effect of a GWT at
the level of the excavation are shown in Figure 58b. Dotted contour lines are drawn for the
case where the GWT is at the level of the excavation. Several contour lines are given for soil
strengths between 20° and 40°. For comparison, solid line contours are shown to illustrate the
required position for the back of the anchor when no GWT is present. The effect of the GWT
is quite apparent for soil strengths of 30° and below. The contour lines for the GWT at exca-
vation level require the back of the anchor to be placed at a horizontal distance from the wall
greater than for the condition of no GWT.

Results of GPSSP analyses including effects of seepage (Figure 58c) show a significant effect
on requirements for the back of the anchor. Horizontal distances required for the back of an
anchor are significantly different for soil strengths of 35° and less. For conditions where the
mobilized strength is 30° and the groundwater is seeping toward the wall, the back of the an-
chor must be placed a horizontal distance of 3 m to 6 m further back than if no GWT were pre-
sent. Consequently, the location of the GWT and seepage can effect the geometry of the wall
and of the anchors.

The effect of restricting the failure surface to a corner failure is shown in Figure 58d. Excava-
tions to bedrock or firm strata may restrict the failure surface to pass through the bottom corn-
er of the excavation, rather than allowing the failure surface to pass through the base. Shorter
ground anchor lengths are required if a base failure cannot develop.
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4.7.2 Effect of the Shape of the Failure Surface

Most GPSSP allow the user to search for the minimum factor of safety with circular failure
surfaces. Many of the GPSSP allow the user to specify non-circular failure surfaces.
However, few GPSSP maintain a robust algorithm that conducts a search for the minimum
failure surface using a non-circular failure surface.

Non-circular failure surfaces possess some inherent advantages over circular surfaces. The
non-circular failure surfaces can bend and distort to find the path of least resistance, and there-
fore the minimum factor of safety. If a layer is weak, the non-circular failure surface may
distort to allow more of the failure surfaces to pass through the weaker layer. If a layer is
strong, or a reinforcement is embedded in the soil, the non-circular surface may deform and
take a shape to reduce its effect. However, circular failure surfaces are restricted in shape and
cannot distort as readily to adapt to weak or strong areas in the soil mass. Thus, it is logical
that GPSSP analyses conducted with circular failure surfaces will result in factors of safety
greater than GPSSP analyses conducted with non-circular failure surfaces. The difference in
results between the two shapes will depend on the specific case. Small differences for homo-
geneous soils are probable. Nevertheless, significant differences may occur for cases where
the soil is heterogeneous and reinforcements (or ground anchors) are present. Shown in Figure
59 are results of GPSSP analyses using circular and non-circular failure surfaces. Analyses
with non-circular failure surfaces clearly require the back of the anchor to be located at greater
distances behind the wall than analyses with a circular failure surface.

----- Circular failure surface
—— Non-circular fallure surface
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Effect of Mobilized Soil
Strength (Fs = 1) on Position
Required for the Back of the
Anchor (base failure) —
Comparison of Results for
Non-circular and Circular
Failure Surface
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4.8 DISCUSSION

GPSSP are a powerful tool that can be applied to determine equilibrium for a general class of
problems. GPSSP can accommodate layered soils, surface and internal loads, multiple ground-
water tables, and circular and non-circular failure surfaces. Several methods of analyses are
available that can satisfy force equilibrium, moment equilibrium, and overall equilibrium
(force and moment equilibrium). Because the GPSSP are such a powerful tool, and because
GPSSP have been used extensively for determining the stability of slopes, GPSSP also can be
considered a powerful tool for analyzing anchored walls. It has been illustrated that the
analyses with GPSSP usually agree with results from empirical methods. These empirical
methods are based on simple theoretical relationships adjusted to agree with results measured
in the field. However, it also should be stressed that the method of slices and analyses used
with GPSSP have been developed for slopes and soil masses without concentrated anchor

loads.

An anchored wall is characterized by an anchor and a concentrated load on the wall. The
soldier beam interacts with the soil, mobilizing both lateral and vertical resistance. These
loads are distributed to the soil mass in ways that cannot always be predicted. Therefore, the
user should proceed with caution. While GPSSP have advantages, the results should be in-
spected to ensure the GPSSP results are reasonable. This may include inspecting the predic-
tion of normal stress along the failure surface, the interslice force angle, the shape of the
failure surface, and the location and orientation of the interslice force. Furthermore, results
should be checked with current empirical methods or the force equilibrium method.
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