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Experimental, numerical, and analytical
investigation of the effect of compaction-induced
stress on the behavior of reinforced soil walls
Seyed H. Mirmoradi1,# , Maurício Ehrlich1 , Gabriel Nascimento2

Abstract
The influence of the compaction-induced stress (CIS) is experimentally, numerically and
analytically evaluated on the behavior of reinforced soil walls (RSWs), under working
stress conditions. Experimental studies have been carried out to evaluate the effect of the
compaction condition at the back of the block facing on the behavior of geosynthetic-
reinforced soil walls using three large-scale geosynthetic-reinforced soil walls con-
structed at the COPPE/UFRJ Geotechnical Laboratory. The numerical analyses have
been carried out using the two-dimensional finite difference computer program FLAC to
verify the influence of the compaction modelling procedure at the end of construction as
well as post-construction performance of a full-scale geosynthetic-reinforced soil, GRS,
segmental wall under surcharge loading. Two procedures for modelling the CIS found in
the literature were employed in the analyses. Moreover, the calculated values using two
design methods have been compared to the measurements and numerically calculated
maximum reinforcement load, Tmax, to evaluate the prediction accuracy of these methods
when the value of the CIS is relevant.

1. Introduction
The effect of backfill compaction on the behavior of

reinforced soil (RS) walls has been investigated and dis-
cussed in some studies found in the literature (e.g., Ehrlich
& Mitchell, 1995, Tatsuoka et al., 1997, Uchimura et al.,
2003, Ehrlich et al., 2012, Ehrlich & Mirmoradi, 2016).
Depending on the magnitude of the compaction-induced
stress (CIS) and the wall height, the horizontal residual
stresses in the reinforced soil mass may be much greater
than those from a geostatic origin, which may lead to a sig-
nificant increase in the reinforcement loads. This effect is
also dependent on the soil type, because higher interlocking
may lead to greater induced stress due to backfill compac-
tion. As a result, the structure becomes less sensitive to
post-construction movements. The final effect of this pro-
cess can be understood as a kind of over-consolidation or
pre-loading of the reinforced soil mass that may signifi-
cantly reduce post-construction movements (Ehrlich &
Mitchell, 1995, Ehrlich et al., 2012).

Depending on some controlling factors such as wall
height, backfill material, facing, reinforcement and founda-

tion stiffness, CIS may significantly affect the connection
load values, which may be strongly influenced by the dif-
ferential settlement (Ehrlich et al., 2012). A review of case
studies carried out by Koerner & Koerner (2013, 2018) in-
cluding 320 failed mechanically stabilized earth (MSE)
walls has shown that 72 % of the failure case histories had
poor or moderate compaction, which emphasized the influ-
ence of this factor on the wall performance. For the backfill
soil, it is recommended to achieve 95 % standard Proctor
compaction (Berg et al., 2009, Collin et al., 2002, Bernardi
et al., 2009, Koerner & Koerner, 2013).

Furthermore, regarding compaction conditions of the
backfill near the facing, some recommendations have been
made, such as using lightweight compaction equipment
(recommended by the Federal Highway Administration,
FHWA) or placing higher quality backfill in this zone to
obtain the desired properties with reduced compaction ef-
fort in order to minimize the compaction-induced outward
deformation and lateral stresses against the back of the fac-
ing. The application of heavy compaction equipment may
also cause structural damage of the wall facing. Neverthe-
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less, it should be noted that this zone is an important part of
the backfill from a structural standpoint and may have a sig-
nificant effect on the wall response, such as wall deforma-
tion and reinforcement strains (Hatami et al., 2008).

Most of the current design methods, which are limit
equilibrium (LE) methods or are based on the Rankine
method, do not explicitly take into account the effect of the
CIS on their calculations. Examples are the AASHTO
(2017) method in the USA and the BS 8006 (BSI, 2010)
method in the UK. This deficiency may be overcome by us-
ing the analytical method proposed by Mirmoradi &
Ehrlich (2015a) that included the effect of CIS to use with
any conventional design methods that do not already take
into consideration the effect of CIS in calculations. Never-
theless, these methods have also some other important
drawbacks. For example, these methods disregard the ef-
fects of reinforcement deformability, soil deformability,
and in some cases cohesion. Working stress design meth-
ods have been developed to overcome these deficiencies
and address more realistic approaches to the complex be-
haviour of reinforced soil structures (e.g., Ehrlich & Mitch-
ell, 1994, Ehrlich & Mirmoradi, 2016). The Ehrlich &
Mitchell (1994) method and the simplified version of this
method proposed by Ehrlich & Mirmoradi (2016) explic-
itly consider the effect of compaction in the determination
of the maximum tensile force in the reinforcements, Tmax.

Regarding the numerical simulation, it should be no-
tice that if boundary conditions, geometry, constitutive
models, parameters, and representative modelling proce-
dure are correctly employed, numerical modelling may be a
powerful tool to properly represent field conditions. Over
the last few decades, several numerical studies have been
carried out to investigate the influence of different control-
ling factors including the compaction effort on the behav-
iour of reinforced soil structures (e.g., Hatami & Bathurst,
2005, Guler et al., 2007, Ambauen et al., 2015, Mirmoradi
& Ehrlich, 2015b, Scotland et al., 2016, Zheng & Fox,
2017, Zheng et al., 2018, Jiang et al., 2019). In the studies
in which CIS was modelled, two procedures have been used
(hereafter referred to as procedures type I and type II):

Type I) a uniform vertical stress applied only to the
top of each backfill layer, as the wall was modelled from
the bottom up (e.g. Hatami & Bathurst, 2005, Guler et al.,
2007, Ambauen et al., 2015, Yu et al., 2016).

Type II) an equally distributed load at the top and bot-
tom of each soil layer (e.g. Mirmoradi & Ehrlich, 2015a,
2018a, Liu et al., 2017, Scotland et al., 2016).

Mirmoradi & Ehrlich (2014a, 2015a) stated that a
model of compaction procedure type II could properly sim-
ulate the effects of compaction observed in the physical
model studies. Moreover, a model of compaction proce-
dure type I overestimated the measurements, and the dis-
crepancy increased with depth and magnitude of the com-
paction effort. Nevertheless, Yu et al. (2016) stated that

“there is no obvious advantage of one method over the
other on theoretical grounds”.

The present study experimentally, numerically and
analytically investigates the influence of compaction-in-
duced stress in the reinforced wall performance. The exper-
imental study consists in the testing of large-scale geosyn-
thetic-reinforced soil walls constructed at the
COPPE/UFRJ Geotechnical Laboratory (Mirmoradi &
Ehrlich, 2018b). The numerical analysis is carried out using
the two-dimensional (2D) finite difference (FD) computer
program FLAC. The numerical simulation of the compac-
tion was performed using the two mentioned procedures
found in the literature. The behaviour of the wall was stud-
ied using both compaction procedures at the end of con-
struction as well as the post-construction (Nascimento et
al., 2020). Furthermore, two design methods are used to
evaluate the prediction accuracy of these methods, when
the induced stress due to the compaction is relevant (Mir-
moradi & Ehrlich, 2015b, Ehrlich & Mirmoradi, 2016,
Ehrlich et al., 2017).

2. Experimental study

2.1 Test characteristics and material used

A series of well-instrumented physical model walls
were constructed at the COPPE/UFRJ Laboratory of Physi-
cal Models. The results of two of these walls in addition to
another recently constructed wall are used in this paper to
evaluate the effect of compaction near the facing on the be-
havior of GRS walls. The three walls described here are
identified as Walls 1, 2, and 3.

A cross-section of a physical model is shown in
Fig. 1. The height of each physical model wall was 1.2 m.
The length and vertical spacing of the geogrid were 2.2 and
0.4 m, respectively. A flexible polyester geogrid was used
as reinforcement. Precast blocks were used for the wall
with block facing. The walls were constructed with the fac-
ing having an inclination value of 6° to the vertical. The
characteristics of the geogrid provided by the production
company are shown in Table 1.

Moreover, regarding the reinforcement length it
should be mentioned that in the laboratory test model the
length of reinforcement was designed in order to guarantee
no pullout of reinforcement from the resistant zone. Note
that, as discussed by Ehrlich & Mirmoradi (2013) the value
of maximum tension in the reinforcement may be consid-
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Table 1. Mechanical and physical properties of reinforcement.

Longitudinal tensile strength (kN/m) � 55

Transverse tensile strength (kN/m) � 25

Elongation (%) � 6

Weight (g/m2) 240

Opening size (mm) 20 � 30



ered independent of the reinforcement length if there is
enough length to guarantee no pullout failure. Furthermore,
based on the AASHTO (2017) specification for RSWs, a
minimum reinforcement length of 1.9-2.4 m, regardless of
wall height, has been recommended.

The backfill material consists of well-graded sand,
composed of crushed quartz powder with a significant
amount of fines (19 % < #200), D50 = 0.25 mm, curvature
coefficient Cc = 1, uniformity coefficient Cu = 8.9, and plas-
ticity index PI equal to zero. Figure 2 shows the particle
size distribution curve for the sand backfill.

In Wall 1, the entire surface of the backfill layers was
compacted using a light vibrating plate (Dynapac LF 81)
only. In Wall 2, first the entire surface of the backfill layers
was compacted using a light vibrating plate, and then the
backfill, except for 0.5 m from the back of the facing, was
compacted using a vibratory tamper (Dynapac LC 71-ET).
For Wall 3, the entire surface of the backfill layers was
compacted using the vibrating plate and vibratory tamper.
The equivalent static load of each compactor was deter-
mined through Kyowa accelerometers installed in the bod-
ies of the compactors. In this case, the concept of equivalent

static weight is the one presented by Ehrlich & Mitchell
(1994), rather than the classic definition related to the work
carried out by a force. The mass and the contact areas of the
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Figure 1. A cross-sectional view of a block face wall.

Figure 2. Grain-size curves for backfill soil.



two equipments are known and the related forces were de-
termined through the acceleration measurements. Using
this procedure, an equivalent vertical stress of 8.0 kPa was
obtained by the vibrating plate (hereafter referred to as the
“light compactor”), while 73 kPa was obtained by the vi-
bratory tamper (hereafter referred to as the “heavy compac-
tor”). Nevertheless, based on the back-analysis performed
by Ehrlich et al. (2012), an equivalent vertical stress of 63
kPa may be obtained by the vibratory tamper.

The soil unit weights after light and heavy compac-
tions were 19 and 20 kN/m3, respectively and the corre-
sponding relative density (Dr) were 71 and 89 %. The soil
friction angles, considering the measured unit weight, were
determined by triaxial and plane strain compression tests as
42° and 50°, respectively. Additional information about
properties of the backfill soil can be found in Ehrlich et al.
(2012), Ehrlich & Mirmoradi (2013), Mirmoradi & Ehrlich
(2016) and Mirmoradi et al. (2016).

The toes of the block facing of the walls were re-
stricted during the construction and surcharge application.
Figure 1 also shows a schematic view of the procedure used
to guarantee the toe restraint of the walls. Lateral move-
ment of the toe was restricted by a steel beam that was fixed
to the concrete U-shaped wall box using two bolts in each
side of the beam (see Fig. 3).

2.2 Construction sequence and surcharge loading

The construction of the model was performed in six
soil layers, 0.2 m thick and placed dry. The sequence of
construction of Wall 1 was developed in two stages per
layer of soil: (1) soil placement and (2) compaction of the
placed backfill using the vibrating plate. In Walls 2 and 3,

in addition to the two stages performed for Wall 1, a third
stage was performed that entailed compaction of the back-
fill layer using a vibratory tamper.

The 1 m wide zone at the bottom of the walls that in-
cluded the base of the block face was lubricated (sandwich
of rubber sheets and Teflon grease). To reduce the effect of
the lateral friction at the interface between the backfill soil
and the concrete wall, PVC sheets were installed in all lat-
eral faces of the wall that comprise the U-shaped concrete
box of the model. In addition, in order to assure a plane
strain condition during the tests, a thin layer of Teflon
grease covered by PVC and plastic sheets were used to min-
imize the friction between the soil and the model box. The
friction angle between the rubber sheets and the Teflon
grease was measured about 3°. Moreover, the concrete box
used to perform the physical model tests was designed to
make possible the assumption of no normal strain in the
transversal direction of the model walls.

Three layers of reinforcement were installed along
the height of the wall, placed at: 0.2 m (first layer), 0.6 m
(second layer), and 1.0 m (third layer) above the bottom of
the wall. Each reinforcement layer was longitudinally di-
vided into three sections, and only the 0.5 m reinforcement
placed at the center of the wall was instrumented. After the
end of construction, a surcharge loading of up to 100 kPa
was applied over the entire surface of the backfill soil using
an air bag. The surcharge load was then kept constant at
100 kPa. In the meantime, the toes of the walls were gradu-
ally released to the free base condition at the end of the toe
release (0.5 mm release in each step).
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Figure 3. Views of Wall 3 at the end of construction (a) and load cells installed to measure the toe horizontal load (b).



2.3 Instrumentation

The walls were instrumented to monitor the values of
the reinforcement load, toe horizontal load, horizontal fac-
ing displacement, horizontal stress on the back of the block
facing, and vertical displacement at the top of the walls. Re-
inforcement loads were monitored using the load cells in-
stalled at four points along the reinforcement (i.e. two load
cells at each point). The load cells allowed for reinforce-
ment load monitoring without the need to determine the re-
inforcement stress-strain curves, which are time dependent.
The load cells were also capable of counterbalancing the
temperature effects and bending moments and were strong
enough to resist the stress induced during the operation of
the compaction equipment (Ehrlich et al., 2012, Ehrlich &
Mirmoradi, 2013, Mirmoradi & Ehrlich, 2014b, Mirmoradi
et al., 2016).

The horizontal displacements of the wall face were
monitored by LVDTs. The horizontal facing displacements
were measured at the second (0.3 m height), fourth (0.7 m
height), and sixth (1.1 m height) layers. Furthermore, the
horizontal stress at the back of the block facing was moni-
tored using total stress pressure cells (TPCs). Two TPCs
were installed on the back of the blocks to evaluate the hori-
zontal stress values at the top and bottom of the back of the
block face. Those blocks were placed next to the second
and sixth soil layers.

The toe horizontal load was measured using the load
cells installed on the steel beam fixed to the concrete U-
shaped wall box. The load cells were placed between the
aforementioned steel beam and another steel beam installed
on the blocks of the first layer. As stated earlier, a 1-m wide
zone at the bottom of the walls that included the base of the
block face was lubricated. Thus, the toe was free and the re-

striction of lateral movements was guaranteed through the
load cells; the toe horizontal load was measured using these
load cells (see Fig. 3).

A special device was used for monitoring the vertical
displacements. This hydraulic settlement gage (HSG) con-
sists of an acrylic settlement cell filled with mercury con-
nected to a plastic tube, also filled with mercury, which is
monitored by a pressure transducer. Any settlement or
heave in the settlement cell can thus be related to the read-
ings in the pressure transducer. For all walls, the monitor-
ing points, HSG 1, HSG 2, HSG 3, and HSG 4, were located
at four different distances from the back of the face: 0.15,
0.6, 1.05, and 1.50 m, respectively. These instruments were
installed at the top of the walls and monitored the settle-
ment after the end of construction.

2.4 Test results

Figure 4 shows the comparison of the toe horizontal
loads observed at the end of construction during application
of the surcharge and during toe release for Walls 1, 2, and 3.
The results show higher toe horizontal loads for the walls in
which heavy compaction was applied (Walls 2 and 3). At
the end of construction, the toe horizontal loads for Walls 2
and 3, respectively, are about 2.9 and 2.4 times higher than
the value measured for Wall 1. At the end of loading, that is,
at 100 kPa, the ratios decrease to about 1.5 and 1.4, respec-
tively. Figure 4 also indicates the toe horizontal loads dur-
ing toe release of the walls. As shown, the toe horizontal
loads gradually decrease during toe releases of the walls.
The toes of the Walls 1, 2, and 3 were completely released
after 5, 7, and 8.5 mm, respectively.

Figure 5 presents the toe horizontal load increments
during stage construction for the walls. It is shown that, ir-
respective of the type of the compaction used for construc-
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Figure 4. Toe horizontal load vs. surcharge application and toe release for Walls 1, 2, and 3.



tion of the walls, the maximum toe horizontal load incre-
ment occurs at the end of the construction of the third layer.
Thereafter, the effect of the compaction on the toe horizon-
tal load decreases significantly. It may be expected that af-
ter a few more layers the effect of the compaction on the in-
crement in toe horizontal load values may disappear, in
agreement with the results of the numerical analyses pre-
sented by Mirmoradi & Ehrlich (2015b).

Figure 6 shows the sum of the maximum reinforce-
ment loads, �Tmax, at the end of construction (EOC), during
surcharge application and toe release. The figure indicates
that although the values of �Tmax are different at the EOC,
this difference decreases as the applied surcharge increases
and at the end of loading (EOL) similar values were mea-
sured for all walls irrespective of the compaction condi-

tions, which agrees with the discussion presented by
Ehrlich & Mitchell (1994) and Ehrlich et al. (2012). They
stated that compaction of backfill using heavy compaction
equipment may lead to a significant increase in the rein-
forcement load and this increase may vanish when the sur-
charge value exceeds the corresponding value of the
vertical stress induced by heavy compaction. Figure 6(b)
also illustrates that �Tmax increases for the walls during toe
release. Nevertheless, this increase is greater for the walls
in which the backfills were compacted using light and
heavy compactor equipment.

Figure 7 illustrates the measured values of the hori-
zontal displacements during construction (Fig. 7a) and the
average of the post-construction horizontal displacements
(Have) vs. surcharge application (Fig. 7b). The figure shows
that in Wall 3, in which the entire surface of the backfill was
compacted using the vibratory tamper, the highest and low-
est horizontal facing displacement occur during construc-
tion and post-construction, respectively. This is an ex-
pected behavior as the heavy compaction promotes
displacement during the construction period and reduces
post-construction horizontal displacement. This means that
heavy compaction may cause the reinforced soil mass to
exhibit a kind of over-consolidation that promotes a stiffer
behavior after construction (Ehrlich & Mitchell, 1994,
Ehrlich et al., 2012, Mirmoradi & Ehrlich, 2018b). Never-
theless, this behavior is not observed for Wall 2.

Furthermore, Fig. 7 indicates that both during con-
struction and the post-construction horizontal displacement
in Wall 2 are higher than that in Wall 1. This is also ob-
served in Fig. 8, in which the vertical displacements, mea-
sured using hydraulic settlement gage (HSG) at four posi-
tions at the end of loading and toe release, are presented.
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Figure 5. Toe horizontal load during construction.

Figure 6. Sum of maximum reinforcement load (a) during surcharge application and (b) toe release.



The figure shows the significantly greater vertical displace-
ments for Wall 2 in the first (0.15 m from the back of the
face) and second measurement positions (0.6 m from the
back of the face) compared with Walls 1 and 3. On the other
hand, in the third (1.05 m from the back of the face) and
fourth measurement positions (1.5 m from the back of the
face), similar values were obtained for all walls. It is also
indicated that the lowest vertical displacement values were
measured in Wall 3 (Mirmoradi & Ehrlich, 2018b).

As stated earlier, in Wall 2, the backfill was firstly
compacted with the light compactor. Then the heavy com-
pactor was used except for the first 0.5 m of backfill di-
rectly behind the facing. The high vertical displacement of

the backfill located close to the back of the facing may be
associated with an increase of the void ratio of the soil near
to the face due to the vibration promoted by the operation of
the tamper equipment nearby. This can be clearly seen in
Fig. 8, in which, the backfill soil unit weight vs. distance
from the facing is presented for the walls. As shown, in
Walls 1 and 3, the average backfill unit weights of 19 kN/m3

and 20 kN/m3 were measured after the end of compaction
operations, irrespective of the distance from back of facing.
In Wall 2 however, the magnitude of the soil unit weight
measured in the first 0.5 m zone was (~5 %) lower than
those measured in Wall 1, in which the same compactor
equipment (light compactor) was employed in the entire
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Figure 7. Horizontal facing displacement (a) during construction and (b) post construction.

Figure 8. Vertical displacement at the end of surcharge application, EOL (dashed lines), and toe release, EOR (solid lines) and backfill
soil unit weight for three walls.



surface of the soil layers. This highlights the importance of
the compaction condition close to the back of the facing
(Mirmoradi & Ehrlich, 2018b).

3. Numerical analysis

3.1 Compaction-induced stress

Duncan & Seed (1986) indicated that the compaction
operation may be modelled by load and unload cycles that
would induce high horizontal residual stresses in the soil. In
the field, the soil backfill goes through a complex stress
path because of the various load and unload cycles caused
by the passing of compaction equipment. The roller sinks
into the soil to a depth sufficient to produce a limit equilib-
rium condition. Note that the roller-soil contact area varies
with the shear resistance and stiffness of the backfill soil
that varies with the number of passes. This was simplified
by Ehrlich & Mitchell (1994) by assuming only one cycle
of load-unload for each layer of backfill. Note that in the
modelling of compaction-induced stress-strain, soil param-
eters representative of the backfill soil at the end of com-
paction should be used, so that they represent the condition
found at the last compaction cycle.

Figure 9 shows the assumed stress path due to the
compaction of the backfill layer by applying a single load-
unload stress cycle. In this figure, different stress states
were considered, corresponding with four conditions as fol-
lows: (1) soil placement; (2) compaction equipment opera-
tion; (3) end of compaction; and (4) placement of the next
soil layer. Due to the operation of the compaction equip-
ment, the vertical stress increases to the maximum effective
vertical stress induced during compaction, �’ZC,i and simul-
taneously the horizontal stresses would increase to their
maximum values (point 2). Although after unloading (at the

end of the compaction operation) the vertical stress returns
to its initial value, �’Z, (point 3), the same cannot be said to
occur for the horizontal stresses, as the soil is not an elastic
material. Thus, a residual horizontal stress remains in the
soil due to the compaction operation (��SX,C). The placing of
the next layer leads to an increase in vertical stress, and a
small variation in horizontal stress (point 4). The residual
horizontal stress completely disappears only when the geo-
static stress at the top of the soil layer overcomes the value
of the vertical stress induced during the compaction opera-
tions, �’ZC,i

Figure 10 shows a schematic view of the increase in
vertical stress during a roller operation in soil backfill. The
vertical stress at the top of each layer during the compaction
roller operation may be represented by a strip load, and an
elastic solution could be used to represent its evolution with
depth. For each soil layer the maximum stress increase dur-
ing the roller operation occurs at the point of soil-roller con-
tact, and decreases with depth. This depth depends on the
width of the load applied for the compaction operation, B.
For roller (strip load) and tamper (rectangular load) com-
pactors, the depths of soil in which about 10 % of the maxi-
mum stress increase would occur during the compaction
operation are about six and two times the load width, B, re-
spectively (Lambe & Whitman, 1969).

Ehrlich & Mitchell (1994) stated that “in multilayer
construction, the compacted layers are relatively thin, typi-
cally 0.15-0.3 m thick, and all points in each soil layer may
be assumed to have been driven to the same maximum soil
stress state during compaction”. Therefore, it may be as-
sumed that all points are driven to the same vertical induced
stress, �’ZC,i, due to compaction.

The lateral strain of the reinforced soil layer, in the di-
rection perpendicular to the face of the wall, reduces the
maximum horizontal stress induced by compaction when
compared to the maximum stress that would exist in cases
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Figure 9. Assumed stress path due to compaction of soil backfill
layer: (1) soil layer placement; (2) compaction equipment opera-
tion; (3) end of compaction; (4) next soil layer placement.

Figure 10. Vertical stress increase during a roller operation in the
backfill (strip load; Boussinesq elastic solution).



where there are no lateral strains. Therefore, the actual
maximum horizontal stress induced by compaction is also a
function of the reinforcements and facing stiffness (point 3
in Fig. 9). However, the vertical stress induced by compac-
tion may be assumed to be independent from the horizontal
strains (Ehrlich & Mitchell, 1994).

Tables 2 and 3 show the characteristics of various vi-
brating rollers and vibrating tampers, respectively, which
were provided by the producing companies. For plates, the
vertical compaction-induced stress, �’ZC,i, can be assumed
to be the average contact pressure at the base of the equip-
ment. The centrifugal forces listed are the maximum vibra-
tion amplitude of the rollers. Figure 11 shows the �’ZC,i

values of compactor rollers for soil with a specific 18 kN/m3

weight and various angles of friction, determined using
equations developed by Ehrlich & Mitchell (1994). For a
cohesionless soil, �’ZC,i is given by:

� 	
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�

�
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�
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(1)

where Ka is the Rankine active earth pressure coefficient, K0

is the at rest earth pressure coefficient calculated using
Jaky’s equation (Jaky, 1944); Q is the compactor equip-
ment equivalent static load, L is the length of the roller
drum, �’ is the effective soil unit weight and N� is the
soil-bearing capacity factor according to the Rankine
wedge theory, calculated by:

N � � �	 �
 � �
 � �tan( / )[tan ( / ) ]45 2 45 2 14 (2)

where �’ is the effective stress friction angle. As shown in
Fig. 11, the value of the induced stress due to compaction
operation significantly varies with the soil backfill friction
angle. The reader is directed to the paper by Ehrlich &
Mitchell (1994) for details about the derivation of the equa-
tions.

3.2 Model characteristics

The physical model used for the numerical modelling
validation was built at the Royal Military College of Can-
ada (RMC), and consisted of a 3.60 m high reinforced soil

Mirmoradi et al., Soils and Rocks 43(3): 419-439 (2020) 427

Mirmoradi et al.

Figure 11. Vertical stress induced by several compactor rollers
(after Ehrlich & Becker, 2010).

Table 2. Characteristics of various vibrating roller compactors (after Ehrlich & Becker, 2010).

Manufacturer Model Weight (kN) Width (m) Equivalent static load (kN) Vertical stress (kPa)

Case SV212 72.3 2.20 277 *

Müller VAP55P - 1.68 190 *

VAP70P - 2.14 320 *

Dynapac CA134PD 19.6 1.37 89 *

CA150PD 39.2 1.68 143 *

CA250PD 72.6 2.13 300 *

* See Fig. 11.

Table 3. Characteristics of rammer compactors (after Ehrlich & Becker, 2010).

Manufacturer Model Equivalent static load (kN) Base area (m2) Vertical stress (kPa)

Dynapac LT500 10.0 0.076 132

LT600 14.8 0.092 160

LT700 18.6 0.092 201

Wacker BS 50-4 14.7 0.092 159

BS 60-4 15.6 0.092 169

BS 70-2i 17.8 0.092 193



wall with a face inclination of 8° to the vertical. The rein-
forcement was provided by polypropylene (PP) geogrids
with 0.60 m vertical spacing and approximately 2.20 m
length (Hatami & Bathurst, 2006).

The numerical modelling was developed using the
code FLAC version 8.0.455 (Itasca Consulting Group,
2016), which is based on the finite difference method
(FDM). According to this method, the continuum material
(e.g. soil and concrete) is discretized into zone regions
(quadrilaterals) defined by grid points (GPs). Figure 12
shows the numerical grid used for the segmental retaining
wall.

The bottom GPs (first row) of the soil regions were
restrained to move in horizontal and vertical (x and y) direc-
tions, simulating a rigid foundation and a no-slip condition.
At the backfill far-end boundary, the GPs were allowed to
move only in the vertical direction and, at the first block,
the bottom GPs were allowed to move only in the horizon-
tal direction. A spring connected to a GP from the bottom
left corner represented the load ring from the physical
model, considering a 4 (MN/m)/m toe stiffness.

The mechanical connectors between the blocks and
reinforcements of the physical model were numerically
represented by two-node beam elements with large axial
and bending stiffness. The master/slave pair FLAC feature
made it possible to restrain the element nodes displace-
ments to the corresponding nodes of the block (x and y di-

rection) or GPs of the soil (y direction) regions. Cable ele-
ments represented the reinforcement with a nonlinear tan-
gent stiffness, calculated by (Hatami & Bathurst, 2006).
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where Jt = time-dependent reinforcement tangent stiffness
function; J0 = initial tangent stiffness; � = scaling function;
Tf = stress-rupture function for the reinforcement;
� = strain; and t = time. The parameters of this equation are
summarized in Table 4.

The CHSoil constitutive model was adopted for the
soil, based on a hardening/softening logic (Itasca Con-
sulting Group, 2016). The elastic shear and bulk modulus
are calculated by
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Figure 12. Numerical model grid, components and boundary conditions.



respectively, where � 	 � 
 � 
 �pm ( ) /� � �1 2 3 3 is the initial
value of the mean effective stress; Gref, Kref and pref are refer-
ence values; and m and n are constant exponents. In order to
avoid an inconsistent Poisson equivalent value, Ke is lim-
ited by 2Ge/3 < Ke < 49.66Ge.

The mobilized friction angle �m increases as a strain-
hardening behaviour represented by

d
G

p
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p
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where �p is the plastic shear strain and the plastic shear
modulus Ge is calculated by
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where �f is the ultimate friction angle and Rf is the failure ra-
tio, which assigns a lower bound to Gp.

To represent the typical dilation behaviour, the mobi-
lized dilation angle is assumed as �m = 0 for �m < �cv, then
�m = �f for �m > �cv, where �f is the ultimate dilation angle
and �cv is the mobilized friction angle at constant volume,
estimated by
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The values selected for the parameters (Table 4) pro-
duced a good match for the soil stress-strain curve under
confining pressures equal to 20 kPa and 30 kPa, and for
strain less than 1.5 % (Fig. 13), which corresponds to the
stress levels during the analysis.

The same procedure and interface values employed
by Huang et al. (2009) are used in this study. The contact
between components (i.e. block-block and block-soil) was
modelled with interface pairs based on Coulomb sliding
and normal/shear stiffness (Table 4). The interaction be-
tween the reinforcement and soil is modelled by the grout
feature, which provides a rigid attachment until the adhe-
sive strength is overcome, then slipping is allowed and fric-
tion force is calculated by the friction angle and cohesion.
High value of soil-reinforcement interface resistance em-
ployed in the analyses results in no slip between soil and re-
inforcement. As shown by Dyer & Milligan (1984) and
Jewell (1980), perfect adherence is a reasonable assump-
tion for a soil-reinforcement interface under working stress
conditions.

3.3 Numerical modelling of compaction

Backfill soil placement and compaction were mod-
elled during the stage construction. Two different proce-
dures were used for modelling the CIS during the construc-
tion sequence (Mirmoradi & Ehrlich, 2018a):
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Table 4. Input parameters from the full-scale wall.

Property Value

Soil properties

Model CHSoil

Friction angle, �f (°) 40 (triaxial) and 44
(plane strain)

Cohesion, c (kPa) 2.0

Ultimate dilation angle, �f (°) 11.0

Unit weight, � (kN/m3) 16.8

Bulk modulus number, Kref 575

Shear modulus number, Gref 500 (triaxial) and 600
(plane strain)

Bulk modulus exponent, m 0.5

Shear modulus exponent, n 0.5

Failure ratio, Rf 0.95

Reference pressure, pref (kPa) 101.3

Min. initial mean effective pres-
sure, p’m (kPa)

1.0

Reinforcement

Elastic axial stiffness (kN/m) variable, Eq. (3)

Initial tangent stiffness, J0 (kN/m) 115

Scaling factor, � 0.85

Rupture load, Tf (kN/m) 7.7

Modular block properties

Model Linear elastic

Size (m � m) 0.30 � 0.15 (length �
height)

Weight (kg) 20

Stiffness modulus (GPa) 2.0

Poisson’s ratio, � 0.15

Block-block interface

Friction angle (°) 57

Cohesion (kPa) 46

Normal stiffness, knbb (MPa/m) 1 000

Shear stiffness, ksbb (MPa/m) 50

Soil-block interface

Friction angle (°) 44

Dilation (°) 11

Normal stiffness, knbb (MPa/m) 100

Shear stiffness, ksbb (MPa/m) 1

Grout (backfill-reinforcement)

Friction angle (°) 44

Adhesive strength (kPa) 1,000

Shear stiffness [(kN/m)/m)] 1,000

Toe condition

Axial stiffness of anchor [(kN/m)/m)] 4,000



• Type I: A uniform vertical stress is applied at the surface
and then removed (e.g. Hatami & Bathurst, 2005) (re-
ferred to as procedure type I, see Fig. 14a).

• Type II: During the application of the vertical stress,
the GPs located at the bottom of the layer are pre-
vented from vertical displacement, which restricts the
vertical stress increment to only the layer being com-
pacted as suggested by Mirmoradi & Ehrlich (2015a)
(referred to as procedure type II, see Fig. 14b). This
means that during compaction of a given soil layer, no
vertical stress increase takes place in the underlying
layers. This approach is an adaptation of the original
procedure described by the referred authors, where the

vertical stress was applied to both sides (top and bottom)
of each layer.

Regarding the compaction condition of the physical
model considered in this study, it should be mentioned that
the first 0.5 m directly behind the wall-facing was hand-
tamped to a target 95 % of standard Proctor density, using a
rigid steel plate to minimise construction-induced outward
deformation and lateral stresses against the back of the fac-
ing. The backfill located beyond 0.5 m of the facing was
compacted in 150 mm lifts using three passes of a walk-
behind, gasoline-powered, vibrating-plate compactor
(Whacker VPG-155A) with a dynamic contact pressure of
55 kPa (Bathurst et al., 2009).

For the numerical modelling of compaction, two con-
ditions were considered, as shown in Fig. 14: A) The verti-
cal stress used to model the CIS in the first 0.5 m behind the
facing was 8 kPa, and the value of 55 kPa was employed for
the backfill located beyond 0.5 m of the facing; B) The
value of 55 kPa was applied to the entire surface of the
backfill (including the first 0.5 m behind the facing). These
two conditions have been considered in all the analyses us-
ing the different procedures employed for modelling CIS,
i.e. types I and II. Note that in the physical model, the first
0.5 m directly behind the wall-facing was hand-tamped us-
ing a rigid steel plate and beyond that was compacted using
a vibrating-plate (Whacker VPG-155A) with a dynamic
contact pressure of 55 kPa (Bathurst et al., 2009). After the
end of construction, a uniform vertical stress was applied at
the entire surface of the top of the wall. The vertical stress
was gradually raised by increments of 0.001 kPa to 80 kPa.

Figure 15 shows two different approaches for the sim-
ulation of the induced stress due to compaction. Figures 15a
and b show a schematic view of the numerical modelling of
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Figure 14. Compaction procedures employed in the numerical
analyses.

Figure 13. Soil constitutive model response compared to mea-
sured values from (a) triaxial and (b) plane strain tests presented
by Hatami & Bathurst (2005).



compaction-induced stress using a distributed load, qc, at
the top of each soil layer (type I); and distribution loads, qc,
at the top and bottom of each soil layer (type II), respec-
tively. Stage construction is used in all procedures, and
compaction modelling is represented by only one cycle of
loading and unloading for each soil layer. In Fig. 15, four
steps for backfill soil construction in a specific soil layer, n,
were considered: (1) soil layer placement, (2) compaction
equipment operation, (3) end of compaction, and (4) next
soil layer placement (layer n + 1). Figure 15a, step (2)
shows that when procedure type I is used for numerical
modelling of the induced stresses due to compaction in soil
layer n, it leads to a constant increase in the vertical stress
due to compaction, qc, in all layers below. The dashed line
in this figure shows the expected vertical stress increased
during the roller operation for soil layer n based on the strip
load elastic solution, where its maximum value takes place
at soil-roller contact and decreases significantly with depth.
This figure clearly shows that using the distribution load
solely at the top of each soil layer when modelling compac-
tion cannot match the actual field conditions represented by
the elastic solution.

Figure 15b shows a schematic view of procedure type
II, as suggested by Ehrlich & Mirmoradi (2013) and Mir-
moradi & Ehrlich (2015a) for the numerical simulation of

the induced stress due to compaction. Figure 15b, step (2)
shows that when procedure type II is used for the soil layer
n, all points in this soil layer would be driven to the same
vertical stress increase. In addition, for the soil layers
placed under this layer, only geostatic stresses occur. A
comparison between the curves related to the compaction
modelling using procedure type II, and the dashed line rep-
resented by the elastic solution, indicates that this proce-
dure may be more representative of the actual induced
vertical stress during roller operation.

Of note, the compaction was simulated by applying a
single load-unload stress cycle, which may closely repre-
sented the actual multicycle load-unload stress path during
compaction (Ehrlich & Mitchell, 1994). Campanella &
Vaid (1972) through laboratory tests of multicycle loading
and unloading have shown that the residual stress state of a
multicycle loading and unloading can be conservatively de-
termined by using the largest virgin hysteretic stress cycle.
Thus, the one hysteretic cycle assumption may be consid-
ered to be conservative; i.e., the estimated horizontal stress
should be an upper-bound value for the actual one.

In the analyses performed, for both type I and II pro-
cedures, the load increments were gradually applied over
20,000 steps in order to assure numerical stability.
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Figure 15. Modelling of the vertical stress load-unload cycles verified during the compaction of the backfill layer, using compaction
procedures types I and II.



3.4 Results and discussion

The results obtained from the numerical analysis for
the different compaction modelling approaches described

above are compared with the measured values presented by

Holtz & Lee (2002) and Hatami & Bathurst (2005, 2006).

Figure 16 shows the reinforcement strain at the end of con-
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Figure 16. Measured and calculated values of reinforcement strains using different compaction modelling (a) at the end of construction
and (b) under 50 kPa surcharge.



struction (EOC) and under a 50 kPa surcharge. The figure
indicates that, in general, the determined values using com-
paction modelling type II properly represented the mea-
surements, while the type I modelling overestimated the
reinforcements strain. This agrees with the results pre-
sented by Mirmoradi & Ehrlich (2018a), who used PLA-
XIS 2D to simulate the same physical model wall up to the
end of construction.

The connection loads calculated using type II-A and
type II-B compaction modelling agree well with the mea-
surements at EOC (Fig. 17a) and under 50 kPa surcharge
(Fig. 17c). The connection loads calculated using compac-
tion modelling type I-A & B led to overestimated values at
EOC. Moreover, for 50 kPa surcharge loading and the com-
paction condition type I-B, the numerical model, except for
the 6th reinforcement layer, over-predicted the measure-
ments. However, when the type I-A compaction condition
was considered, the results are close to the measured val-
ues. Note that the analyses performed using the type I pro-
cedure led to results that were nearly the same for EOC and
during surcharge application (see Fig. 17a, b and c). On the
other hand, the type II compaction modelling led to more
realistic results, in which the connection load significantly
increases with surcharge, as observed in the measured val-
ues obtained from the physical model wall. The discrep-
ancy between the behaviour of the experimental models
considering different compaction condition near the face
and numerical analyses is related to the variation of the soil
parameters. In the numerical analyses, the soil parameters

used were the same, irrespective of the compaction
conditions. In the physical models, however, both soil pa-
rameters and stress conditions were changed, as discussed
earlier.

Figure 18 presents the measured and calculated fac-
ing horizontal displacements at each block layer during the
stage construction. The displacements calculated for the
modelling of compaction type I at EOC are overestimated
and remain nearly constant up to 50 kPa surcharge loading,
which is close to the pressure applied to model the CIS
(55 kPa). The results of the numerical analyses in which the
compaction type I was employed show a larger facing dis-
placement compared with the measurement. This overesti-
mation is more highlighted considering the lower values of
the surcharge. Moreover, the shape of the facing profile is
different and the maximum facing displacement did not oc-
cur at the wall top as observed in the physical model. On the
other hand, the predictions using type II modelling are in
good agreement with the physical model measurements,
with slightly larger values determined for the model with
compaction type II-B than type II-A.

The displacement calculated at the facing at 0.3 m
from the toe was larger than the measurement for all condi-
tions and types of CIS modelling. These results may indi-
cate that the toe stiffness assumed in the numerical analyses
is smaller than the real response. The value used in the pres-
ent analyses was the same as that used by Hatami & Ba-
thurst (2006), based on measurements in the physical
model (4 MN/m).
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Figure 17. Measured and calculated values of connection loads using different compaction modelling (a) at the end of construction, (b)
under 20 kPa and (c) 50 kPa surcharge.



Regarding the toe reaction loads during the construc-
tion, good agreement is observed between the measure-
ments and calculated values when type II compaction
modelling is used (Fig. 19a). Nevertheless, the type I mod-
elling presented good results only for the vertical reaction
and significantly overestimated the horizontal load. The de-
termined results indicate that vertical reaction at the toe is

mainly controlled by geostatic stress and is not affected by
the type of modelling of the compaction induced stress.
During the surcharge application, when type II modelling is
used, good agreement is observed between the measured
and calculated values up to 30 kPa, and then both compac-
tion types and conditions led to larger values than the mea-
surements (Fig. 19b).
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Figure 18. Measured and calculated values of the horizontal facing displacement at the end of construction (EOC) and under different
surcharge loading.



Figure 20 shows the calculated and measured values
of the vertical pressure at the base of the wall. The values
were normalized considering the geostatic vertical stress at
that depth (soil unit weight, �s times wall height, H, plus
surcharge, q). The results show no significant difference
between the considered compaction modelling types and
conditions, since, as discussed above, the geostatic stress
may be the predominant controlling factor of the vertical
pressure at the base of the wall.

In general, the calculated and measured normalized
pressure agree and are about 1.0, except near to the face,
where at 0.15 m and 0.40 m from the facing, the values
were 2.2 and 0.3, and 1.6 and 0.5 for EOC and under the

surcharge of 55 kPa, respectively. This behaviour is mostly
due to the arching effects related to the differential vertical
movements of the facing and the base of the wall.

4. Evaluation of design methods

Ehrlich & Mirmoradi (2016) proposed an analytical
procedure for the calculation of Tmax under working stress
conditions. This method explicitly takes into account the
effect of CIS, reinforcement and soil stiffness properties
and facing inclination. The proposed method was based on
Ehrlich & Mitchell’s (1994) procedure. There are three key
differences between the proposed method and Ehrlich &
Mitchell’s (1994) procedure: (1) the effect of the facing in-
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Figure 19. Measured and calculated values of the vertical and horizontal toe reactions using different compaction modelling (a) during
the construction stages and (b) under different surcharge loading.

Figure 20. Measured and predicted distributions of contact pressures at the base of the wall using different compaction modelling (a) at
the end of construction and (b) under 50 kPa surcharge pressure.



clination is considered in the new method, while the origi-
nal method was developed for vertical walls; (2) the calcu-
lation of Tmax using the Ehrlich & Mirmoradi (2016) method
does not need iteration, which was required by the original
method; and (3) the equations are simpler to use.

Furthermore, Mirmoradi & Ehrlich (2015a) proposed
a new simple analytical procedure that includes the effect
of the induced stress due to backfill compaction for use
with conventional design methods of GRS walls. This pro-
posed analytical procedure may be used with any conven-
tional design methods that do not take into consideration
the effect of CIS in their calculations. Of note, the currently
used design methods do not explicitly take into consider-
ation the effect of the compaction-induced stress in the cal-
culation [e.g., AASHTO, 2017, FHWA, 2008]. Therefore,
the proposed analytical method could be used to modify the
calculated Tmax using these methods to consider the effect of
CIS in calculation.

In order to verify the prediction accuracy of the ana-
lytical procedures, in Fig. 21 the measured values of the
summation of the maximum tension mobilized in the rein-
forcement provided by Ehrlich & Mirmoradi (2013), �Tmax,
was compared with those determined by FLAC for com-
paction procedures type I and II, the Ehrlich & Mirmoradi
(2016) method, the AASHTO simplified method, and the
modified calculated values by the AASHTO method to
consider the effect of CIS, called AASHTO modified. The
vertical dotted line in Fig. 21 represents the compaction in-
fluence depth, Zc. The equivalent depth of the soil layer (Zeq)
is defined by:

Z Z
q

eq 	 

�

(9)

where Z and q are the real depth of a specific layer and the
surcharge load value of the physical model, respectively.
As shown in Fig. 21, the values measured from the physical

model were properly captured by the AASHTO modified
method, the Ehrlich & Mirmoradi (2016) method, and the
numerical analysis using compaction procedure type II.
However, regardless of the value of Zeq, the curve corre-
sponding to the numerical simulation using compaction
procedure type I overestimates the values of �Tmax and this
discrepancy increases with equivalent depth.

Comparison of the results corresponding to the condi-
tions with and without induced stresses due to compaction
illustrates that for compacted backfill soil walls, when
Zeq < Zc, the values of �Tmax are greater than the values ob-
tained for the no-compaction conditions. However, for
Zeq > Zc, the compaction-induced stress was overcome by
the geostatic stress and the values determined are the same
irrespective of whether or not the induced stress due to the
backfill soil compaction is considered in the analysis.

In Fig. 21, the results related to the condition without
compaction are also shown. These curves were obtained
with the Ehrlich & Mirmoradi (2016) method, the
AASHTO simplified method, and by numerical modeling
with FLAC. The results show practically similar values for
the no-compaction condition.

Figure 22 shows a comparison of the maximum mo-
bilized tension in each reinforcement layer, Tmax, vs. depth
determined with FLAC for the described numerical com-
paction modeling (type I and II) and calculated values using
the Ehrlich & Mirmoradi (2016) method and the AASHTO
methods (i.e., AASHTO simplified and AASHTO modi-
fied), for the compaction-induced stresses of 63 (Fig. 22a)
and 120 kPa (Fig. 22b), respectively.

In Figs. 22, for the analyses in which the compaction
modeling type II was used, a consistent representation of
the expected behavior is found and discussed as follows.
For Z > Zc, the effect of compaction vanishes because the
geostatic stress overcomes the induced stress due to back-
fill soil compaction. Furthermore, Tmax is the same; regard-
less the induced stress due to backfill soil compaction is
included (Z > Zc). However, when Z < Zc, Tmax would be
greater than the corresponding values for the no-compac-
tion condition. Nevertheless, for the analyses in which the
compaction modeling was performed using procedure type
I, the Tmax values are much larger than the previous values
and this overprediction increases with depth. Good corre-
spondence is also observed for the determined results using
the AASHTO modified method and the Ehrlich & Mir-
moradi (2016) method.

5. Conclusions

The present study experimentally, numerically and
analytically investigated the effect of the compaction-ind-
uced stress on the behavior of GRS walls. The experimental
evaluation was performed using three large-scale GRS
walls with different compaction condition at the back of
block facing constructed at the COPPE/UFRJ Geotechnical
Laboratory. The numerical analyses were carried out using
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Figure 21. Comparison of measured and determined summations
of the maximum reinforcement loads.



two different procedures to simulate the CIS and the results
of the modelling during construction and post construction
were compared against the data from a full-scale GRS seg-
mental wall built at the Royal Military College of Canada.
Furthermore, the calculated values of Tmax using two design
methods have been compared to the measurements and nu-
merically calculated Tmax to evaluate the prediction accu-
racy of these methods when the value of the CIS is relevant.
The main findings of this study are summarized, as follows.

The results of the experimental study highlight the
importance of the compaction conditions close to the back
of the facing. It is shown that when the backfill near the
back of block facing is not adequately compacted, the max-
imum reinforcement loads, horizontal and vertical displa-
cements of the GRS wall increase during construction and
post construction. It should be noted that in the real field-
work, on one hand, it is common to prevent operation of
heavy compactors behind the facing to minimize compac-
tion-induced outward deformation and lateral stresses
against the back of the facing. On the other hand, due to in-
adequate compaction in this zone, the wall may present un-
expected behavior as observed in the performed tests.
Therefore, it may be a good specification for backfill com-
paction to be performed using tamper compaction in the in-
terval of 0.5-1.0 m behind the facing and roller compaction
beyond that. Tamper compaction may lead to a more simi-

lar compaction induced stress found in a typical roller com-
paction (Ehrlich & Mirmoradi, 2016, Mirmoradi & Ehrlich,
2018b).

Considering the compaction modelling by applying a
uniform vertical stress to the top of each backfill layer, the
numerical analyses significantly overestimate the mea-
sured values of the reinforcement strains, connection loads
and facing displacement. When the compaction was simu-
lated by applying a distribution load at the top and bottom
of each soil layer, satisfactory agreement has been gener-
ally observed between measurements and calculated values
during construction (Mirmoradi and Ehrlich, 2018a) and
surcharge loading (Nascimento et al., 2020).

The measured and calculated Tmax values were com-
pared with the AASHTO simplified, AASHTO modified
and Ehrlich & Mirmoradi (2016) design methods. The
Ehrlich & Mirmoradi (2016) method properly captured
measured and calculated values of Tmax whether or not CIS
is applied on the backfill. The AASTHO simplified method
may properly represent Tmax, in which no CIS was assumed
for a wrapped-face wall. However, the AASTHO method
may underestimate Tmax for the walls, in which a high com-
paction-induced stress assumed. The procedure proposed
by Mirmoradi & Ehrlich (2015a) may satisfactory modify
the calculated values by the AASHTO method to take into
consideration the effect of CIS.
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Figure 22. Depth of wall vs. individual values of Tmax at the end of construction; a) �’ZC,i = 63 kPa, and b) �’ZC,i = 120 kPa.
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