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ABSTRACT: Larger vertical reinforcement spacing (Sv) values in geosynthetic reinforced soil (GRS) walls may lead to global
instability, facing detachment, increased connection load and downdrag effects. A practical solution to mitigate these issues is the
inclusion of intermediate secondary reinforcement layers, typically 1 m in length. The present study numerically investigates the
combined effects of secondary reinforcement length and stiffness, facing-reinforcement connection condition and Sv values, on the
performance of GRS walls under working stress conditions. Field data from a well-instrumented full-scale GRS wall were utilized for
model validation. The results demonstrate that the inclusion of secondary reinforcement decreases the maximum tensile load in primary
reinforcements (Tp,,x) and the lateral wall displacement. Moreover, the secondary reinforcement inclusion moves the location of Ty, 15
from the connection to a distance corresponding to the length of the secondary reinforcement layers. However, the beneficial effects
of increasing secondary reinforcement stiffness depend on the secondary reinforcement length, reflecting a combined effect. For a
constant relative soil-reinforcement index, different vertical reinforcement spacing values may not affect the distribution of Ty,,,4 values
and locations for GRS walls with and without secondary reinforcements.
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1 INTRODUCTION

The internal ultimate limit states from geosynthetic reinforced
soil (GRS) walls include reinforcement rupture, reinforcement
pullout, facing detachment, local instability and reinforcement-
facing connection failure. The origin of many internal stability
problems can be associated with the adoption of large vertical
reinforcement spacing (Sv).

The recommended vertical reinforcement spacing for
geosynthetic reinforced soil walls with modular block facing
should be limited to no more than twice the depth of the facing,
measured from the front to the back. Generally, the Sv value
should not exceed 0.8 m.

An efficient field compaction operation can be applied to
enhance soil performance by increasing its strength and
stiffness. In addition, intermediate reinforcements, typically 1.0
m in length, can be included near the facing in order to increase
local stability. Since these short reinforcements are not, in
principle, designed to mobilize the loads necessary for global
stability, they are called secondary reinforcements.

Secondary reinforcements are initially assigned to
decrease Sv values without the same executive and cost expense
as the primary reinforcements. They can be included in any
GRS wall construction system. For example, the reinforcement
wrap length in a flexible wrapped-face wall can be understood
as a secondary reinforcement condition. In addition to its initial
application, several studies showed that the secondary
reinforcement can reduce connection and maximum primary
reinforcement loads (T,,x); increase stability near wall facing;
reduce displacements; alleviate downdrag forces and change
wall failure mode (e.g. Ling et al., 2000; Leshchinsky and
Vulova, 2001; Lelli et al., 2015; Gu et al., 2017; Jiang et al.,
2016, 2019, 2020).

However, none of the previous studies evaluated the
combined effect of secondary reinforcement length and
stiffness with other controlling factors of GRS walls, as
connection type. Moreover, there is no assessment of the
influence of secondary reinforcement on the location of T,y
for primary reinforcements. T, location is an important
indicator of the internal failure surface in GRS walls, required
for internal design (Mitchell and Villet, 1987; Juran and
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Christopher, 1989; Christopher et al., 1990), analytical
frameworks methods and failure mode investigations (e.g.
Correia et al., 2011; Jacobs et al., 2016; Benmebarek and
Djabri, 2017; Abu-Farsakh et al., 2019; Morsy, 2021).

Based on extensive and high-quality instrumented field
data of a GRS wall with secondary reinforcement (Jiang et al.
2016), the present study numerically evaluated the effect of
secondary reinforcements under working stress conditions,
evaluating the wall performance in terms of location and value
of Tyhax» facing horizontal displacement and impact of different
vertical reinforcement spacing.

2  NUMERICAL MODEL VALIDATION

A two-dimensional plane-strain numerical modelling was
performed using the finite-element computer software Plaxis
(e.g. Brinkgreve and Vermeer, 2024). The numerical model
geometry reproduced the real instrumented GRS wall from
Jiang et al. (2016). The model includes a vertical block facing
of 11.7 m height, an 18.6 m long reinforced soil, a 17.4 m long
retained soil region, a 20 m deep soil foundation, a 2.2 m height
embedment soil in front of the wall facing and a 5 m height
asymmetric backslope at the wall top. The bottom of the model
was fixed in both orthogonal directions and the left and right
sides were fixed horizontally but set to be free vertically.
Triangular elements with 15 nodes were used in the model, and
a fine mesh was used to divide the backfill and retained soil into
discrete segments. The model had a total of 14,452 elements
and 118,294 nodes. A sensitivity analyses were performed to
define the numerical mesh until the performance of the model
was not affected by the mesh size and geometric boundary
limits.

Input parameters were based on field measurements, the
numerical validation of the same GRS wall by Jiang et al.
(2019) and from triaxial tests conducted on the reinforced soil
fill. The reinforced soil performance was modelled with the
Hardening Soil model (HS model), which correlates the soil
stiffness with the strain level and the confining stress. The HS
model properly captures the soil stiffness under loading-
unloading conditions, which 1is essential to simulate
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compaction-induced stress correctly. Four types of 18.3 m
primary reinforcements, distributed in two vertical spacings
(0.4 and 0.6 m), were modeled with a linear elastic material
model, with secant tensile stiffness modulus varying from 360
to 860 kN/m. In addition, there are 1.3 m long secondary
reinforcements in every layer between primary reinforcements,
with a 330 kN/m stiffness modulus. A model without secondary
reinforcements was also modeled with the same characteristics
except that it lacks the aforementioned secondary
reinforcement.

The numerical model was constructed in stages. In general,
the stages sequence include the foundation equilibrium under
gravitational conditions, placement and compaction of 0.2 m
thick soil layers, inclusion of the reinforcements in their
respective wall heights and activation of backslope and
embedment soils. The soil compaction was modelled with an 8
kPa induced stress (e.g., Jiang et al. 2019, 2020) with a single
loading-unloading cycle of equally distributed load at the top
and bottom of each soil layer (e.g., Mirmoradi and Ehrlich,
2014a, 2015, 2018; Scotland et al., 2016; Mirmoradi et al.,
2020; Nascimento et al., 2020; Ehrlich et al., 2021; Wang et al.,
2022).

To more accurately represent field conditions, the
numerical model investigated two type of connections between
the facing and the reinforcement: loose and tight. These were
based on the field conditions reported by Jiang et al. (2016).

Table 1 gives the input parameters for reinforced soil zone
used in this validation procedure. More details about the
numerical validation process, wall geometry and input
parameters can be found in Floréncio et al. (2025).

Table 1. Input parameters for the reinforced soil zone in validation
analysis.

Parameter Values
Unit weight, y (kN/m?®) 18.1
Cohesion, ¢ (kPa) 1
Soil (plane strain) friction angle, ¢’ (°) 52
Dilation angle, Y (°) 8
Reference pressure, prer (kPa) 100
Unloading/reloading Poisson’s ratio, vy, 0.1
Stress dependence exponent, m 0.52
Failure Ratio, R¢ 0.9
Coefficient of pressure at rest, K, 0.248
ELS" (MPa) 31.50
El*Y (MPa) 29.25
E. (MPa) 109.8

Figure 1 shows the normalised distribution of maximum
primary reinforcement load plotted against normalised wall
height, with and without secondary reinforcement inclusion and
after backslope construction. For the model with secondary
reinforcement, two connection conditions were employed. The
field measurements represent a wall section with secondary
reinforcement (red square symbol) and field instrumentation
measurements in a wall section without secondary
reinforcement (red triangle symbol). The Rankine active state
line is also presented for the internal friction angle used in
numerical validation. The shaded area in the graph represents
the height of embedment soil in front of the wall facing.

In general, there is a good match between field monitoring
data and numerical predictions. The measured and numerically
calculated data indicate an increase in Ty, With depth up to the
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top of toe embedment; thereafter, it decreases due to toe
restraint. Moreover, Figure 1 shows that the inclusion of
secondary reinforcement reduces T,y to values below the Ka
line. Considering a tight connection between block facing and
primary reinforcements, the Ty ., values are slightly higher
compared to the loose connection condition.
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Figure 1. Distribution of normalized maximum tensile stress from

field measurements and numerical predictions.

Figure 2 shows the lateral wall displacement at the end of
construction [Figure 2a] and after backslope construction
[Figure 2b]. The field measurements include wall section with
and without secondary reinforcements. The numerical
predictions correspond to the field location of the vertical
inclinometer, 0.35 m behind the wall facing, considering two
conditions for reinforcement connections.

As shown, the numerical models demonstrate good
predictive capability compared to the field monitoring data. It
is observed that there is a decrease in lateral displacement with
secondary reinforcement inclusion. For models with secondary
reinforcement, a tight connection between reinforcement and
wall facing leads to a decrease in lateral wall movement.

3 PARAMETRIC STUDY

The parametric study was conducted with a modified version of
the validation model. The modifications were employed to
simplify the model, ensure the expected performance of a GRS
block-facing wall and follow the common practice in the design
of GRS walls. The modifications include the following: the
backslope was removed from the wall top; the embedment soil
was removed from the facing toe; the primary reinforcement
length was fixed as 0.7 times the wall height; the primary
vertical reinforcement spacing was fixed at 0.4 m; all primary
reinforcements had the same stiffness (800 kN/m in the baseline
model); only tight connector contact between reinforcement
and block facing and the value of the backfill soil friction angle



in reinforced zone was changed to 40°, consequently modifying
all parameters related to it.
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Figure 2. Comparison of lateral wall displacements from field
measurements and numerical predictions: (a) end of construction (b)
after backslope construction.

For parametric analysis, despite the difference in primary
reinforcement spacing and reinforcement stiffness, the value of
the relative soil-primary-reinforcement stiffness index, Sj,
defined by Ehrlich and Mitchell, 1994, was kept constant. For
this study, considering the atmospheric pressure and the
modulus number of the hyperbolic stress-strain curve as
constants, a simplified form of S; is:

Si=Jr/Sy )

From equation (1): J, is the secant tensile stiffness modulus of
reinforcement and S, is the vertical reinforcement spacing. In
parametric study, was used the relation S;s/S;,,, wich is a index
that relates the soil-reinforcement stiffness for each type of
reinforcement. S;g is the relative soil-reinforcement stiffness
index of the secondary reinforcement.

Table 2 presents the conditions of the parametric study.
The asterisk determines the baseline model values. For all
analyses, the facing was vertical, the wall height was 11.7 m
and the S, between secondary reinforcement was 0.4 m. The
secondary reinforcement length is considered from the external
face of the block.

Table 2. Conditions of the parametric study.

Parameter Values/Conditions

Secondary reinforcement

Length, Lg: m 0.8, 1.3* 1.8 and 2.3
Stiffness, J,5: kKN/m 400, 800*, 1600 and 16000
Sis/Sip 0.5, 1.0%,2.0 and 20

Primary reinforcement
Stiffness, J,p: kN/m 800*, 1200, 1600 and 2000

Vertical spacing, S,,: m 0.4*,0.6,0.8and 1.0
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4  RESULTS AND DISCUSSION

Figure 3 indicates the normalised wall height (h/H), where h is
the height from the wall bottom and H is the total wall height,
plotted against normalised values and locations of Ty, in
primary reinforcement. The results presented in Figure 3 are
related to the baseline model without secondary reinforcement
and with different values of S,. The stiffness of primary
reinforcement changed according to the S,, in order to maintain
a constant value of S;,. The active state condition (Ka line) is
also presented as a reference.

Despite the difference in the S,, the T, values and
location did not change since the Sy, is kept constant. Without
secondary reinforcement the Ty, ., values [Figure 3a] are equal
or slightly higher than the Ka line for reinforcement layers
approximately above 3.5 m from the GRS wall bottom. Due to
the combined effects of the block facing stiffness and toe
resistance, the Ty, 5 values are lower than the corresponding Ka
line near the wall bottom. This behavior agrees with several
other studies found in literature (e.g., Rowe and Ho, 1993,
1997; Ho and Rowe, 1996; Liu and Won, 2009; Han and
Leshchinsky, 2010; Ehrlich and Mirmoradi 2013; Mirmoradi
and Ehrlich 2014, 2016, 2017; Mirmoradi et al., 2016, 2021;
Jiang et al., 2019). Furthermore, the location of the Ty, in the
primary reinforcement [Figure 3b] was at the connections,
except for the reinforcement layers placed near the wall bottom.
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spacing values.

Figures 4 and 5 present the effect of secondary reinforcement
stiffness and length in the Ty, ., value and location, respectively.
The shaded area represents the regions of the secondary
reinforcement inclusion behind the wall facing. Figure 4 is
related to models with the baseline value of Lg and increasing
Sis/Sip- Figure 5 is related to models with the baseline value of
Sis/Sip and increasing L.

The results from Figure 4a, show that the inclusion of
secondary reinforcement reduces the Ty, in primary
reinforcements. Compared to the model without secondary
reinforcement, the summation of maximum mobilized loads in
primary reinforcement was reduced by about 17% and 27%, for
models with S;;/S;;, of 0.5 and 20, respectively.

Figure 4b indicates that for a constant secondary
reinforcement length, higher stiffness shifts the locations of
Tmax from the connection point to a distance equal to the
secondary reinforcement length. A stiffer secondary
reinforcement is capable to influence a greater number of



primary reinforcement layers in the upper portion of the GRS
wall.

Considering the inclusion of secondary reinforcement
[Figure 5a], the summation of Ty, in primary reinforcement
decreases approximately 14% and 30% with secondary
reinforcement lengths of 0.8 m and 2.3 m, respectively. Due to
the increase in Lg, the Ty, .4 location in primary reinforcements
also moves from the block-facing connection to a position
corresponding to the secondary reinforcement.

Comparing Figure 4b and Figure 5b, it is evident that the
Tmax location is impacted by the combined effects of the length
and stiffness of the secondary reinforcement. A constant
Sis/Sip has different impact depending on L, values. The effect
of the L is more pronounced with higher S;; /Sy, ratios.

The impact of secondary reinforcement in Ty, location in
the present study is supported by results from Leshchinsky and
Vulova (2001), who highlighted that the inclusion of
intermediate layers prevents connection failure of the wall.
Moreover, the impact of secondary reinforcements is due to the
close vertical spacing of the secondary ensemble promoting soil
stabilisation near the facing and allowing it to function as an
extension of the actual block face. Leshchinsky et al. (1994) and
Morsy et al. (2017) also suggested that the secondary
reinforcement functions as a monolithic system with its own
stiffness.
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Figure 6 illustrates the influence of S,, in the values [Figure
6a] and location [Figure 6b] of Ty, . in primary reinforcements.
The numerical results presented in Figure 6 were obtained for
models with secondary reinforcement, baseline conditions and
S, equal to 0.4 m and 0.8 m. Of note, for the model with S, =
0.8 m, the vertical spacing between secondary reinforcements

Distance from the back of wall facing (m)
Figure 5. T4y (a) values and (b) locations in the primary reinforcement for models with and without secondary reinforcement, S, = 0,4 m; S;5 /Sy, =
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remains equal to 0.4 m, which is the baseline case. Figure 6
shows a similar pattern irrespective of S, value, demonstrating
a consistent behavior of the secondary reinforcements due to
the constant S;s/S;,, ratio. Similar results were obtained from
simulation models with other Lgvalues (Floréncio et al. 2025).
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Figure 7 presents the horizontal displacement profile of the wall
facing (6y) normalized by the total wall height (H) plotted
against the normalized wall height (h/H). The numerical facing
displacement profile presented in Figure 7 is the horizontal
displacement after the correction of facing alignment and
inclination carried out after the placement and compaction of
each soil layer in the field. For each graph, the secondary
reinforcement length is kept constant while the ratio S;s/S;,
increases. A curve for the numerical model without secondary
reinforcement is also presented as a reference.

Compared with the model without secondary
reinforcement, the inclusion of secondary reinforcement
decreases the horizontal displacements through the combined
effect of its length and stiffness. The higher the ratio S;;/S;;,
the smaller the calculated horizontal displacement. However,
the effect of stiff secondary reinforcements is more pronounced
for longer Lg. Therefore, in practice, the use of very stiff
secondary reinforcement is only beneficial when its length is
sufficiently large.

The position of the maximum horizontal displacement
remained unchangeed for different L. The maximum &y occurs
about 5.0 m above the wall base and represents less than 1% of
the wall height. At the top of the wall, horizontal displacements
are close to zero.
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5 SUMMARY AND CONCLUSIONS

The current research developed a numerical study about the
effects of secondary reinforcement inclusion on the value and
location of the maximum load along the primary reinforcements
and horizontal displacement in GRS walls. The numerical
model was validated using Plaxis 2D software based on field
monitoring data of a real GRS wall. Parametric analyses were
performed to represent typical field conditions. The parametric
study aimed to investigate the combined interactions among
different factors (e.g., vertical reinforcement spacing,
secondary reinforcement length and stiffness and primary
reinforcement stiffness). Based on the analyses carried out in
the current study, the following conclusions can be drawn:

e A tight connection between block facing and
reinforcement reduces facing horizontal displacement and
increases the mobilized tensile load in reinforcements.

For a model without secondary reinforcement, the value
and location of maximum tensile load in the primary
reinforcement remained unchanged with variations in
vertical spacing and reinforcement stiffness when S, was

kept constant.

A combined effects of secondary reinforcement length and
stiffness  shift the location of T, in primary
reinforcements from the back of the facing to a distance
equal to the secondary layer length. Therefore, the facing-
reinforcement connection carries a lower load, reducing
the possibility of connection failure.

The secondary reinforcement inclusion reduces the
maximum load in the primary reinforcement and
horizontal facing displacement through the combined
effects of its length and stiffness. The reduction is greater
for longer L and higher S;;/S;;, up to certain magnitudes.
In general, the effect of the S;s/S;, ratio is more evident
for longer L. This result can be applied in practical design
to maximize the performance of the secondary
reinforcement.

A GRS wall with secondary reinforcement exhibits similar
behaviour for different S, values when Sy, is constant.
The region of secondary reinforcement layers behind wall
facing may be considered as an ‘equivalent facing’ because
of the stiffer soil response and modified failure mode

compared with a GRS wall without secondary
reinforcement.
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