
Vol. 23, No. 4, 2021JSEE

Available online at: www.jseeonline.com

Concrete anchor blocks are usually used to restrain the axial expansion of natural
gas transmission pipelines near compressor stations. Current design procedures
for the anchor blocks are based on providing an adequate margin of safety
against block sliding, block overturning and soil bearing pressure. This paper
presents the results of an analytical study on the response of soil, pipeline and
anchor block at different operating pressure and temperatures. Nonlinear finite
element analyses that include modeling of soil-pipe and soil-block interactions are
carried out to evaluate the design procedures. The results indicate that the concept
used in current design procedures is fundamentally flawed because it is based on
controlling forces rather displacements. Furthermore, both the thrust force and
the resistance capacity are grossly miscalculated. The thrust force is significantly
overestimated because it is based on a fully restrained anchor. The resistance
capacity of the block that is calculated based on full mobilization of the passive
resistance of soil is also drastically miscalculated because only a fraction of the
passive resistance is mobilized.
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ABSTRACT

1. Introduction

Natural gas transmission pipelines transport the
natural gas at elevated temperature and high
internal pressure. For typical transmission pipe-
lines in Iran, the normal range of operating
pressure is 500-1050 psi and the normal range of
temperature is 30-60 degree Centigrade. When the
pipeline is put into operation, it tends to expand
along its length due to the internal pressure and
temperature. In buried pipelines, the pipe move-
ment due to such expansion is fully restrained by
the surrounding soil except for a relatively small
length near the ends as shown in Figure (1a). The
axial displacements are significant for large gas
transmission pipelines. The large axial displacement
may cause serious damage to equipment and
structures attached to the pipeline. In order to
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reduce the axial displacement, the pipeline is
usually restrained near compressor stations by
anchor blocks as shown in Figure (1b). Massive
concrete anchor blocks are commonly used in
gas transmission pipelines to resist the high thrust
force resulting from the internal pressure and
temperature.

The previous studies on performance and
design of anchor blocks include a research by
Al-Gahtani (2009) who developed a simple pro-
cedure for the optimum design of anchor blocks.
He used the Rankine's theory to compute the
active and passive earth pressures on the anchor
block. Friction forces on sides, bottom, and top of
the anchor block were taken into account by
using a specific coefficient of friction between
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Figure 1. Axial pipeline displacement near a compressor
station.

concrete and soil. Block sliding, block overturning,
and soil bearing capacity were the main design
parameters.

Duncan & Mokwa (2001) conducted two
series of field experiments on a 900 mm × 1900 mm ×
1100 mm anchor block. In this study, the calculated
passive earth pressures from different theories
were compared to the test results. The logarithmic
spiral method with 3D correction gave the best
estimate of the measured maximum passive
force and the Rankine method gave a reasonable
estimate of the force.

Ashrafi et al. (2019) evaluated the response of
typical natural gas transmission pipelines at anchor
block interface under the effect of seismic wave
propagation. They performed non-linear dynamic
response analysis and developed fragility functions
for three typical pipelines in two types of soils.
The results of this study indicate that the pipe is
susceptible to local buckling failure at the pipe-
anchor block interface. The results also indicate
that pipeline vulnerability increases with increasing
pipe diameter.

Zhang et al. (2016) proposed an analysis
method to evaluate the thrust force on the anchor
block using the condition of deformation com-
patibility and the hypothesis of stagnation point.
They also performed finite element analysis for a

specific pipeline system to evaluate the accuracy of
the proposed method. The results indicate that the
proposed analytical method is in good agreement
with the finite element results.

The performance of buried steel pipelines
subjected to relative soil movements in the axial
direction was investigated using full-scale pullout
testing in a soil chamber by Wijewickreme et al.
(2009). The test results were compared to re-
quirements of the ASCE (1984), "Guidelines for
the Seismic Design of Oil and Gas Pipeline
Systems". The results showed that the guideline
gave a very conservative estimate of friction force
between dense sand and pipeline. For loose sand,
the measured and the calculated friction forces
were in a very good agreement.

The stiffness of anchor blocks resulting from
the passive soil pressure is analogues to the longi-
tudinal stiffness of bridge abutments. There are
several experimental and analytical studies on
bridge abutments. Wood (2009) had summarized
the results of these studies. Rollins & Sparks (2002)
evaluated the available experimental results and
presented the test results with passive pressure
versus displacements curves. Also, Stewart et al.
(2007) conducted a full-scale cyclic load test on a
2600 mm × 4600 mm bridge abutment.

The objective of this paper is to evaluate the
response of the anchor block when the pipeline is
operated under high internal pressure and temp-
erature. Nonlinear static finite element analyses on
a 56 inch buried steel pipeline in four types of
soils and various anchor blocks were carried out to
evaluate the current design requirements.

2. Current Design Procedure

As temperature and internal pressure increase,
the pipeline tends to expand; however, since the
anchor block is assumed to fully restrain the
movement of the pipe, it will resist a thrust force
proportional to the amount of expansion. Based on
equation proposed by Liang-Chung (1978), the
thrust force that is applied to anchor block by
the pipeline is calculated using Equation (1). In this
equation, the term 2 1" ( )"α −E T T  corresponds to
pipeline expansion due to temperature differential

2 1( )−T T  and the term ""(0.5 )− ν hS  corresponds to
pipeline contraction due to the Poisson's effect of
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the hoop tension ( )hS  resulting from the internal
pressure.

( ) ( )2 10.5 = − ν + α − hQ A S E T T                            (1)

where Q = the thrust force, ν = the Poisson's ratio,
E = modulus of elasticity, A = cross sectional area of
pipe, T2 = the maximum operating temperature,
T1 = temperature at the time of installation and

hS = hoop stress due to fluid pressure.
Figure (2) shows the forces acting on the anchor

block. The driving forces which tend to move the
block are the trust force Q, and the force induced
by active soil pressure. The active soil pressure
occurs when the block moves away from the soil
and the soil mass is allowed to deform outward  to
the point of mobilizing the soil full shear resistance.
The force due to active soil pressure, Fa, is cal-
culated using Rankin approach as per Equation (2).
In this approach, it is assumed that the soil is
homogeneous and isotropic, the most critical
shear surface is a plane, and the block moves
sufficiently to develop the active condition.

21 2
2

 = × γ −  
a s a aF W H K cH K                          (2)

( ) ( )1 sin / 1 sin= − ϕ + ϕaK                                                 (3)

where H = height of the block; W = width of the
block; B = block thickness; HP = pipe centerline;
c = soil cohesion; γs = unit weight of soil; Ka =
active pressure coefficient.

The resisting forces that restrain the block from
moving are due to the passive earth pressure and
friction force between soil and block. The force
due to the passive soil pressure, Fp  , can be cal-
culated by Equations (4) and (5).

Figure 2. Forces acting on an anchor block (Al-Gahtani, 2009).

21 2
2

 = × γ +  
p s p pF W H K cH K                      (4)

( ) ( )1 sin / 1 sin= + ϕ − ϕpK                                       (5)

The friction along the soil-block interface may
be calculated by Equation (6) (Das, 2002)

tan′ ′τ = σ δ + aC                                                   (6)

where: ′aC = adhesion; and δ = effective angle of
internal friction between soil and the concrete.

Therefore, the maximum bottom friction force
can be calculated using Equation (7):

[ ]tan( ) ′= × × γ × × δ +b c aR W B H C                       (7)

where γc = unit weight of concrete.
The maximum friction force on sides of the

anchor block can be derived from Equation (8).

2
0

1( tan )
2

′= × × γ × × × δ + ×s s aR B H K H C           (8)

Finally, the total friction force can be calculated
by Equation (9):

2= +friction b sR R R                                                (9)

Using above equations, the following design
constraints are controlled in current design procedure:
1. The block must be stable against sliding.

Therefore, the following equation must be
satisfied:

>
+ S

a

R FS
Q F                                                      (10)

where ;= + +b S PR  FR FR F  and sFS  is proposed
to be 1.2 (Al-Gahtani, 2009).
2. The block must be stable against overturning.

Therefore, the following equation must be
satisfied:

>R
O

Q

M FS
M                                                         (11)

where MR =  the moment caused by resisting
forces; and MQ =  the moment caused by thrust
force and active earth pressure taken from the toe
of the block. The typical recommendation for the
minimum factor of safety against overturning is 1.5
(Al-Gahtani, 2009)
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3. The largest bearing pressure is routinely at the
toe of the block anchor (Lower Right corner,
Figure 2). The largest bearing pressure should
not exceed the allowable bearing pressure,
which is usually provided by the geotechnical
consultant. Therefore, Equation (12) must be
satisfied:

0 ≤ σ ≤ alq                                                           (12)

where σ is bearing pressure and qal is maximum
allowable bearing pressure.

3. Analytical Study

Nonlinear static finite element analyses on a
56-inch steel pipeline was carried out using ANSYS
software. The operating pressure was assumed to
be 1050 psi and the temperature change was
assumed to range from 0o C to 65° C. Four types
of soil were considered to surround the block
anchor: Dense sand, loose sand, hard clay and
soft clay. The average properties of these soils are
presented in Table (1).

The construction cost of the anchor block is
directly proportional to the volume of the anchor
block. In order to evaluate the displacement res-
ponse and the safety factors, two types of anchor
blocks with the same volume but with significantly
different dimensions were considered in the
analyses.

Table 1. Properties of different studied soil types.

Anchor block type A; which was designed in
accordance with the current design procedure.
The factor of safety against sliding and overturning
were assumed to be 1.2 and 1.5 respectively.

Anchor Block type B; which has a volume
equal to block type A, width equal to one-fourth of
block type A and length equal to four times length
of block type A. Table (2) lists the dimensions
and the design parameters of the anchor blocks.
This table indicates that the factor of safety against
sliding (FSs) and maximum bearing pressures for
block type B are less than block type A. However,
factors of safety against overturning (FSo) are
much higher for type B blocks.

4. Finite Element Model

A nonlinear finite element model was established
by using elastic pipe element to model pipeline,
and nonlinear Winkler springs to model soil-pipe
interaction. Preliminary analyses were performed
on a 500 m long pipeline with two different mesh
sizes (2.5 m and 5 m long pipe elements) to establish
the model length and the appropriate mesh size.
The Winkler springs representing the soil-pipe
interaction were placed at end nodes of pipe
elements and the analyses were performed under
internal pressure of 1050 psi and temperature of
65o.  These analyses indicated only marginal
differences between the results of the two models

Table 2. Properties of different anchor blocks.
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with different mesh sizes (less than 2%) indicat-
ing that model with the 5 m mesh size is adequate.
The results also showed that the active length of
the pipeline (the length where the pipe axial dis-
placement diminishes to zero) is less than 400 m.
Therefore, a 500 m long model with 5 m mesh
size was considered to be suitable for further
analyses. Nonlinear springs representing the soil-
block interaction were also placed at anchor block
location (Figure 3). The distance between anchor
block and the pipeline end was assumed to be
b = 45 m; and the length of the pipe above the
ground level was considered as a  = 20 m. The
mechanical properties of the steel pipe are listed
in Table (3).

Figure 3. Finite element model.

Table 3. Properties of steel pipe used in finite element model.

For the analysis, the internal pressure was
initially increased from 0 to 1050 psi and then the
temperature was increased from 0oC to 75oC in
equal 5oC steps. The modelling parameters for
soil-pipe and soil-block interactions are discussed
in following sections.

4.1. Soil-Pipe Interaction Springs

The soil-pipe interaction is simulated using
Winkler nonlinear discrete springs in three dimen-
sions. The active element is the axial Elastoplastic
soil spring. In accordance with the ALA 2001 and
PRCI 2009 guidelines, the maximum axial spring
force applied to one meter length of the pipeline
can be calculated from the following equation.

0 1 tan
2
+

= π γ δu
KT DH                                       (13)

where D = pipe outside diameter; H = depth to pipe
centerline; γ = effective unit weight of soil; K0 =
coefficient of pressure at rest; δ = angle of internal

friction = ;ϕf  and f = coating dependent factor
relating the internal friction angle of the soil to
the friction angle at the soil-pipe interface. The
Guidelines for the Seismic Design of Oil and Gas
Pipeline Systems (ASCE, 1984) has recommended
K0 and δ equal to 0.37 and 31° respectively for
steel pipelines embedded in loose sand. These
values are in compliance with results of the ex-
perimental studies carried out by Wijewickreme
et al. (2009) on 18 inch steel pipe embedded in
loose sand.

In accordance with the guidelines for the design
of buried steel pipelines (American Lifelines
Alliance, 2001), the necessary displacement for
development of the maximum friction force between
pipe and soil is 5 mm. Therefore, the stiffness of
the longitudinal spring that is placed every 5 m on
the pipe is derived from the following force-
displacement values: Maximum Force = 57.9 kN
and Relative Displacement = 5 mm.

4.2. Soil-Block Interaction Springs

Soil-block interaction was simulated with two
nonlinear springs, one for friction force and
another one for passive earth pressure (Figure 4).
The maximum soil spring forces and associated
displacements necessary to develop these forces
must be calculated for each spring in order to
estimate the stiffness of the springs.

Figure 4. Finite element representation of soil-block interaction.

4.2.1. Friction Force Springs

The maximum bottom friction force can be
calculated from Equation (7) and the maximum
friction force on sides of the block anchor can be
calculated from Equation (8). Finally, the total
friction force can be calculated by Equation (9).

The maximum displacement relative to above
forces is recommended in Table (4).

4.2.2. Passive Pressure Springs

The maximum passive pressure is calculated
using the Equations (2) to (5). The displacement
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needed to fully mobilize passive and active earth
pressures is presented in Table (5).

The calculated stiffness is compared with the
results of the studies on bridge abutments collected
by Rollins & Sparks (2002). Figure (5) shows
that the values proposed by Das (2002) are in
agreement with the test results. These results are
also in line with equations extracted from Caltrans
Seismic Design Criteria (2006).

The passive force vs. displacement curves that
show the results of a field experiment conducted
by Stewart et al. (2007) on a model abutment is
plotted in Figure (6). The graphs resulted from
Caltrans (2006), Rankin's theory and the displace-
ment suggested by Das (2002) for dense sand are
plotted to compare the theoretical calculations and
experimental measurements. The Rankin's theory

Table 4. Displacements relative to maximum friction forces
(American Lifelines Alliance, 2001).

Table 5. Typical Values of ∆a and ∆p (Das, 2002).

Figure 6. Passive earth pressure vs displacement for bridge abutments.

Figure 5. Relative passive earth pressure vs relative displace-
ment for bridge abutment.

seems to be a little conservative.
In order to be able to model both active and

passive pressures acting on the block, the earth
pressures at the back and front of the block
(passive earth pressure and active earth pressure)
are simulated with one single spring, called effective
passive spring. Figure (7) shows the force-dis-
placement diagram of the effective passive spring.
In this figure, ∆a is the necessary displacement
for mobilization of maximum active force and ∆p

is the necessary displacement for mobilization of
maximum passive force. For block displacements
less than ∆a, the stiffness is reduced due to the
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negative contribution of the active soil pressure.
For block displacements greater than ∆a,  the
effective force is equal to the passive force (Fp)
subtracted by the active force (Fa). Table (6) lists
the properties of the effective springs for different
soil types and anchor blocks.

Figure 7. Force-displacement properties of effective passive
spring.

Table 6. Effective Passive Spring Properties.

Figure 8. Force and displacement along the pipeline.

5. Results of the FEM Analyses

Initially, in order to evaluate the influence of
utilizing anchor block in the pipeline, no anchor
block was defined in the model. Figure (8a) shows
the longitudinal force and displacement response
along the 56 inch pipeline under internal pressure
of 1050 psi and temperature of 65o. The longi-
tudinal displacement reaches its highest value
(113 mm) at the end of the pipeline. The axial
force in the pipeline reaches its highest value
(15300 kN) at a distance about 300 m from the
end of the pipeline. Note that this force is equal to
the thrust force calculated by Equation (1) for
pipe internal pressure of 1050 psi and temperature
differential of 65o. To model an anchor block that
completely restrains the movements of the pipeline,
a fixed support in the longitudinal direction
was used at the location of the anchor block.
Figure (8b) shows the longitudinal force and dis-
placement response of the pipeline with a completely
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rigid anchor block. As anticipated, the rigid block
totally restrains the pipeline movement at the
support location and reduces the maximum longi-
tudinal displacement at the end of the pipeline to
30 mm. This displacement due to pipeline expansion
upstream of the fixed support. In this case, the
pipeline thrust force of 15300 kN is totally resisted
by the rigid anchor block.

5.1. Pipeline Response with Anchor Blocks Type
A and B

Figure (9) shows the result of the FEM analysis
for 56 inch pipeline with anchor blocks type A and
B embedded in soil type 2. In both cases, there
are some longitudinal displacement at the anchor
block location. This displacement results in sig-
nificant reduction of the thrust force resisted by
the anchor block in comparison with the rigid
block. This reduction is about 33% for soil type 1
and about 3 and 42% for soil types 2 and 4.

The passive, friction and total force on the block

A and B embedded in different soil types are listed
in Table (7). This table also lists the maximum
longitudinal displacements at the end of the pipe-
line, which indicated that the displacements are
almost the same for the two block types. This
table indicates that the total passive earth pressure
would never be mobilized. The friction spring
activates before passive spring because it needs
smaller displacements for complete mobilization.
Subsequently, as the temperature and displacement
increase, the portion of the passive pressure grows.
For example, for type A block in type-1 soil, while
all the friction force is activated, only 20.4% of
the total passive earth pressure and 50.1% of the
total calculated resisting force is mobilized. Note
that in ordinary design method, the whole resisting
force is taken into account to calculate the factors of
safety.

The forces applied to anchor block embedded
in various soils in various temperatures are plotted
in Figure (10). As shown in this figure, the friction

Figure 9. Force and displacement along the pipeline with anchor blocks.

Table 7. Forces and displacements in 56 inch pipeline.
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spring reaches maximum force and yields at
temperatures about 40oC to 50oC. As the friction
spring yields, the rate of increase in maximum
force with temperature decreases. It is also of
interest to note that the sum of the passive spring
and friction spring forces is less than the thrust
force calculated by Equation (1) (i.e., Q calculated).
This reduction is attributed to the displacement of
the anchor block and is more pronounced in soil
type 4 where the block displacement is larger
than the other cases.

Passive pressure and friction forces applied to
blocks type A and B embedded in different soil
types are plotted in Figure (11). The friction force
on block type B is higher than friction force on
block type A. Inversely, the passive force on
block type B is less than the passive force on
block type A. Therefore, in a soil that does not
have a proper passive resistance type B block
may perform better.

Figure (12) shows the displacements of the
anchor block embedded in different soil types.
Generally, block type B moves more than block
type A in soil types 1 and 2 and less than block A
in soil types 3 and 4. This difference is marginal
in low temperatures and is significant in high
temperatures.

Figure (13) shows the displacement of the block
and the end of the pipeline in different temperatures
for various soil types. The movement of the end
of the pipeline is significantly more than the block.
This is due to the longitudinal expansion of the pipe
between the block and the end of the pipeline. This
length is considered to be 45 m. It is recommended
to reduce this length as much as possible to prevent
excessive movement of the pipeline end.

5.2. Pipeline Response with an Optimized
Anchor Blocks

The results of analyses presented in the pre-
vious section clearly indicate that in soil types 3 and
4 (i.e., soft and stiff clay), the mobilized passive
earth pressure is less than 6% for a typical anchor
block (i.e., type A). In clayey soils where the
contribution of passive soil pressure for resisting
the trust force is not significant, the design of the
anchor block may be optimized by relying less on
the passive soil resistance and more on the frictional

Figure 10. Forces applied to anchor block embedded in various
soils vs temperature change.
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Figure 11. Block A nad B forces at different pipe temperatures.
Figure 12. Block A nad B displacement vs pipe temperature
change.
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resistance. To evaluate this hypothesis, a relatively
long 5.5m × 5.5m × 60m anchor block designated as
type C was analyzed in type 3 soil. The properties of
this anchor block are listed in Table (8). The volume
of this block is 80% of that of ordinary block type A.
Figure (14) shows the components of the forces ap-
plied to the anchor block type C. As shown in this
figure, very little passive pressure will be mobilized in
block type C and the resisting force is primarily the
friction force. At 50oC temperature, all the friction
force is activated, whereas the mobilized passive force
is marginal.

The block displacement for type A and type C
block are compared in Figure (15). At temperatures
less than 70oC, the displacement of block type C is
comparable to that of block type A. Figure (16) rep-
resents components of resisting force at different pipe
temperatures for block type A and C. The friction
force in block type C are more than block type A. On
the other hand, passive earth pressure is more in block
type A.

Figure 13. Block and end of pipeline movement vs tem-
perature.

Figure 15. Block displacement vs pipe temperature for block
type A and C.

Figure 14. Forces of the anchor block type C at different
pipe temperatures.
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Figure 16. Friction and passive force vs pipe displacement for
block type A and C.

Table 8. Block type C properties.

6. Summary and Conclusions

Concrete anchor blocks are commonly used to
restrain the movement of buried pipelines on both
sides of compressor stations. Current design pro-
cedures for anchor blocks are usually based on
providing adequate margin of safety against block
sliding, block overturning and soil bearing pressure.
In this study, the response of a 56-inch pipeline
with three different types of anchor blocks was
evaluated using finite element method. The anchor
blocks designed in accordance with the current
design procedures is designated as type A. Anchor
block type B with the same volume as block type
A has width equal to one-fourth, and length equal
to four times length of block type A. Anchor block
type C is a relatively long block with volume equal
to 80% of block type A. Nonlinear finite element
analyses was carried out to assess the response of
pipeline and anchor block at different operating
pressure and temperatures. The analyses were
performed assuming four different soil types, i.e.,
dense sand (type 1), loose sand (type 2), stiff
clay (type 3), and soft clay (type 4). The main
results are as follows.
1. In buried pipelines without anchor blocks, the

pipeline expansion takes place in a relatively

short length at the end of the pipeline. This
length, which is called the active length, increases
with increasing pipe diameter.

2. The classic equations give a satisfactory esti-
mate of thrust force on the anchor block if the
pipeline is fully restrained. However, a small
movement of the block leads to significant
reduction of thrust force.

3. Anchor blocks move due to the increase in
pressure and temperature. Generally, block type
B moves more than block type A in soil types
1 and 2 and less than block A in soil types 3 and
4. This difference is marginal in low temperat-
ures and is significant in high temperatures.

4. A large portion of the pipeline end displacement
depends on the length of the unrestrained part
of pipeline upstream of the anchor block. Since
the pipeline end displacement is the main factor
affecting the safety of the equipment attached
to the pipeline, it is recommended to reduce
this length as much as possible.

5. The friction force and passive earth pressure
are the resisting forces against thrust force.
As the friction force mobilizes in smaller dis-
placements, the contribution of this force in
controlling the displacements is more than the
passive force. For anchor blocks designed
according to current design procedures
(type A), the results of the analysis indicate
that 100% of the friction force and only up to
21% of passive earth pressure would be
mobilized at operating condition.

6. The displacement response of the pipeline in
soil type 3 with a relatively long block (type C)
is comparable to that of type A block. This
comparable response is achieved while the
volume of block type C is 20% less than block
type A.

7. The current design procedures that are based
on providing adequate margin of safety against
block sliding and overturning is flawed because:
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The thrust force is calculated assuming that
the anchor block is fixed in place. The results of this
study indicate that small longitudinal displacement
occurs at the anchor block location. This dis-
placement results in significant reduction of the
thrust force.

The resisting force consisting of the friction
and passive earth pressure are assumed to be fully
mobilized. The FEM results indicate that only a
fraction of the passive earth pressure will be
mobilized.
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