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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 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
repeated.

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 beams in a deep soil mixed trench or structural diaphragm
walls are occasionally used for anchored walls. These walls are built 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.



R RO

%

HUN
Cast—in—place /"

Reinforced Concrete 5

-~ Wood Lagging

Ground Anchor

=
Headed Studs /‘f

- ha Soldier Beam
\//\,//\.\»/Jc;; 4
q k

Leveling Pad SRZ

FIGURE 1
Permanent Ground Anchor Retaining Wall



Anchorage

/— Trumpet

Ground Anchor

Sheath

Anchor Grout

FIGURE 2
Ground Anchor Components



W/’W’

a) Install soldier beam d) Complete excavation

| e

b) Excavate

B

e) Install headed studs and
prefabricated drainage

<\

¢) Instal! ground anchor f) Pour cast-in-place facing

FIGURE 3
Construction Steps for Ground Anchor Wall



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 have built many permanently anchored retaining
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
program 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 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 major con-
clusions and recommendations, research needs, and recommendations for implementing the
results of the research. The chapters in Volume IV include the following:

o Chapter 2 presents recommendations for determining the magnitude and shape of apparent
earth pressure diagrams for granular soils and stiff clays, using limiting equilibrium
analyses to determine total lateral load and wall stability, estimating the axial and lateral
load applied to the soldier beam toe, computing the axial and lateral load-carrying capacity
of the soldier beam toe, selecting the corrosion protection for ground anchor tendons and
soldier beams, and constructing and testing large-diameter ground anchors in fine-grained
soils. Observations regarding wall and ground movements also are included.

« Chapter 3 presents research needs identified during the performance of the work under
this contract.

« Chapter 4 provides recommendations for implementing the results of the research.

The other three volumes of the research report are entitled:
Volume 1 Current Practice and Limiting Equilibrium Analyses (Long, et al., 1998)

VYolume 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)

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 en-
titled, Design Manual for Permanent Ground Anchor Walls (Weatherby, 1997), and the com-
puter program is called 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
CONCLUSIONS AND RECOMMENDATIONS

Recommendations in this chapter are based on research performed on two full-scale wall
sections, four large-scale model walls, 10 large-diameter ground anchors installed in a fine-
grained soil, analytical studies and experience (Long, et al., 1998; Weatherby, et al., 1998;
and Mueller, et al., 1998). They were incorporated in a design procedure for permanent
tiedback soldier beam walls for highway applications.

2.1 EARTH PRESSURES

Design permanent ground anchor walls to support lateral loads given by apparent earth
pressure diagrams. The magnitude and shape of the diagrams are based on measured strut
loads, limiting equilibrium analyses, experience, and an understanding of anchored wall
behavior. These diagrams are suitable for walls supported by one or multiple rows of
anchors. Consider the soil at the bottom of the excavation to be a strut and the soldier
beam to be hinged at the bottom of the excavation when determining bending moments
using earth pressure diagrams for granular soils, stiff clays, and soft to medium clays
with a firm stratum near the bottom of the excavation. When soft to medium clay extends
below the bottom of the excavation to great depth, then the soldier beam is designed to can-
tilever around the lowest support.

2.1.1 Development of Apparent Earth Pressure Diagrams

Apparent earth pressure (AEP) diagrams or envelopes were originally developed to give the
magnitude and distribution of earth pressures on braced excavation support systems. They
were derived by measuring strut load increases on braced excavations as the excavation deep-
ened. Little displacement was required for the stiff struts to pick up load.

Experience with strutted walls in the last 100 years has shown that the total lateral force mea-
sured on the walls is close to values calculated from active earth pressure theory. However,
the distribution of earth pressure on strutted walls does not fit the classical theories of Coulomb
and Rankine. Instead of earth pressure increasing linearly with depth (triangular distribution),
it has long been observed that high pressures develop in the upper part of the wall, as the sup-
ports are placed. The upper supports restrain the wall from rotating outward sufficiently to
reduce the earth pressures to active (triangular distribution).

Field measurements of strut loads on internally braced excavations in sands (principally in
Berlin, Munich, and New York City) and in clays (principally in Chicago) led to development
of the apparent earth pressure envelopes (Terzaghi and Peck, 1967) currently used. Apparent
earth pressures were calculated by dividing measured strut loads by the area of the wall sup-
ported by each strut. Soil at the bottom of the cut was considered a strut, and the beam was

7



hinged at the bottom of the excavation. The pressures were not directly measured, thus the
name apparent earth pressures. Pressure distributions varied depending on the details of
construction. For example, higher loads developed in some struts because they were more
highly pre-loaded, or because they were installed quickly after excavating.

Apparent earth pressure diagrams were developed to be envelopes that encompassed the high-
est apparent earth pressures determined from the measured strut loads and, thus, predicted
greater pressures than those calculated from most of the struts. Accordingly, the total load
from an apparent earth pressure diagram was greater than the total measured earth load. Ap-
parent earth pressure envelopes are rectangular or trapezoidal in shape. Typical apparent earth
pressure diagrams used today are presented in Figure 4. These diagrams are discussed by Ter-
zaghi, et al. (1996) and Schnabel (1982). An important assumption in the use of these dia-
grams is that the static water level is below the base of the excavation.

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

Paer = 0.65K, YH ... [2.1]

where K, is the Rankine active earth pressure coefficient (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 pressure
along the full height of the cut produces a total lateral force that is 1.3 times the value pre-
dicted from Rankine active earth pressure theory.

Figure 4b is the apparent earth pressure envelope for soft to medium clays. The maximum
apparent earth pressure for a soft to medium clay is expressed as

Paep = K YH . [2.2]

where K, = 1-4s,/yH , y 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 have 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 0.25H (Figure 4b). The pressure remains constant below a depth of 0.25H. Apply-
ing the apparent earth pressure along the full height of the cut produces a total lateral force that
is 1.75 times the value that would be predicted from active earth pressure theory. When the
soft to medium clay extends well below the bottom of the excavation, the value of K, is deter-
mined using recommendations developed by Henkel (1971).

The apparent earth pressure distribution for stiff-fissured clays is shown in Figure 4c. The
maximum apparent earth pressure for a stiff clay ranges from

Paep = 0.2YH to 0.4YH ... [2.3]
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Stiff clays are identified as those with ratios of yH/s, less than four. When yH/s, is equal

to four, K, is zero, and the active earth pressure is zero. Significant loads were measured

on struts supporting walls in stiff clay. These loads did not develop from a state of limiting
equilibrium. Instead, the stresses and the deformations behind a wall in stiff clay correspond
to a quasi elastic state (Terzaghi, et al., 1996). In a quasi elastic state, the earth pressures de-
pend on the at-rest pressures, the in situ modulus of elasticity, the stiffness of the supports, the
depth of over-excavation before each level of support is installed, and the pre-load applied to

the supports.

The total lateral earth load for cuts in clay having values of yH/s, between four and six are
determined using both the soft to medium clay (Figure 4b and Equation 2.2)and the stiff clay
(Figure 4c and Equation 2.3) diagram. The apparent earth pressure diagram that produces the
greatest total earth load is used for design.

Terzaghi and Peck apparent earth pressure diagrams (Figures 4a to 4c) assume that the wall is
either in sand or clay. Frequently, excavation support systems and anchored walls are built in
mixed grounds. In mixed grounds, selecting the appropriate Terzaghi and Peck apparent earth
pressure diagram and estimating the intensity of the earth pressure is difficult. For more than
35 years, Schnabel Foundation Company has successfully used a single apparent earth pressure
diagram to design excavation support systems and permanent ground anchored retaining walls
in sands, stiff clays, and mixed grounds. Figure 4d shows the 25+ trapezoidal apparent earth
pressure diagram recommended by Schnabel (1982). The total lateral earth load estimated
using Schnabel’s diagram is approximately equal to the load determined using 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. Measured strut loads in sands and stiff clays fit within the 25+
envelope. This diagram is not appropriate for walls in low-strength cohesive soils, and the
intensity of the pressure may be increased for fissured, heavily overconsolidated clays.

Apparent earth pressure diagrams developed from strut measurements are used to design
permanent ground anchor walls. Implicit in the use of these diagrams is that the ground-
water level remains below the bottom of the wall. Ground anchors, which are much more
flexible than struts, are tensioned to loads near their design load to reduce lateral wall
movements during excavation. Load cell measurements show that ground anchor loads
do not change significantly during excavation. Measured ground anchor loads reflect the
pre-load (lock-off load) rather than the load imposed by the ground during construction
(as observed with strutted excavations).

2.1.2 Anchor Loads and Soldier Beam Bending Moments

Figure 5 shows the two common methods used to calculated ground anchor loads and soldier
beam bending moments from apparent earth pressure diagrams. Loads are determined by
either the tributary area method or by dividing the beam into simple beams. Bending
moments in the soldier beam down to the first ground anchor are calculated by summing
moments around the upper anchor. Below the upper ground anchor, the design methods

10



conservatively predict the magnitudes of the maximum bending moments, but they do not
predict their locations (Weatherby, et al., 1998).

11
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2.13 The Shape of the Apparent Earth Pressure Diagram

Research, experience, and observations indicate:

« The shape of the apparent earth pressure diagrams depends upon the location of the
supports (Weatherby, et al., 1998).

« Soldier beams distribute the support loads to the ground and concentrate the pres-
sures at the support locations (Mueller, et al., 1998, and Weatherby, et al., 1998).

« Earth pressures in granular soils are zero at the ground surface.

« Trapezoidal apparent earth pressure diagrams predict the earth pressures in stiff,
fine-grained soils.

These observations led to the development of a modified trapezoidal apparent earth pressure
diagram for granular soils and stiff clays.

Figure 6 illustrates how the shape of the modified trapezoidal apparent earth pressure diagram
changes to fit the locations of the supports for the one- and two-tier wall sections in the full-
scale test wall. Both diagrams in Figure 6 have a total lateral load of 100 kips. The 100-kip
load was the total load from the design pressure diagram (25H trapezoid) for both sections of
the 25-ft high test wall built in a medium-dense sand.

Earth pressures in the diagrams shown in Figure 6 increase to a maximum at a depth equal to
two-thirds the distance to the upper ground anchor. For a wall supported by one row of an-
chors, the maximum pressure continues downward for a distance equal to one-third the height
of the wall. Below that depth, the pressure decreases linearly to zero at the bottom of the ex-
cavation. For a wall supported by two or more rows of ground anchors, the maximum earth
pressure continues to a point below the lowest support equal to one-third the distance from the
lowest support to the bottom of the excavation. From there the pressure decreases linearly to
zero at the bottom of the excavation. The total load in both earth pressure diagrams is the
same, but the intensity of the pressure changes with changes in the shape of the diagram.

Figure 7 shows the design bending moment diagram, the bending moment diagram from

the new apparent earth pressure diagram, and the average measured bending moments in two
soldier beams in the one-tier section of the full-scale test wall. Bending moments were com-
puted assuming a hinge at the bottom of the excavation. The figure shows that the bending
moments predicted from the new apparent earth pressure diagram matched the measured bend-
ing moments slightly better than the moments from the design diagram. Table 1 gives the ac-
tual ground anchor load, the design ground anchor load, and the anchor load from the new dia-
gram. The actual anchor load in Table 1 is less than the loads determined from the apparent
earth pressure diagrams because the anchors were locked-off at a load equal to 75 percent of
the design load. Table 1 show that both diagrams give reasonable ground anchor load pre-
dictions.
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FIGURE 6
Modified Trapezoidal Apparent Earth Pressure Diagram for the
One- and Two-tier Wall Sections in the Full-scale Test Wall
(shape determined by anchor locations)

TABLE 1
Comparison of the Average Horizontal Component of the Ground
Anchor Load for Two Soldier Beams in the One-tier Wall Section
with the Design Anchor Load and the Anchor Load Predicted Using
the Modified Trapezoidal Apparent Earth Pressure Diagram

ANCHOR LOAD (kips)
Actual 62.69
Design Pressure Diagram 78.12
New Apparent Earth Pressure Diagram 84.20
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150

Comparison of the Average Bending Moments in Two Soldier Beams in the One-
tier Wall Section with the Design Moment Diagram and the Moment Diagram
Predicted Using the Modified Trapezoidal Apparent Earth Pressure Diagram

Figure 8 shows the design bending moment diagram, the bending moment diagram for the new
apparent earth pressure diagram, and the average measured bending moments for two soldier
beams in the two-tier section of the full-scale test wall. Table 2 gives the actual ground anchor
loads, the design ground anchor loads, and the anchor loads from the new apparent earth pres-
sure diagram. Bending moment diagrams and anchor loads were developed using the hinge
method. Figure 8 shows that the new apparent earth pressure diagram predicts a higher bend-
ing moment at the upper ground anchor than the design pressure diagram (25H trapezoid).
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The predicted bending moment at the upper ground anchor was 43.33 kip-ft for the new dia-
gram and 35.83 kip-ft for the design diagram (25H trapezoid). The maximum predicted
bending moment below the upper anchor was 42.66 kip-ft for the new pressure diagram com-
pared with 45.66 kip-ft for the design pressure diagram (25H trapezoid). Bending moments
predicted using the modified apparent earth pressure diagram were closer to the measured
moments than the design moments. Table 2 shows that both apparent earth pressure diagrams

predicted reasonable ground anchor loads.
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FIGURE 8
Comparison of the Average Bending Moments in Two Soldier Beams in the Two-
tier Wall Section with the Design Moment Diagram and the Moment Diagram
Predicted Using the Modified Trapezoidal Apparent Earth Pressure Diagram
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TABLE 2
Comparison of the Average Horizontal Component of the Ground
Anchor Loads for Two Soldier Beams in the Two-tier Wall Section with
the Design Anchor Loads and the Anchor Loads Predicted Using the
Modified Trapezoidal Apparent Earth Pressure Diagram

ANCHOR LOAD (kips)
Upper Anchor Lower Anchor
Actual 35.40 25.56
Design Pressure Diagram 46.08 41.60
New Apparent Earth Pressure Diagram 49.33 39.84

Figures 7 and 8 show that apparent earth pressure diagrams should be used when designing
one- and two-tier walls. In granular soils and stiff ground, assume a hinge and a strut at
the bottom of the excavation. Model tests results presented by Mueller, et al. (1998) con-
firmed this conclusion. Mueller reported that the model walls had to translate 0.014H before
the earth pressure distribution changed from a trapezoidal distribution and approached a tri-
angular distribution. This would correspond to 4.5 in of translational movement for a 25-ft
high wall. Movements of this amount are 5 to 10 times larger than those observed in the field.

2.14 Determining Total Lateral Support Loads Using Limiting Equilibrium Methods

Apparent earth pressure diagrams for sand and soft to medium clays relate measured
loads to loads determined using limiting equilibrium analyses (Terzaghi, et al., 1996,and
Long, et al., 1998). Limiting equilibrium methods use simple free-body diagrams or general
purpose slope stability computer programs to calculate the total lateral earth load that must be
supported by the ground anchors and the toe. The total lateral load from Terzaghi and
Peck’s sand or soft to medium clay apparent earth pressure diagrams are equal to the
total lateral loads determined using limiting equilibrium analyses with a factor of safety
of about 1.3 on the shear strength (Long, et al., 1998). Therefore, a factor of safety of 1.3
on the shear strength of the soil is recommended when using limiting equilibrium methods
to determine the total lateral support loads for the design of anchored walls and landslide
stabilization walls. A force equilibrium method and a general purpose slope stability program
are used to illustrate how limiting equilibrium methods can be used to determine the total lat-
eral earth load.

2.1.4.1  Force Equilibrium Method

Free-body and force diagrams for the force equilibrium method are shown in Figure 9. The
anchored wall system retains a vertical cut in a sand with frictional strength, ¢, average total
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unit weight, v, and height, #. The unbonded length of the anchor extends far behind the wall
to ensure that the 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 of the wall at
depth, d, and mobilizes a passive resistance from the soil, P,, and a horizontal and vertical
resistance from the wall below the failure surface (sp,, SPV, respectlvely) spP, will be the
smaller of the shear strength of the wall or the lateral resistance of the wall below the failure
surface.

For simplicity, the shape of the failure surface is assumed to be a straight line (BC). Beneath
the bottom of the cut, the failure surface is assumed to be shaped as a log spiral on the passive
side. For soldier beam 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
resistance above the failure surface is P, = %K,yd?, where v is the total unit weight. Passive

earth pressure coefficients assuming a log-spiral failure surface (Figure 10) are used (Terzaghi,
et al., 1996).

The contribution of forces from the anchor and soldier beam are shown as force vectors T,
sp,, and SP, in Figure 9c. For simplicity and for ease of comparison with apparent earth
pressure diagrams and the general purpose slope stability computer programs, the three forces
are treated as a horizontal force with magnitude P, ,. A wall of unit width is assumed. Thus,
P .qs Tepresents the horizontal force required to provide stability to the vertical cut per unit
width. Taking P, as horizontal implicitly assumes that the vertical force in the soldier beam
(sp,) is equal in magnitude (and opposite in direction) to the vertical component of the anchor
load (7sin(i)). In addition, the groundwater table is well below the bottom of cut, and the soil
has the same shear strength and unit weight throughout the profile. This allows the forces act-
ing on the soil to be considered in the equilibrium equations (Figure 11).

The solution for the external force required for stability (P,,,) continues by summing the
forces in the x-direction to get:

2F, = P,cos(d) + P, - Rsin(a-¢) ... [2.4]

X

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

ZFy = W - Ppsin(ﬁ) - Rcos(ax-9) ... [2.5]

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

reqd

1+8? e . cos(6)
tan (o) K& (s ©) an (o ‘¢))

Preqd - E‘

tan (a-¢) ... [2.6]

where E is the ratio of d/H, « is the angle of the failure plane with respect to the horizontal
(all other parameters have been defined previously). The solution proceeds by varying values

of § and o until 2 maximum for P, , is determined. Values of P, , are for a factor of safety
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of 1.0. Solutions for Equation 2.6 for soil friction angles of 20°, 30°, and 40° are presented
in Table 3 in non-dimensional form as K., = P,/ (%:YH?).

Thus, the total load required to support a vertical cut of height H, is P, =%VYH?K, , With a
factor of safety of 1.0.

Solutions for Equation 2.6 include failure surfaces that pass below the bottom of the cut (base
failures). This explains why K., for a soil with a friction angle of 30° is about 4 percent
greater than the Rankine active earth pressure coefficient. Rankine failure surfaces go through
the bottom corner of the cut. For soils with a friction angle less than 30°, the difference be-
tween the Rankine active earth pressure coefficient and K, increases since the failure surface
drops farther below the bottom of the cut.

TABLE 3
Magnitudes of x;__, for the Force

Equilibrium Method (base failure)

o) Hroua : *
20 0.570 0.162 54
30 0.349 0.047 60
40 0.220 0.012 65
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a) Example of a tiedback wall system

b) Free-body diagram

c) Force vectors acting on area ABCE

FIGURE 9
Free-body and Force Diagrams for the Force Equilibrium Method for an Anchored Wall
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Passive Earth Pressure Coefficients

(Department of the Navy, 1982)
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a) Example of a tiedback wal! system

b) Free-body diagram

R
c) Force vectors acting on area ABCE
Preqd A
< ’/:\
P, T *\_\;\-; SP,
SP,
FIGURE 11

Force Equilibrium Method for an Anchored Wall with P,
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2.1.4.2  Slope Stability Computer Analysis

General purpose slope stability computer programs can be used to determine the total lateral
earth load for the design of temporary and permanent ground anchor walls. These programs
allow complicated surcharge loads, groundwater, and layered soil deposits to be modeled.
They also can model ground whose shear strength is developed from both frictional resistance
and cohesion. However, many general purpose slope stability computer programs are
unable to model the ground anchors as concentrated loads on the face of the wall. Ap-
parently, they do not distribute the concentrated ground anchor loads properly through-
out the slices to the failure surface.

Many computer programs can be used for ground anchor wall design by applying a hori-
zontal surcharge load to the face of the wall. The surcharge load is directed toward the
ground being supported. To distinguish the wall from a vertical slice, and the surcharge
load from an interslice force, the wall is battered slightly (usually 1 ft). Figure 12 shows
the graphical output from a STABL5M (Achilleos, E., 1988) analysis where a horizontal sur-
charge load equivalent to a total lateral earth load of 23,800 Ib was applied to the wall, giving
a factor of safety of 1.3. In the analysis the soil was assumed to have a friction angle of 30°
and a unit weight of 115 pcf. A horizontal surcharge load was used so the load could be
compared with that developed from the force equilibrium method and Terzaghi and Peck’s
sand diagram.

Table 4 compares the total lateral earth load computed using the force equilibrium method,
STABLS5M, and Terzaghi and Peck’s apparent earth pressure diagram. Each analysis assumed
a 30-ft-high wall, a soil friction angle of 30°, and a soil unit weight of 115 pcf. A factor of
safety of 1.3 was applied to the shear strength when computing the load using the force equi-
librium method and the computer analysis. The mobilized friction angle for each limiting equi-
librium analyses is tan™'¢_, = (tan¢$)/1.3. The mobilized friction angle for the apparent earth
pressure diagram was computed by solving Equation 2.7.

Gpop = 2(45’—tan'1

/1.3 tan [45—%)” .. [2.7]

The factor of safety on shear strength for each analysis was expressed as FS = tan¢/tand,,, .

Lateral loads and the locations of the failure surfaces were similar for the limiting equilibrium
methods. Computed load from the apparent earth pressure diagram was about 7 percent lower
than the loads determined using limiting equilibrium methods. The difference in the loads is
primarily a result of differences in the failure surfaces analyzed. Apparent earth pressure dia-
grams assume that the failure surface goes through the bottom corner of the excavation. Lim-
iting equilibrium methods allowed failure surfaces to go below the bottom corner of the cut.
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FIGURE 12
Graphical Output from a STABL5M Analysis, H = 30 ft, = 30°, y = 130 pcf

TABLE 4
Total Lateral Earth Loads Computed Using Limiting Equiltbrium Methods and
the Apparent Earth Pressure Diagram, # = 30 ft, ¢ = 30°, and y =115 pcf

LZ?;Q,';L MOBILIZED DEPTHOF | ANGLE OF
CALCULATION i FICTION ONFSSOIL FAILURE FAILURE
ANGLE SURFACE | SURFACE,
METHOD LOAD STRENGTH S *
(b) (deg) (f (deg)
Apparent Earth
parent 2 22402 23.29 1.34 0.00 56.7
Force Equilibrium
> Eaquilk 24028 23.95 1.30 3.00 56.0
Computer 23800 23.95 1.30 438 58.9
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Table 4 shows that the total lateral load for an anchored wall can be determined using
apparent earth pressure diagrams or limiting equilibrium. When limiting equilibrium
analyses are performed, use a factor of safety of 1.3 on the shear strength.

Before using a general purpose slope stability program for design, carefully check the
program to ensure that it gives reasonable results. The total lateral load from the force
equilibrium method or apparent earth pressure diagrams can be used to check the com-
puter solution for several simple cases. The computer program and the force equilibrium
method should give similar results. A factor of safety of 1.3 on the shear strength of the
soil will give lateral earth loads similar to those estimated using Terzaghi and Peck’s ap-
parent earth pressure diagram for sand.

When using a general purpose slope stability program to determine the total lateral earth load,
do the following:

« In sandy ground, select an analysis method that uses force equilibrium and planar
failure surfaces (Janbu’s Method (Janbu, et al., 1956)).

« For clayey soils, select 2 moment equilibrium method (Bishop’s Method (Bishop,
1955)) and use circular failure surfaces for the analysis.

When the wall penetrates the failure surface, use a horizontal surcharge load in the sta-
bility analysis. Here, the vertical component of the ground anchor load will be transmitted
to the ground below the failure surface. If the toe of the wall does not penetrate the failure
surface, the surcharge load should be inclined at the same angle as the ground anchor.
When the wall does not penetrate the failure surface, the horizontal and vertical components
of the ground anchor load are transmitted to the failure surface. Figure 13 illustrates the two
different cases and shows how the ground anchor load should be modeled in the limiting equi-
librium analyses.
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a) Wall penetrates failure surface

FIGURE 13

_— I Sa—
Sl - -7 ~
External force SN
7 P
/
// \
’/
Ph h ’
/
/
7/
Ve
e
4
4
Seo T \\
Use Py, in LE analysis R P
L4
/I [~
’ =
// I~
/ ]
/7
e [~
R ,/ \
e g\
~ ’ . ﬁ-;
S’ Use horizontal surcharge .
load in computer analysis S

Use surcharge load at anchor
angle in computer analysis

b) Wall does not penetrate failure surface

Modeling of the Ground Anchor in Limiting Equilibrium Analysis

26



2.15 Apparent Earth Pressure Diagram for Sand and Stiff Clay

Figures 14 and 15 show the modified trapezoidal apparent earth pressure diagrams for granular
soils and stiff clay. The diagram in Figure 14 is for a wall supported by one row of anchors,
and the diagram in Figure 15 is for a wall supported by multiple rows of anchors. The inten-
sity of the pressure in these diagrams is calculated from the total lateral earth load. Total lat-
eral earth load for granular soils is the total load from Terzaghi and Peck’s sand diagram
(0.65 Kk, yH?) or the load determined from a limiting equilibrium analysis. Total load for
stiff clays is 20+2. Limiting equilibrium analyses cannot be used to calculate the total lat-
eral load for a wall in stiff clay. The stiff clay apparent earth pressure diagram is used
when the undrained shear strength of the fine-grained soil is greater than

s > %(y—zz.g) .. [2.8]

u

When the undrained strength is less than that given by Equation 2.8, then the soft to medium
clay diagram is used (Sections 2.1.6 and 2.1.7). The total load for the granular soils and stiff
fine-grained soils varies between a narrow range, 2042 and 24+2. Additional discussion
about the modified apparent earth pressure diagrams is contained in the Summary Report of
Research on Permanent Ground Anchor Walls, “Volume II: Full-scale Wall Tests and a Soil-
structure Interaction Model,” (Weatherby, et al., 1998). The modified trapezoidal diagram
is the most appropriate diagram for the design of flexible, soldier beam walls supported
by ground anchors since:

e Measurements show that arching concentrates the earth pressures at the ground anchor
locations.

« The earth pressures in a sand deposit must be zero at the ground surface.

 The trapezoidal diagram predicts support loads similar to those determined from the rec-
tangular diagram.

» Trapezoidal apparent earth pressure diagrams model the earth pressures in stiff clays.

o Actual earth pressures increase from the ground surface to the ground anchor location.

» Bending moments predicted using the modified trapezoidal diagram fit measured results
better than those predicted by other apparent earth pressure diagrams.

e Ground anchor loads determined from the non-symmetrical trapezoid diagram are similar
to those determined using other apparent earth pressure diagrams.

Equations for determining the ground anchor loads and the soldier beam bending moments are
presented in Figures 14 and 15. These equations use the tributary area method for determin-
ing ground anchor loads. The equation for the bending moment at the upper anchor sums
moments about the anchor. Bending moment equations below the upper support are based on
a moment factor and the maximum intensity of the earth pressure. Locations of the lower
moments are not determined. These equations are easily incorporated into a spreadsheet.
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Long-term earth pressures for stiff-fissured clays may depend upon the drained shear
strength of the soil and could be higher than those determined using the stiff clay apparent
earth pressure diagram. Compute earth pressures using drained sheared strengths and effec-
tive stresses. Design the wall to support the larger of the loads determined using undrained or
drained shear strengths. See Section 2.1.8 for a discussion of lateral earth pressures based on
drained shear strengths.
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FIGURE 14
Modified Trapezoidal Apparent Earth Pressure Diagram for Flexible Walls
in Granular Soils and Stiff Clays and Supported by One Row of Anchors
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FIGURE 15
Modified Trapezoidal Apparent Earth Pressure Diagram for Flexible Walls in
Granular Soils and Stiff Clays and Supported by Multiple Rows of Anchors

2.1.6 Apparent Earth Pressure Diagram for Soft to Medium Clay, No Deep-seated
Failure

Temporary and permanent ground anchor walls in soft to medium clay must resist the short-
term lateral earth pressures determined using undrained shear strengths and total unit weights.
This section discusses the determination of these pressures when competent ground is at or
near the bottom of the excavation. Section 2.1.7 discusses undrained analyses when weak soils
lie below the bottom of the excavation. For permanent ground anchor walls, long-term earth
pressures determined using drained shear strengths and effective stresses may be greater than
pressures determined using undrained shear strengths. Section 2.1.8 discusses earth pressures
developed using drained shear strengths.
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Lateral loads in a soft to medium clay are determined using Terzaghi and Peck’s soft to
medium clay apparent earth pressure diagram (Figure 4b) or limiting equilibrium an-
alyses. Earth pressures in soft to medium clay correspond to a state of limiting equilibrium.
A factor of safety on the shear strength of 1.3 should be used in analyses for permanent
ground anchor walls. Lower factors of safety have been used for temporary walls. When
limiting equilibrium analyses are used, distribute the total load to the wall using the diagram
shown in Figure 16.

Intensity of Apparent Earth Pressure Diagram

p= Total Lateral Earth Load
0.875H

p= (1"‘%)7H

FIGURE 16
Apparent Earth Pressure Diagram for Soft Clay

2.1.7 Apparent Earth Pressure Diagram for Soft to Medium Clay, Deep-seated
Failure

Permanent ground anchor walls are not recommended for sites where the bottom of the
wall is underlain by deep deposits of weak soils. Temporary earth retaining walls are built at
these locations. Earth pressures computed from the soft to medium clay diagram (Figure 4b)
under-estimate the total lateral earth load when weak soils extend below the bottom of the wall.
Loads higher than those predicted develop when the soil below the wall yields. Limiting equi-
librium analyses are recommended for determining the total lateral earth load on temporary
earth retaining walls constructed in soft to medium clays and subject to deep-seated failures.
Limiting equilibrium methods account for plastic yielding, basal heave, and the failure mech-
anism analyzed by Henkel (1971).
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Use moment equilibrium methods with circular failure surfaces for limiting equilibrium an-
alyses in soft to medium clay soils. Undrained shear strengths are used in the analysis. A
factor of safety of 1.3 on the shear strength is commonly used. Since moment equilibrium
methods are recommended, each ground anchor will have a different moment arm (Figure 17).
Consequently, the stabilizing effect of each anchor will depend upon the magnitude of the an-
chor load and its moment arm. Two limiting equilibrium analyses are necessary to develop
reasonable earth pressure diagrams for walls subject to a deep-seated failure. First, an analysis
forcing the failure surfaces to go through the bottom corner of the wall is run. The second
analysis is run allowing the failure surfaces to go below the bottom of the wall. In the second
analysis, keep the surcharge load from the first analysis over the upper half of the wall, and
apply a second surcharge load to the bottom half of the wall. Increase the lower surcharge
load until the desired factor of safety is obtained. Construct an apparent earth pressure dia-
gram from the two surcharge diagrams. Figure 18 illustrates how these two analyses are done.
Bending moments and ground anchor loads are computed from the composite diagram.

+Cenfer of Rotation

n T |

T e —

FIGURE 17
Diagram lllustrating the Moment Arms for Ground Anchors
in a Moment Equilibrium Stability Analysis
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Example of Limiting Equilibrium Analyses for Determing Lateral Earth
Pressures for Cuts in Soft to Medium Clay with Deep-seated Failures
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2.1.8 Apparent Earth Pressure Diagram for Clay, Drained Shear Strength

Apparent earth pressure diagrams for soft to medium clay relate the earth pressures to the un-
drained shear strength and the total unit weight of the soil. Diagrams for stiff fissured clays
use a factor to determine the lateral earth pressures. Experience has shown that apparent earth
pressure diagrams are valid for temporary earth support systems and they have been success-
fully used for the design of permanent ground anchor walls. However, anchored walls have
not been in service long enough to determine whether fully drained conditions will develop in
the soil behind the wall. Since permanent ground anchor walls have a design life greater
than 50 years, permanent ground anchor walls in cohesive soils are checked for earth
pressures associated with drained shear strengths and effective stresses. Design using
drained strengths requires the selection of the correct shear strength parameters and the de-
termination of the equilibrium porewater pressures within the ground behind the wall.

The drained shear strength of a given cohesive soil depends upon stress history (degree of
overconsolidation), discontinuities (fissures, slickensides, joints, and shears), conditions dur-
ing geological unloading, and associated swelling, weathering, and level of effective normal
stress. Drained shear strengths for a cohesive soil may be expressed as the normally con-
solidated (fully softened) shear strength, the intact strength of an overconsolidated clay,
the destructured strength of an overconsolidated clay, or the residual strength (Terzaghi,
et al., 1996). Weatherby (1997) provides guidance for selecting the drained friction angle for
fine-grained soils.

2.1.9 Checking Different Construction Stages

It is unnecessary to check permanent ground anchor walls for intermediate construction
stages if the wall is designed to resist apparent earth pressures, and the excavation does
not extend too far below the anchor elevation before the anchor is locked-off. The practice
of checking bending moments and embedment depths for the “cantilever stage” excavation for
the upper row of ground anchors developed because one-tier walls were designed for triangular
earth pressures rather than apparent earth pressure diagrams. When triangular earth pressures
are used, the ground anchor can be lower since the earth pressures are much less than the ap-
parent earth pressures. Table 5 illustrates the differences in earth pressures, total load, and
bending moments between the Rankine triangular pressure diagram and the modified trape-
zoidal apparent earth pressure diagram for a 25-ft-high wall with one row of anchors at 9 ft.
The soil was assumed to have a Rankine active earth pressure coefficient of 0.307 and a total
unit weight of 115 pcf. At the ground anchor elevation, the total lateral earth load from the
apparent earth pressure diagram is 3.7 times greater than the total load from the Rankine tri-
angular earth pressure diagram, and the bending moment from the apparent earth pressure dia-
gram is 2.7 times greater than the bending moment from the triangular earth pressure diagram.
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TABLE 5
Comparison of Earth Pressures and Bending Moments at the Anchor
Elevation for Triangular and Apparent Earth Pressure Diagrams

RESULTS
Rankine Triangular Earth Modified Trapezoidal
Pressure Diagram Apparent Earth Pressures

Earth Pressures @ Ground

Anchor Level (ksf) 0.318 0.883

Total Lateral Load Above

Anchor Level (k/lf) 1.431 5.298
Bending Moment @ Ground

Anchor Level (k-ft/l) 6.4 17.2

Field measurements also show that designing permanent ground anchor walls for intermediate
construction stages is unnecessary. Figure 19 shows the measured bending moments for each
stage of construction for a wall supported by one row of ground anchors, and a wall supported
by two rows of ground anchors. The walls were 25 ft high and built in a medium-dense sand
having a friction angle of 32° and a total unit weight of 115 pcf. Table 6 describes the con-
struction stages associated with the moment curves in the figure. Figure 19 and the large-scale
model tests described by Mueller, et al. (1998) show that the maximum bending moments oc-
curred when the excavation was completed, and the magnitudes of the bending moments
at the final stage were predicted by the apparent earth pressure diagram.

Stage construction analysis may be necessary for temporary walls in soft to medium clay or
low-strength soils. When the ground in front of the wall is not adequate to support the toe
laterally, the bending moments that develop before the next support is installed may be larger
than the bending moments computed for the final construction condition.

TABLE 6
Construction Stages for One- and Two-tier Wall in Figure 19
ONE-TIER WALL TWO-TIER WALL
Excavate to Upper Anchor 10-ft excavation 8-ft excavation
Install Upper Anchor Stress T1 @ 9 ft Stress T1 @6 ft
Excavate to Lower Anchor 17-ft excavation
Install Lower Anchor Stress T2 @ 16 ft
Final Excavation 25-ft excavation 25-ft excavation
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FIGURE 19

Measured Bending Moments for Each Stage of Construction for a 25-ft-high Wall

2.1.10 Resisting the Upper Ground Anchor Test Load

When the ground anchor loads are determined from apparent earth pressure diagrams,
checking the passive capacity of the ground is unnecessary unless the ground has been
disturbed. When the ground behind the upper portion of the wall is disturbed or the ground
anchor load is higher than the load determined from the apparent earth pressure diagram, the
soldier beam may deflect excessively during testing of the upper ground anchor. High ground
anchor loads result when the anchors are designed to support surcharge, barrier, or landslide
loads. To resist the applied test load, the ground behind the soldier beam must develop suffi-
cient passive resistance. If the ground anchor is designed to support loads greater then those
given by the apparent earth pressure diagrams, then the passive capacity of the wall should be
checked to determine if the ground can resist the upper ground anchor test load.

Weatherby, et al. (1998) developed an earth pressure calculation to check the passive capacity
of the soldier beam to resist the test load applied to the upper ground anchor. The assumption
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behind the calculation is that the lateral resistance will be developed over a depth of 1.5 times
the distance to the upper ground anchor. Equation 2.9 gives the passive resistance.

1.125K,Yhis .. .[2.9]

In Equation 2.9, K, is determined using Figure 10, and h, is the depth to the upper ground
anchor.

2.2 AXITAL AND LATERAL LOAD BEHAVIOR OF THE TOE

The embedded portion of a ground anchor wall, the toe, must resist vertical and lateral loads.
Vertical loads are caused by the ground anchors and other applied loads, and lateral load re-
sults from the earth pressures. Figure 20 illustrates skin friction and end bearing mobilized to
resist the axial loads in the wall, and lateral resistance mobilized to resist the toe reaction from
the apparent earth pressure diagram.

Lateral
b) Load

555 TG
t]4 Skin Friction Latera! Resistance
it
HE

End Bearing

FIGURE 20
Diagram lllustrating the Axial and Lateral Loads on an Anchored Wall Toe

22.1  Axial Load

The magnitude of the axial load depends upon: the vertical components of the ground
anchor loads, the strength of the supported ground, vertical and lateral movements of the
wall, the relative movements of the ground with respect to the wall, and the axial load-
carrying capacity of the toe. Axial load transferred to a soldier beam toe can be less than or
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more than the vertical components of the anchor loads (Figure 21). Axial loads in the wall are
greater than the vertical components of the ground anchor loads if the ground behind the wall
settles relative to the wall. When the wall settles relative to the ground, the axial load in the
wall is less than the vertical component of the ground anchor.

Axial Load
— g Tension 1.'" Compression
T
™
T.
a) No relative movement between wall and ground
TSR
Depth
Axial Load
. T .
R Tension } Compression
T
™ !
T
b) Wall settles relative to the ground
TR
Depth
Axial Load
. T .
g Tension t Compression

T

‘\ T,
T

c) Ground settles relative to the wall
B
Depth
FIGURE 21

Idealized Axial Load Distributions for Soldier Beam Walls
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Determine the axial load to be resisted by the toe of an anchored wall using the guide-
lines in Table 7. Axial load transferred to the toe includes the vertical components of the
ground anchor loads plus applied loads minus the load transferred to the ground above
the bottom of the excavation. Load is transferred to the ground above the bottom of the ex-
cavation when the shear strength of the ground is high. The recommendations in Table 7 do
not include downdrag loads. If downdrag loads develop, they will be transferred to the ground
after small wall settlements.

TABLE 7
Guidelines for Estimating the Axial Load Applied to the Toe

SANDS CLAYS

Medium Dense Dense to Very Dense Soft to Medium Stiff

10 < SPT < 30 SPT > 30 s,<YHI4-5.T14H s, >VHI4-5.714H

I Design toe to resist vertical components of the ground anchor loads plus applied axial
loads

Design toe to resist vertical components of the ground anchor loads plus applied axial
] loads minus the horizontal components of the ground anchor loads times tand (&
between ¢/4 and ¢/2)

Design toe to resist vertical components of the ground anchor loads plus applied axial
i loads minus A, '0.25s, (A, = surface area of steel in contact with the ground and s, =
undrained shear strength)

The ultimate axial load-carrying capacity of a soldier beam is determined using relationships
for either driven piles or drilled shafts. Use the average effective overburden pressure when
determining the skin friction resistance. The effective overburden pressure on one side of
the soldier beam depends upon a depth of embedment from the ground surface to the midpoint
of the toe. On the other side of the beam, the effective overburden pressure depends upon the
embedment depth from the bottom of the excavation to the midpoint of the toe. The toe em-
bedment is used when determining the end bearing resistance for driven soldier beams.
Use the block perimeter area for skin friction and end bearing calculations for driven H-
beam sections.

Drilled-in soldier beams may be backfilled with lean-mix fill or structural concrete. When
structural concrete is used, the axial capacity is determined using drilled shaft relationships.
When lean mix fill is used, determine the axial capacity for a beam punching through the
lean mix and the capacity for a drilled shaft. The smallest capacity is used in the design.

Axial load transferred to the toe will be zero or very small if the ground anchors are in-
stalled at an angle equal to half the soil friction angle.
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Use a factor of safety of 2 for the axial load design of permanent ground anchor wall toes.
A factor of safety of 2 is adequate since the wall will remain serviceable if the axial capacity
of the toe is exceeded. When the toe of an anchored wall is overloaded, the wall will settle
slightly and transfer load to the ground until equilibrium is reached.

2.2.2 Lateral Load

Anchored wall toes must carry the lateral loads resulting from the earth pressures with an
adequate factor of safety. Apparent earth pressure calculation methods determine a con-
centrated lateral load, called the toe reaction, at a hinge at the bottom corner of the exca-
vation. Passive resistance mobilized in front of the toe must be adequate to resist the toe
reaction with a factor of safety of 1.5. Permanent ground anchor walls should not be con-
structed in ground that does not have adequate lateral support for the toe of the wall. Ifa
temporary excavation support system is used in ground with insufficient strength to resist
the subgrade reaction, then the wall must be designed to cantilever around the lowest sup-
port.

Relationships developed by Wang and Reese (1986) describe the ultimate lateral toe resistance
of a soldier beam wall (Weatherby, et al., 1998). They considered three modes of failure and
developed equations for the passive resistance at any depth for sands and clays. To incorporate
their equations in the design of anchored walls, the ultimate resistances for each failure mode
are determined, and the smallest resistance is used to describe the passive resistance of the toe
at any depth. The different failure mechanisms in sand are presented to illustrate the concept.
Figures showing similar failure mechanisms for clay are presented in Section 2.2.2.2. One
mode of failure assumes that the passive resistance results from a wedge failure in front of an
individual soldier beam (Figure 22). When the soldier beams become too close or too deep,
the individual wedges will overlap and the lateral resistance for an individual beam will be re-
duced (Figure 23). At some depth, the soil in front of the beam will be confined and the lat-
eral resistance will not depend upon a wedge failure, but it will be limited by flow of the soil
around the beam. Flow resistance will control when the soil plastically flows (Figure 24) be-
tween the soldier beams rather than a wedge failure up to the surface. Lateral resistance can
be limited by a fourth failure mode not considered by Wang and Reese. At no point can the
passive resistance be greater than that computed for a two-dimensional failure surface (Figure
25).

Equations for each failure mode are presented here. Those interested in studying their deriva-

tion are directed to the work by Wang and Reese (1986) and the COM624 Manual (Wang and
Reese, 1992).

39



Direction of Movement

a) Failure wedge

N \Q\/ﬁToe Reaction
/,\// // »

c) Forces on the soldier beam

FIGURE 22
Passive Wedge Failure for a Soldier Beam in Sand (after Reese, et al., 1974)

40



a) General view

b) Plan view
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FIGURE 23
Intersecting Failure Wedges for Soldier Beams in Sand
(after Wang and Reese, 1986)
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Wedge Failure

Plastic Flow

FIGURE 24
Plastic Soil Flow Around a Soldier Beam Toe
(after Wang and Reese, 1986)
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H Kp = Passive earth pressure coefficient
o'v = Effective vertical stress
d = Distance
D = Toe penetration
s, = Clear spacing between soldier beams
SR b = Soldier beam width or diameter
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FIGURE 25

Passive Resistance for a Continuous Wall in Sand
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2.22.1 Passive Resistances in Sands

Figure 22 shows the wedge failure for a single soldier beam in sand. The passive force, F,, is
given by Equation 2.10 when the groundwater is below the tip of the soldier beam.

K_Dtan®sin K_Dtan
Fp = VoD 2| =2 dsinB ., tanB £+9-tanBtana +——°——B(tan¢—sin[3—tan0() ... [2.10]
3tan(B-d)cosa tan(B-¢p)l 2 3
where:
Y., = average totalunitweight
K, = at-restearth pressure coefficient
K. = active earth pressure coefficient

a
B =45+¢2
o = ¢ fordense sands, $/3 - $/2 for loose sands

Equation 2.10 is differentiated to give the ultimate soil resistance at depth, d (Equation 2.11).

K,dtan¢sinB ,_ tanB
tan (B-¢)cosax  tan(B-d)

(b +dtanBtana) + K, dtanp (tand sinp - tancx) oo [2.11]

Figure 23 shows the individual failure wedges intersecting as the soldier beams get closer or as
the toe depth increases. Equation 2.12 gives the depth of the intersection of adjacent wedges.

s
d=D- —————
' 2 tana tanB .- [2.12]

where:
D = toe depth
s, = clearspacing between soldier beams

When d, is positive, the failure wedges intersect. If d, is negative, the failure wedges do not
intersect. At depths greater than d,, the passive resistances are not affected by adjacent soldier
beams, and they are computed using Equation 2.11. Above the point of intersection, the pas-
sive resistances are reduced to account for the intersection of the failure wedges. To account
for the intersection of the wedges, the passive resistances determined from Equation 2.11 are
reduced by the resistances determined for a wedge with a height, d,, and a soldier beam with

a width of zero. The resistances down to the depth, d,, are given by Equation 2.13.

tan¢ (tana +1) ... [2.13]

p =yd

Kodtand)sinB( 1 _1) , dtanBtana _ . sin’B
tan (B-4) tan(B-¢) ° cosP

cosqX

where:

At depth, the ultimate lateral resistance will be limited to the resistance that can develop before
the soil flows between the soldier beams (Figure 24). Equation 2.14 gives the ultimate lateral
flow resistance.
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p = K,bydtan®B + K, ydtandtan* B ... [2.14]

Figure 25 shows the two-dimensional failure wedge. Lateral resistances cannot exceed the
value given by Equation 2.15.

p = K,yd(s, +b) ... [2.15]
where:

s, = clearspacing between soldier beams
b = soldier beam width or shaft diameter

Equations 2.11 to 2.15 give the passive resistance at a location. Rankine active pressures must
be applied to the other side of the wall when computing the capacity of the toe (Figure 26).

For drilled-in soldier beams backfilled with lean-mix fill use the steel soldier beam width
when computing the passive resistance of the toe. If structural concrete is placed in the
toe, the diameter of the drilled shaft can be used in the calculations.

Equations 2.11 to 2.15 can be implemented in a spreadsheet to determine the lateral resistance.
When the groundwater level is near the bottom of the excavation, use buoyant unit weights in
Equations 2.11 to 2.15. Design Manual for Permanent Ground Anchor Walls (Weatherby,
1997) describes how the lateral toe resistance is determined when the groundwater level is a
reasonable distance below the bottom of the excavation.
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— Apparent Earth Pressure

K,7Hb
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Koy (H+D)b

Passive Pressures

FIGURE 26
Diagram lllustrating the Active and Passive
Pressures on a Soldier Beam Toe in Sand
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2.2.2.2  Passive Resistances in Clays

Figure 27 shows the failure wedge for a single soldier beam in clay. Reese (1958) developed
the expression for the passive resistance, F_,

F, = s,D [tan 8 + (1+K) cot 6] + %yme2 +s,D?secB ... [2.16]

where:
s, = average undrained shear strength

K = areduction factor to apply to s, to give the adhesion between the soldier beam & the clay
Y., = average total unit weight of soil (the other terms are defined in the figure)

Assuming 8 = 45° and the shaft friction, kK = 0, Equation 2.16 is differentiated to give the
ultimate soil resistance at depth, ¢ (Equation 2.17).

p =2s,b +ybd +283s,d ... [2.17]

Soldier beams in clay may be close enough that the wedge of soil between the beams is not
adequate to develop the full shear resistance (forces F, and F, in Figure 27) on the sides of
the wedge directly in front of the soldier beam. Figure 28 shows the passive wedges in front
of each soldier beam and the wedge of soil between the beams (block FDBGHI). If the space
between the beams is large, block FDBGHI will be adequate to resist the side shear forces F,
and F, from the wedges in front of the beams. If block FDBGHI is small, then the entire
ground in front of the wall will move together and the individual wedges in front of each beam
will not develop. Wang and Reese (1986) developed expressions to describe the passive re-
sistance of a row of drilled shafts (soldier beams) in clay. Equation 2.18 gives the critical
spacing where the behavior changes from single beam behavior to group behavior.

o . 2828s,D
“ Y Do, .. [2.18]

Wang and Reese’s passive resistance for a soldier beam considering group behavior is given by
Equation 2.19.

p = 23u(b+sc) +Yave(b+su)d+susc e [219]

If the spacing between soldier beams becomes zero and the soldier beam width is taken as
unity, Equation 2.19 becomes Equation 2.20, the passive earth pressure equation for a con-

tinuous wall.

p=28,+Y,,.¢ ... [2.20]
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When the toe of the soldier beam extends deep enough below the ground, the soil may flow
around the beam as it moves through the soil. The failure is similar to that shown in Figure
24. Wang and Reese (1986) expressed the passive flow resistance in a clay to be
approximately (Equation 2.21):

p=11s,b . [2.21]
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FIGURE 27

Passive Wedge Failure for a Soldier Beam in Clay (after Reese, 1958)

46



a) General view

b) Wedge in front of soldier beam c) Block of soil between beams
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FIGURE 28
Failure Wedges for Adjacent Soldier Beams in Clay (after Wang and Reese, 1986)
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Figure 29 shows the two-dimensional failure wedge that limits the passive resistance that can
develop. For a wall in clay the lateral resistance at any depth, d, cannot exceed the value
given by Equation 2.22.

p=(2s,+Y,,.9) (s, +b) ... [2.22]

In stiff clays the active pressure may be negative behind the wall. Considering negative pres-
sures during design is not reasonable since the soldier beam will move away from the soil. A
continuous wall normally will be used when the active pressures are positive. Positive active
pressures below the bottom of the excavation are given by Equation 2.23.

pacl‘lve = Vave (H +d) _2su e [223]

where:
H = heightofwall

Steel soldier beam width is used in Equations 2.16 to 2.23 for drilled shafts backfilled with
lean mix, and the drilled shaft diameter is used when structural concrete is used to backfill the
shaft.

Equations 2.16 to 2.23 can be implemented in a spreadsheet for determining the lateral toe
resistance for a soldier beam in clay.

YRR
p = (25,79 (. +b)
D —
H S, = Undrained shear strength
vy = Total unit weight
d = Distance
D = Toe penetration
s, = Clear spacing between soldier beams
b = Soldier beam width or diameter
GGGRT ]
p—r- d T
FIGURE 29

Passive Resistance for a Continuous Wall in Clay
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2.3

DETERMINING ANCHOR LOAD(S), BENDING MOMENTS, AND TOE
DEPTH

Determine the ground anchor loads, soldier beam bending moments, and the toe embed-
ment by:

1.

24

Determining the total lateral load to be supported by the wall.

a. Sand - 0.65 K,yH? (Section 2.1.5) or limiting equilibrium (Section 2.1.4).

b. Stiff clay - 20 H? (Section 2.1.5).

c. Soft clay no deep-seated failure - 0.875 (1 -(4s,)/(YH))YH?* (Section 2.1.6) or limit-
ing equilibrium (Section 2.1.4).

d. Surcharge loads

Selecting an appropriate apparent earth pressure diagram to distribute the load to
the wall (Sections 2.1.5 and 2.1.6).

Selecting either the tributary area method or the simple beam method to determine
anchor loads and bending moments (Section 2.1.2—Figure 5).

Solving equations for determining the anchor loads, bending moments, and reaction
at subgrade. Assume the soldier beam is hinged at subgrade (Section 2.1.2—Figure
5, Section 2.1.5—Figures 14 and 15).

Selecting soldier beam spacing and size.

Determining the toe embedment required to develop a lateral toe resistance with an
FS > 1.5 (Section 2.2.2).

Selecting ground anchor inclinations and computing anchor design loads.

Determining vertical components of ground anchor load and the load transferred to
the toe (Section 2.2.1).

Determining the toe embedment required to develop the axial load with an FS > 2.0
(Section 2.2.1).

SOIL-STRUCTURE INTERACTION ANALYSIS USING APPARENT
EARTH PRESSURE DIAGRAMS AND R-y CURVES TO MODEL THE
LATERAL TOE RESISTANCE

A computer program, TB Wall — Anchored Wall Design and Analysis Program for Personal
Computers (Urzua and Weatherby, 1998), was developed to allow a soldier beam or sheet pile
wall to be modeled as a continuous beam in a soil-structure interaction analysis. Earth pres-
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sures above the bottom of the excavation in the analysis are given by an apparent earth pres-
sure diagram selected by the user. Figure 30 conceptually illustrates how the earth pressures,
toe resistance, and ground anchors are modeled. Below the bottom of the wall, the passive
toe resistance is modeled by a series R-y curves (soil springs). R-y curves relate the resis-
tance of the wall at a point to the deflection of the wall. Active R,-y curves are on the back
of the wall, and passive R,-y curves were on the front of the wall. The maximum resistance
is related to the resistance computed using the Wang and Reese relationships (Section 2.2.2).
The minimum resistance is related to the active earth pressure. In 7B Wall, the maximum re-
sistance is mobilized after the beam deflects into the ground 0.5 in for granular soils and 1.0 in
for fine-grained soils. The minimum resistance is reached after the beam moves out 0.05 in
for granular soils and 0.2 in for fine-grained soils. Ground anchors were modeled as concen-
trated T-y curves (anchor springs), where T is the anchor load and y is the deflection of the
wall at the anchor location.

The trapezoidal apparent earth pressure diagrams presented in Section 2.1.5 include the effects
of soil arching, stressing the ground anchors, the construction sequence, and the redistribution
of earth pressures that occur on flexible walls in granular soils and stiff clays. They also con-
sider the locations of the supports. Using these diagrams eliminated the need to analyze the
wall for different construction stages. In the analysis the wall is “wished” into place.
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Ground Anchor Curve
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Passive
Resistance

Passive
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Active
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Re —y Curve Ra —y Curve

FIGURE 30
Diagram Hlustrating the Modeling of Earth Pressures, Toe Resistance,
and Ground Anchors in a Soil-structure Interaction Analyses
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24.1 Predicted and Measured Bending Moments for a One-tier Wall

Soil-structure interaction analyses were performed on a 25-ft-high, one-tier wall constructed in
a medium-dense sand having a friction angle of 32° and a total unit weight of 115 pcf. Soldier
beams in the wall were HP10 X 57 sections located on 8-ft centers. A ground anchor, located 9
ft from the top of the beam and a 5-ft toe embedment supported the wall. Analyses using ap-
parent earth pressures given by the 25H trapezoid (design diagram) and the modified trape-
zoidal diagram shown in Figure 6 were performed. The lateral resistance of the embedded
portion of the soldier beams was modeled using R-y curves. The maximum resistances in
each R-y curve are determined using the relationships in Section 2.2.2.

Figure 31 compares the bending moment diagrams from the soil-structure interaction analyses
with the average bending moments measured in two instrumented soldier beams. Bending mo-
ment diagrams for the two trapezoidal diagrams assuming a hinge at the bottom of the excava-
tion also are shown in Figure 31. The total lateral load for each apparent earth pressure dia-
gram was 100 kips. The soldier beam in the soil-structure interaction analysis using the 25H
trapezoid had to be lengthened 1 ft to obtain a solution. The 25H diagram requires the soldier
beam toe to carry more load than the modified trapezoidal diagram. The soil-structure inter-
action analysis using the modified trapezoidal diagram predicted bending moments similar to
those measured at the ground anchor location and larger than those measured in the span be-
tween the ground anchor and the bottom of the excavation. Bending moments determined
using the modified trapezoidal apparent earth pressure and assuming a hinge at the bottom of
the excavation fit the measured results the best.

24.2 Predicted and Measured Bending Moments for the Two-tier Wall

Soil-structure interaction analyses were performed on a 25-ft-high, two-tier wall constructed
next to the one-tier wall (Section 2.4.1). Soldier beams in the wall were W6 X25 sections
located on 8-ft centers. The upper ground anchor was 6 ft from the top of the beam and the
lower ground anchor was 10 ft below the upper anchor. Analyses using apparent earth pres-
sures given by the 25H trapezoid (design diagram) and the modified trapezoidal diagram
shown in Figure 6 were performed. The lateral resistance of the embedded portion of the
soldier beams was modeled using R-y curves.

Figure 32 compares the bending moment diagrams from the soil-structure interaction analyses
with the average bending moments measured in two instrumented soldier beams. Bending
moments for the trapezoidal diagrams assuming a hinge at the lower ground anchor and the
bottom of the excavation also are shown. The total lateral load for each apparent earth pres-
sure diagram was 100 kips. Figure 32 shows that the soil-structure interaction analyses mod-
eled the soldier beam as a continuous structural member and that the maximum predicted bend-
ing moments occurred at the ground anchor locations. The soil-structure interaction analysis
using the modified trapezoid predicted the bending moments satisfactorily at the upper ground
anchor location and below the lower ground anchor. Predicted moments between the ground
anchors and at the lower anchor were higher than the measured bending moments. The maxi-
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mum bending moments predicted by the design diagram and the maximum moment predicted
by the soil-structure interaction analysis using the modified apparent earth pressure diagram
were the same.

243 Observations

Soil-structure interaction analyses using apparent earth pressure diagrams above the bot-
tom of the excavation and R-y curves to model the lateral resistance of the soldier beam toe
predicted the bending behavior of the walls satisfactorily. A soldier beam section and the
toe embedment depth must be selected for a soil-structure interaction analysis. Apparent
earth pressure diagrams include the effects of arching, soldier beam flexibility, pre-loading
of the supports, facial stiffness, and the construction sequence.

Figures 31 and 32 show that soldier beam bending moments can be predicted satisfactorily
using the trapezoidal apparent earth pressure diagrams in Figure 6 with a hinge at subgrade.
Bending moments at the upper ground anchor must be the same for the hinge method and the
soil-structure interaction analysis. Below the upper ground anchor, the maximum bending
moments computed using the hinge method were similar to the maximum bending moments
predicted by the soil-structure interaction analysis. For anchored walls with competent
ground at subgrade, performing a soil-structure interaction analysis to determine the
anchor loads and design moments is unnecessary. Apparent earth pressure methods
can be done quickly and they do not require the selection of a structural section or toe
embedment depth. A soil-structure interaction analysis can be used to determine the bend-
ing moments when the designer wants to model the wall as a continuous member or when
lateral toe resistance is low and the wall must cantilever around the lowest ground anchor.

Wall deformations computed using soil-structure interaction analyses are not reliable.

The computed deformations do not include movements resulting from wall settlement, mass
movements, and anchor yielding.
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2.5 WALL STABILITY

Ground anchor walls must be internally and externally stable. Internal stability requires
the ground anchors to be located sufficiently behind the wall so that the anchor does not
develop load-carrying capacity from the ground supported by the wall. A wall is inter-
nally stable when any failure surface that passes between the wall and the top of the an-
chor bond length has an adequate factor of safety with the anchor load applied. External
stability is satisfied if the ground anchors are long enough so that any failure surface that
passes behind the back of the anchor bond zone has an adequate factor of safety. Internal

and external stability is illustrated in Figure 33.

-

b) Externally stable wall (anchor extends to or beyond failure surface with adequate FS)

FIGURE 33

Diagram lllustrating Internal and External Stability of an Anchor Wall
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On most projects it is only necessary to check the internal and external stability of the wall at
one or two critical sections. These sections typically are the highest wall sections.

Figure 34 can be used to check the internal and external stability of walls with horizontal back
slopes in granular soils. To use Figure 34, plot the ground anchor to scale and select a total
anchor length that extends beyond the external stability curve appropriate for the soil at the
site. Then check to ensure that the anchor bond length lies behind the critical failure surface.
Lengthen the anchor if the anchor bond length is not adequate to develop the required ground
anchor load-carrying capacity. Using Figure 34 will provide a factor of safety against an ex-
ternal stability failure of 1.3. Similar plots can be created for different factors of safety or

sloping back slopes.

When deep deposits of soft to medium clay exist below the bottom of the cut, the external
stability failure surfaces may extend far below and behind the wall. When this occurs, us-
ually the ground anchors are installed at a steep angle and anchored in good ground below
the poor soils.

External stability analyses assume that the ground anchors will develop load-carrying capacity
uniformly along bond length. In most ground this is a reasonable assumption. However, in
ground that becomes much weaker with depth, the ground anchors may develop most of
their load-carrying capacity near the front of the anchor bond length. These anchors may
test satisfactorily, but not satisfy external stability. In this type of ground, extend the un-
bonded length into the anchor bond length, and transfer the load to the back of the anchor first.
When weak soil underlies good ground and the anchor will develop load-carrying capacity
from both layers, design the ground anchors assuming that they will develop their capacity in
the poorer soil.
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2.6 WALL AND GROUND MOVEMENTS

Lateral wall movements and ground surface settlements behind permanent ground anchor
walls will be small. These walls will be constructed in competent ground, and structures will
not be nearby. Typically, the maximum lateral wall movements will be about 0.002+, and
maximum vertical soil settlements will be about 0.0015+H, where H is the height of the
wall.

Lateral movements can result from bending deformations (cantilever movements and
lateral bulging), outward rotation about the toe of the wall, and translation of the wall.
Settlement behind the wall is a response to the lateral wall movements or consolidation re-
sulting from lowering the groundwater table. Bending deformations depend upon the height of
the wall, stiffness of the wall, the distance to the first anchor, the distance between anchor
levels, and the strength of the ground. Outward rotation about the toe is directly related to
soldier beam settlement. Translation movements may result from mass movements behind the
anchors, redistribution of load along the anchor bond length, anchor yielding, or elastic elon-
gation of the anchor tendon in response to load increases. In a well-designed wall, most of
the deformation will be a result of bending deformations. Rotational and translational
movements will be small, with rotational movements larger than translational movements.

Wall and ground movements estimates are based on experience. Typical lateral and horizontal
movements for flexible retaining walls have been presented by Peck (1969), Goldberg, et al.
(1976), and Clough and O’Rourke (1990). Maximum lateral movements in ground suitable for
permanent ground anchor walls are generally less than 0.005+, with average maximum move-
ments about 0.002+. The largest lateral movement occurs at the top of the wall. Maximum
vertical soil settlements in ground suitable for permanent ground anchor walls are less than
0.005H, with average maximum settlement tending toward 0.0015+. The maximum settle-
ment occurs near the wall. For a 25-ft-high wall, a maximum lateral movement of 0.6 in and
a maximum vertical ground settlement of 0.45 in would represent average performance.

Lateral wall movements and ground settlements cannot be eliminated, but they can be re-
duced by controlling bending deformations and soldier beam settlements. Reducing the
distance to the upper ground anchor will reduce the cantilever bending deformations, and
reducing the span between the ground anchors will reduce the bulging deformations. For
flexible walls, the cantilever and bulging deformations can be expressed by Equations 2.24 and
2.25. These relationships were developed by Mueller, et al. (1998).

y, = 4K,YhlIE, ... [2.24]

Yy = O0.BK,YhLIE, ... [2.25]
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where:

y. = cantilever deformation
¥, = bulging deformations
K, = at-restearth pressure coefficient
y = total unit weight
h, = depth of excavation to allow the installation of the upper ground anchor
E, = represents a secant modulus on the soil's stress —strain curve (seeTable 8)

h = depth of excavation
L = spandistance

TABLE 8
Ranges for E, for Different Soil Types
SOIL E, (psi)
Firm to Stiff 550 - 1150
Clay
Very Stiff 1150 - 2850
Silt 250 - 2850
Loess 2150 - 8550
Loose 1150 - 1700
Fine Sand Medium-dense 1700 - 2850
Dense 2850 - 4250
Loose 1400 - 4250
Sand Medium-dense 4250 - 7100
Dense 7100 - 11400
Loose 4250 - 11400
Gravel Medium-dense 11400 - 14200
Dense 14200 - 28450

The relationships given by Equations 2.24 and 2.25 are for soldier beam walls. When a stiff
wall is used, the relationships are not valid. Movements estimated from the equations show
trends, and they can be used to evaluate the impact of different ground anchor locations. They
represent minimum movements that could be expected. They suggest that cantilever movement
varies with the square of the depth of excavation, and bulging deformations are directly related
to the distance between the ground anchors or the distance from the lower ground anchor to the
bottom of the excavation. For a typical soldier beam wall, where k, = 0.4, y = 115 pcf, 5,
=9ft, h =25ft, L = 16 ft, and £, = 6000 psi the cantilever deformations equal 0.250 in
and the bulging deformations equal 0.204 in.

Controlling soldier beam settlements will limit lateral deformations of the wall. Installing
ground anchors at flat angles will reduce the downward load applied to the soldier beams
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and prevent soldier beam settlement. Figure 35 shows how a steep anchor can cause soldier
beam settlement and rotation of the wall around the toe.

RIS NG /\\\/(\\/

Anchor Inclination

Soldier Beam

_——"Ground Anchor

x=d,tani

Point of Rotation

jév:Soldier Beam Settlement

FIGURE 35
Relationship Between Soldier Beam Settlement and Wall Movements

Practically, lateral movements and vertical settlements for most soldier beam walls cannot
be reduced below 0.001H.

2.7 CORROSION PROTECTION FOR ANCHOR TENDONS

Ground anchor tendon corrosion protection must be designed and constructed to ensure that
the ground anchor will reliably support the wall for its design life. Anchor tendons are fabri-
cated using high-strength prestressing steels that are susceptible to embrittlement types of
corrosion. When high-strength steels are used, the corrosion protection systems must be
designed to prevent corrosion. Estimating design life by predicting metal loss is not valid
for prestressing steels. The Post-Tensioning Institute (PTI) (1996) shows that two classes of
corrosion protection are used in the United States. Figure 36 shows a Class I Protection—
Encapsulated Anchor Tendon, and Figure 37 shows a Class II Protection—Grout Protected
Anchor. The unbonded length and anchorage area for both classes of protection assume that
aggressive conditions exist near the structure. Similar protections are provided for the un-
bonded length and the anchorage of Class I and Class II protected anchors. Corrosion protec-
tions for the tendon bond lengths are different for the different classes of protection. Details
about ground anchor corrosion protection can be found in American Association of State High-
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way and Transportation Officials’ (AASHTO) The Standard Specifications for Highway
Bridges (1996), AASHTO-AGC-ARTBA Task Force 27 Report (1990), PTT’s Recommend-
ations for Prestressed Rock and Soil Anchors (1996), and Tiebacks (Weatherby, 1982).

Trumpet
(Corrosion Inhibitor
or Grout Filled)

Anchorage Cover
(Required if Exposed)

Centralizer

Internal Spacer

(Corrosion Inhibitor >
Centralizer

or Grout Filled)
Prestressing Steel —

Encapsulation
(Grout Fliled)

FIGURE 36
Class | Protection—Encapsulated Anchor Tendon
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Heat Shrink Sleeve

Prestressing Stee!

FIGURE 37
Class Il Protection—Grout Protected Anchor Tendon

Corrosion protection for the anchorage area is very important. Most of the ground anchor
tendon corrosion failures have occurred near the anchorage. The protection near the anchor-
age must be designed to protect the tendon where the corrosion protection over the unbonded
length is terminated. A grout or corrosion inhibiting compound filled steel tube (trumpet)
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attached to the bearing plate provides the protection for the prestressing steel just below the
bearing plate. Most trumpets are filled with grout. If a corrosion inhibiting compound is
used, then the seal between the trumpet and the unbonded length corrosion protection must
function for the life of the structure. If grout is used to fill the trumpet, the seal between the
tendon and the trumpet only has to function until the grout has set. The anchorage for most
permanent ground anchor walls will be encased in the concrete. If the anchorage remains
permanently exposed, it should be protected by a grout or a corrosion inhibiting compound
filled cover. Grout should be used if possible. Good detailing, care during construction,

and inspection are necessary to ensure that the anchorage protection is done properly.

Figure 38 shows that the class of corrosion protection system for a permanent ground anchor is
based on aggressivity, consequences of tendon failure, and an evaiuation of the extra costs for
installing an encapsulated tendon versus the benefits of having the encapsulation.

Encapsulation

AGGRESSIVITY
Aggressive Agg;\:'gg;ive
CLASS | CONSEQUENCES
PROTECTION OF FAILURE
Serious Not Serious
CLASS |
PROTECTION COST-BENEFIT
Small Cost Significant Cost
to Provide to Provide

Encapsulation

CLASS |
PROTECTION

FIGURE 38

CLASS |
PROTECTION

A Guide for Selecting the Class of Corrosion Protection for a Ground Anchor Tendon
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Ground is considered aggressive if it has one or more of the following: a pH value less
than 4.5, a resistivity less than 2000 ohm-cm, sulfides present, stray currents present, or
caused chemical attack to other buried concrete structures. The ground is assumed to be
aggressive if aggressivity tests are not done. Salt water or tidal marshes, cinder fills, ash or
slag fills, organic fills containing humic acid, peat bogs, acid mine wastes, or industrial wastes
are considered aggressive ground.

If the corrosion failure of a single ground anchor tendon could result in serious consequences,
then a Class I Protection is recommended. A single anchor tendon failure will not have a seri-
ous impact on the performance of a permanent ground anchor wall. Ground anchor walls will
redistribute load if an anchor tendon fails. To verify this, load was reduced on two ground an-
chors as part of the research reported by Weatherby, et al. (1998). After the load reduction the
wall was monitored for 1 year. The reduction in load had little effect on the adjacent ground
anchors and soldier beam moments. (Adjacent ground anchors were locked-off at a load equal
to 75 percent of their design load.) Broms (1988) reported similar results on temporary exca-
vation support systems in weak cohesive soils.

The final criterion for selecting the class of corrosion protection is the incremental cost for
changing from a Class II Protection to a Class I Protection. The cost to provide an encapsu-
lated tendon can be more than just the costs of the protection. Encapsulating the tendon bond
length increases the diameter of the tendon, and may require a more expensive installation
method than one suitable for a Class II Protection. In an open drill hole, the cost difference
can be small, and the designer may elect to use a Class I Protection even though one is not
necessary. If the cost of switching from a Class II Protection to a Class I Protection is signifi-
cant, then the designer may determine that the benefit of encapsulating the tendon is not worth
the additional costs associated with a Class I Protection.

2.8 CORROSION PROTECTION FOR SOLDIER BEAMS

Soldier beam corrosion problems have not been reported. Soldier beams are fabricated from
Grade 36 or Grade 50 structural steels. These steels are not subject to embrittlement corrosion
like the prestressing steel used to fabricate the ground anchor tendon. If corrosion develops on
a soldier beam, it will be distributed over a portion of the surface or localized in a pit. Both
types of corrosion cause a loss of section, but they do not cause dramatic failure of the mem-
ber. Unless the environment is acidic, pH less than 4, oxygen must be present and the ground
must be a good electrolyte for corrosion to continue in the underground. Romanoff (1962 and
1969) presented the results of National Bureau of Standards studies on the corrosion of driven
steel piles. Soil conditions at the sites varied widely, from well-drained sands to clays. The
resistivity of the soils ranged from 300 ohm-cm to 50,200 ohm-cm and the pH ranged from
2.3 to 8.6. Romanoff found that the steel pilings were not affected by corrosion in undis-
turbed natural soils regardless of the soil types or properties. He found minor to moder-
ate corrosion in the form of shallow pits on piles driven through fills or in soils above the
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groundwater table. The average reduction in wall thickness on any of the piles examined
was not significant enough to impair the useful life of the structure.

Corrosion is not a concern for drilled-in soldier beams. Drilled-in soldier beams are sur-
rounded either by lean-mix backfill or structural concrete. Lean-mix backfill and structural
concrete create a high pH environment for the steel soldier beam. In a high pH environment,
a diffusion barrier of hydrous ferrous oxide will develop on the surface of the steel. This
barrier will prevent oxygen from reaching the surface of steel and keep the rate of corrosion
very low.

If buried concrete structures in the vicinity suffer from attack, then drilled-in soldier
beams should be coated. Galvanizing, coal-tar epoxy coatings, or fusion-bonded epoxy
coatings are suitable.

Recent observations of corrosion on driven foundation piles in natural ground have led
FHWA to recommend evaluating the corrosion of driven steel soldier beams in accordance
with National Cooperative Highway Research Program (NCHRP) 10-46 when published or
AASHTO Standard of Recommended Practice when approved. In the interim before these
guidelines are available, if fill soils are present in locations where the driven soldier beam
bending moments are expected to be high, the beams should be protected from corrosion.
Corrosion protection can consist of increasing the thickness of the member to account for
section loss or applying a coating. Increasing the thickness of the flange and web by 1/16 of
an inch will allow for a metal loss of 1.25 mils/year for 50 years. Instead of increasing web
and flange thickness, higher strength steels can be used at lower allowable strengths (using
Grade 50 steel at Grade 36 steel allowable stresses would allow a 39 percent loss in section).
When the pH is less than 4, the soldier beams should be coated or drilled-in. Coal tar epoxy
or fusion-bonded epoxy coatings are recommended.

2.9 GROUND ANCHORS
2.9.1 Large-diameter Ground Anchor Tests

Ten, 12-in-diameter, hollow-stem-augered tiedown anchors were load tested as part of the
ground anchor wall research. Six of the anchors were instrumented to allow the strains in the
anchor grout and the tendon to be measured. Four of the anchors were loaded and monitored
for 70 days. The results of the test program are:

e Large-diameter, hollow-stem-augered anchors develop load-carrying capacity along
the grout shaft surrounding the unbonded tendon length.

* Recommend developing a “compression” anchor by extending the unbonded tendon
length to at least the mid-point of the anchor bond length.
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o Compression anchors develop their load-carrying capacity from the lower portion of
the anchor, and prevent the development of significant load-carrying capacity in the
“no-load” zone.

« Compression anchors can be grouted to the ground surface in one phase.

« Compression anchors are axially stiffer than anchors with tendon bond lengths equal to
the anchor bond length.

« Higher grout to soil bond stresses are developed along the grout shafts of stiff anchors
than along the shafts of more flexible anchors.

«  Stiff anchors develop higher ultimate loads than flexible anchors with the same bond
lengths.

« Short-term creep testing satisfactorily evaluated the long-term load-carrying capacity
of ground anchors installed in fine-grained soils. Creep movements and load losses
predicted from short-term tests were similar to values measured during a 70-day
load hold.

« Anchor acceptance criterion of 0.08 in of creep movement per decade of time is valid
for large-diameter, hollow-stem-augered anchors.

o Retesting of low-pressure grouted anchors installed in fine-grained soils should not
be allowed. Preloading during initial testing will affect the test results during re-
testing. Creep movements will be significantly less during the second test.

« Regroutable anchors in fine-grained soils may be retested. Retesting procedures
must consider the effects of pre-loading on the creep movements measured during
retesting.

2.9.2 Unbonded and Tendon Bond Lengths for Small-diameter Ground Anchors

The tendon bond length and the anchor bond length coincide for high-pressure grouted
anchors, small-diameter anchors, and rock anchors. The unbonded tendon length is sel-
ected so the anchor bond length is behind the critical failure surface.

2.9.3 Ground Anchor Lock-off Load

Ground anchors are usually prestressed to between 75 and 100 percent of their design
load. Anchor loads normally do not increase significantly after lock-off. The loads do not
increase because the lock-off loads and the lateral toe resistance provide a resultant thrust
between the Rankine and the at-rest load. Full-scale and model-scale wall tests suggest
that lock-off loads equal to 75 or 80 percent of the design load are desirable. Increasing
the lock-off loads above 80 percent of the design load will result in higher soldier beam bend-
ing moments at the ground anchors and larger axial loads in the soldier beams.
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2.94 Ground Anchor Load Reduction

Visual observations and measurements showed that the wall remained serviceable after the
load on two ground anchors supporting the full-scale wall was reduced. Lateral wall move-
ments increased in response to reducing the load. Bending moments decreased in the soldier
beams supported by the ground anchors whose load was reduced. Bending moments in ad-
jacent soldier beams remained essentially unchanged as the load was reduced. Bending mo-
ment changes would not require the soldier beam to be redesigned. Bending moment, lateral
wall movement, and ground anchor load changes in response to unloading the two ground
anchors show that the wall would be serviceable if an anchor failed to carry the design load.

2.10 STRAIN GAUGE ERRORS

Welding to attach wood lagging boards to the soldier beams caused compression strains on the
front flanges of the instrumented soldier beams. Avoid welding on instrumented beams after
the strain gauges are zeroed. If welding must be done, read all strain gauges before and after
welding to detect the effect of welding and correct the reading for the strains induced by the
welding operation. Wait 24 hours after the welding is complete to take the second set of read-
ings. No construction activities should occur before the second set of readings are obtained.

2.11 COMPOSITE BEHAVIOR OF DRILLED-IN SOLDIER BEAMS

Composite behavior did not exist where the drilled-in soldier beams in the full-scale test
wall were backfilled with lean mix fill. Where lean mix fill is used, design procedures
should assume that all the load is carried by the steel section. The steel beam and the
structural concrete in the toes of the soldier beams of the full-scale wall may have behaved
as a composite near the bottom of the toes. Assuming that the load is carried by the steel
soldier beam is conservative if structural concrete is used to backfill the drilled shaft.

Satisfactory behavior was obtained when the toe was backfilled with lean mix fill. When
lean mix is used to backfill around the toe, compute the axial load-carrying capacity as-
suming the steel section punches through the lean mix, and the capacity based on drilled-
shaft relationships. When selecting a toe depth, use the smaller capacity. Use the width
of the steel soldier beam when determining the lateral toe resistance for drilled-in soldier
beams backfilled with lean mix.

2.12 CONSTRUCTIBLE DESIGNS

A constructible design requires an understanding of the interrelationship between the dif-
ferent components of a ground anchor wall. The design must be flexible and allow for re-
placement anchors if failures are expected. On most projects, ground anchor failures rates
are less than 1 to 2 percent. Most anchor failures occur at the beginning of a project, or in
low-strength ground, or when ground conditions change. Speciality contractors, who design
and build anchored walls, understand how the different components of an anchored wall fit
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together. To obtain a constructible wall at the best price, the contract documents should
clearly establish the design requirements and require the contractor to prepare detailed
design drawings. The contractor should select the soldier beam type and installation
method, ground anchor type and load-carrying capacity, connection details, and facing

type.
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CHAPTER 3
RESEARCH NEEDS

During the performance of the research and the preparation of the final report and the design
manual, several research needs emerged. These research needs are presented in this chapter.

3.1 WALL MOVEMENTS AND GROUND DEFORMATIONS

Current permanent ground anchor wall design procedures focus on determining anchor loads
and bending moments in the wall. Lateral wall movements and vertical settlements are not
predicted but they are expected to be less than 0.002+ and 0.0015H+, respectively. When the
designer is concerned about ground movements behind the wall, the earth pressures are in-
creased and a stiff wall is used. These walls are expensive. At some sites, nearby structures
are underpinned or supported by a means independent from the wall.

Research performed under this contract identified three types of wall movements. They are
bending deformations, rotational movements, and translational movements. Today, we under-
stand the causes of these movements, but we have not developed the ability to predict them ac-
curately. Bending deformations can be controlled by selecting anchor spacings and wall stiff-
ness. Rotational movements can be eliminated by selecting flat ground anchor angles and
building a wall with adequate axial load-carrying capacity. Translational movements can be
controlled by ensuring that the ground anchors will not experience large time-dependent move-
ments (creep), and that the wall is externally stable.

Careful monitoring of walls will allow the three components of wall movements to be mea-
sured. Then relationships to predict wall and ground movements from each component of
movement can be developed. When reliable deformation predictions can be made, design
procedures that include ground movement criteria should be developed. In crowded cities, the
ability to predict wall and ground movements will allow the most economical walls to be built
and reduce the damage to adjacent structures.

3.2 STIFF CLAYS

AASHTO (1996) requires that permanent ground anchor walls in stiff clay be designed to sup-
port earth pressures determined from the stiff clay apparent earth pressure diagram and an ef-
fective stress analysis. The drained friction angle used in an effective stress analysis is often
the drained friction angle for the clay in its normally consolidated state. Drained friction an-
gles between 20° and 30° are common. Most of these clay deposits are overconsolidated and
their long-term, drained friction angles may be higher than the values used in design. Re-
search directed toward determining the drained shear strength for permanent ground anchor
walls has the potential of reducing the earth pressures on many walls by up to 35 percent.
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Volume changes and the availability of porewater are necessary for an overconsolidated clay to
experience a significant strength loss. Research directed toward preventing or controlling the
loss of strength in a stiff clay behind a wall may develop techniques that can be used on sites
with overconsolidated fine-grained soils. For example, large-diameter, hollow-stem-augered
anchors grouted over their full length may act as reinforcements and resist the volume changes
that are necessary for the strength loss to occur.

Design rules for determining the “no-load” zone (critical failure surface) and the total anchor
lengths for ground anchors in stiff clay need to be verified or revised. Stability analyses are
used to define the critical failure surface and the external stability failure surface for walls built
in granular soils or soft to medium clays. Stability analyses using undrained shear strengths
show that many walls in stiff clays are internally and externally stable without the ground
anchors. Drained shear strength parameters can be used to check the internal and external
stability of these walls, but a more fundamental understanding of the stability of walls in stiff
clays is necessary. It is possible that short ground anchors can be used to support permanent
ground walls constructed in intact, stiff clay deposits.

33 UNIFIED DESIGN FOR IN SITU WALLS

Ground anchor walls and soil nailing walls are built from the top down. A unified design ap-
proach based on limiting equilibrium methods can be developed for both wall types. A unified
design approach would allow both wall types to have similar factors of safety. The procedure
would help the designer to develop a fundamental understanding of both walls and could guide
the designer to select the best wall system for each project.

34 SOLDIER BEAMLESS WALLS

In competent ground, permanent ground anchor walls can be built using horizontal beams to
distribute the ground anchor load to the ground. The horizontal beams are constructed as the
excavation is made and no soldier beams are installed. This type of wall has been built along
highways in mountainous regions for roadway realignment or to stabilize a landslide. Moni-
toring and documenting the performance of soldier beamless walls will encourage highway
departments to use them. When soldier beam installation is very expensive, these walls offer
substantial cost savings if the ground between the horizontal beams requires little support or is
self supporting.

3.5 TEMPORARY EXCAVATION SUPPORT SYSTEMS
Geotechnical engineers do not agree how to determine the shear strength for the design of tem-

porary excavation support systems in deep deposits of soft to medium clay. Strengths deter-
mined using laboratory tests have not been reliable in predicting the performance of some of
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these systems. Unfortunately, many contract plans and specifications present only the labora-
tory test results and provide no guidance for selecting the shear strengths to be used in design.
Developing tests or relationships to estimate the strength for design would avoid performance
problems, conflicts, claims, and construction delays.

Occasionally temporary excavation support systems are constructed in ground where compe-
tent ground overlies a deep deposit of weak ground. Ground anchors supporting a wall in this
type of profile may develop their load-carrying capacity in the competent ground and satisfy
the load testing acceptance criteria. The external stability of these walls may not be adequate,
since current external stability guidelines assume that the anchors uniformly develop load-
carrying capacity along the anchor bond length and force external stability failure surfaces to
extend behind the ground anchors. A combination of analytical studies and monitoring of
excavation support systems in this type of profile need to be undertaken to develop guide-
lines for evaluating the external stability of these temporary excavation support systems.

Three-in-thick lagging boards, or a lightly reinforced shotcrete layer are used to temporarily
support the ground between the soldier beams. These two means of supporting the ground
have worked well. Some agencies require the temporary support to be designed for the full
earth pressures applied to the wall. When the temporary support is designed, it becomes much
thicker and more expensive than the wood lagging that has worked for more than 100 years.
Using thick lagging boards (up to 8 in) is a waste of our natural resources. If highway depart-
ments want to require that the lagging boards be designed, then design relationships that ex-
plain how 3-in lagging works should be developed.
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CHAPTER 4
IMPLEMENTING THE RESULTS OF THIS RESEARCH

AASHTO’s Standard Specification for Highway Bridges should be revised to reflect the results
of the research performed on this contract. Modification in the following areas would have a
significant impact on the cost of permanent ground anchor walls:

Design one-tier walls for apparent earth pressure diagrams.

Assume a hinge in the soldier beam at the bottom of the excavation when computing sol-
dier beam bending moments and anchor loads in granular soils, stiff clays, and soft to
medium clays with competent ground at the bottom of the excavation.

Assume the ground at the toe acts as a strut in granular soils, stiff clays, and soft to med-
jum clays with competent ground at the bottom of the excavation.

Compute the lateral toe resistance using laterally loaded pile relationships developed by
Wang and Reese (1986).

Design all soldier beam and sheet pile walls using apparent earth pressure diagrams and
discontinue checking each stage of construction.

Use 3-in-thick wood lagging to temporarily support the ground between soldier beams.
Allow lean-mix fill to be used to backfill soldier beam toes.

Encourage contractors/designers to be innovative in the development of their design rather
than prescriptive.

Contracting agencies should develop and adopt a performance specification that encourages
contractors to pick the best wall system for a particular location, and requires them to design
and build that wall system. Design requirements in the specification should follow the Design
Manual for Permanent Ground Anchor Walls (Weatherby, 1997). Contractors understand the
interrelationship between each component of the wall and are best able to combine their capa-
bilities and the different wall components into a buildable design. Less expensive walls and
fewer claims will result when owners use a performance specification that requires the con-
tractor to design and construct the walls.
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