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Abstract: This paper presents an improved earth pressure method that considers the capacity of a
wall toe to carry an earth load to predict the connection loads of GRS segmental walls constructed
with cohesionless backfills on competent foundations. In this method, a response surface model
(RSM) of the lateral earth pressure coefficient replaces the Coulomb active earth pressure coefficient.
The parameters of the RSM were determined from numerical studies on the impacts of toe restraint,
wall geometry, and backfill properties on the distribution of earth loads between the toe and rein-
forcement layers. The unknown coefficients of the RSM were obtained through a regression analysis
of 705 reinforcement load values from 65 simulated walls. The proposed method was compared
to the earth pressure method and the stiffness method using measured connection loads from field
and centrifuge GRS segmental walls. The results show that the predictions of the proposed RSM
method are in better agreement with the measurements than those of the stiffness method and the
earth pressure method, whether under a typical or poor toe restraint condition.

Keywords: geosynthetics; segmental retaining walls; reinforcement connection load; toe load;
response surface method; numerical modeling

1. Introduction

With the expanding scale of urbanization, a large amount of engineering infrastruc-
tures, such as buildings, bridges, and highways, are constructed in mountains and along
rivers [1-5]. Geosynthetic reinforced segmental retaining walls have been widely used as
bridge abutments, slope supporting structures, high fill subgrades, and bank revetments
as a result of their low cost, aesthetics, and tolerance to the foundation. The design of
geosynthetic reinforced soil (GRS) walls requires the selection of reinforcement materials
and the determination of the reinforcement anchorage length for internal stability. In both
of these steps, the value of the maximum tensile force in each reinforcement layer needs
to be considered. Hence, the maximum reinforcement tensile force is a key value for the
internal stability of GRS walls.

Tatsuoka [6] considered that the reinforcement tensile loads in each layer are uniformly
distributed within the critical slip surface of GRS walls with hard facings. Allen et al.
(2003) [7] and Bathurst et al. [8] differentiated the connection load T¢on from the maximum
reinforcement load in the backfill T},,ax, the latter usually acting at the potential slip surface.
For GRS walls in a working stress state, Tcon is generally the maximum tensile force along
a reinforcement layer as a result of the down-drag force caused by backfill compaction, the
rotation of the facing column, and the differential settlement of the foundation, as shown in
Figure 1 [9-12]. Moreover, a field investigation of the failures of six GRS walls revealed that
the failures were mainly caused by a connection breakage in the reinforcement layers [13].
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This indicates that the connection load may be the largest within the reinforcement layer and
an important design parameter for GRS walls in both the working stress and limit states.
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Figure 1. Factors causing connection down-drag force.

There are a few methods for predicting reinforcement connection loads. Gebremariam
et al. [14] considered that the earth pressure method, specified in the FHWA (2009) [15]
standard, can be used to predict Tcon for GRS bridge abutments based on a comparison
between measured connection loads and theoretical calculations. The earth pressure
method is the most widely used for predicting Th,max; in this approach, Tpmay is equated
with the active earth pressure calculated using Coulomb’s theory within the contributory
area of each reinforcement layer. However, this method seriously overestimates the Tpax
of GRS walls under working stress conditions, since it ignores the effects of toe resistance,
facing stiffness, reinforcement stiffness, and backfill soil cohesion on the reinforcement
loads [16]. Overestimation was also observed in the calculated values of the earth pressure
method when comparing it to Tcon under working stress conditions [10,11].

A number of experimental and numerical studies have shown that a significant portion
of earth pressures acting on the facing column are counterbalanced by toe resistance [17-21].
Considering the effects of toe resistance on reinforcement loads, Leshchinsky et al. [22]
presented a limit equilibrium method to calculate T¢on for both GRS walls and slopes,
in which toe resistance was regarded as a function of the normal load and the interface
friction angle at the base of the facing column. Liu et al. [23] included toe resistance in the
earth pressure method to estimate Tcon. In this method, toe resistance was calculated using
the equilibrium of the forces and bending moments of the vertical facing column. Some
methods for predicting Tpmax also included the influence of toe resistance [24-27]. Among
them, the stiffness method proposed by Allen and Bathurst [25], which was previously
known as the simplified stiffness method, has been adopted in the latest AASHTO (2020)
code [28].

It has been shown that the magnitude of toe resistance is affected by a variety of
factors, such as toe restraint, wall height, facing batter, facing stiffness, reinforcement
spacing, etc. [29-33]. It is not easy to determine the relationship between toe resistance
or Teon and the enumerated influence factors analytically. This problem can be effectively
solved using the response surface method, whereby the relationship can be approximated
with a polynomial. The response surface method has been widely used in the probabilis-
tic analysis of reinforced soil structures [34-37]. It has also been used for deterministic
issues of reinforced soil walls to predict seismic performances, facing deformations, and
reinforcement loads [38—40].

The objective of this study is to propose a reinforcement connection load prediction
method that considers the contribution of wall toe to carrying earth loads in geosynthetic
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reinforced cohesionless soil segmental walls on competent foundations. First, numerical
investigations were conducted on the fractions of earth loads carried by the toe and rein-
forcement layers and their influence factors (including toe restraint condition, wall height,
facing batter, reinforcement spacing, and soil friction angle) based on the numerical model-
ing of an instrumented field GRS wall. Second, we devised a new method for predicting the
connection load by replacing the active earth pressure coefficient with a response surface
model (RSM) of the lateral earth pressure coefficient determined using the influence factors
of the toe load ratio. Finally, the proposed method was compared to the classical earth
pressure method and the stiffness method using the measured reinforcement connection
loads from two field walls [10,11] and three centrifuge model walls [32].

2. Numerical Model Validation
2.1. Numerical Model

The numerical models in this study were built based on a geosynthetic reinforced
segmental retaining wall that was part of the SR-18 highway in Seattle, Washington [10].
Yu et al. [41] also simulated this wall using the finite-difference program FLAC. Figure 2
shows the numerical model of the SR-18 wall that was built using FLAC. The total wall
height was 6.4 m, including a backfill height of 6.1 m and a pavement thickness of 0.3 m.
The height of the embedment soil at the wall toe was 0.8 m. The vertical facing column
consisted of concrete blocks with 460 mm in length, 300 mm in with, and 200 mm in height.
The reinforcement layers had a uniform vertical spacing of 0.6 m and a uniform length
of 7.9 m. The spacing between the lowest reinforcement layer and the foundation surface
was 0.2 m. A high-density polyethylene uniaxial geogrid (Tensar UXK1100) was used
as the reinforcement layer. The backfill was a well-graded, silty, gravelly sand with a
maximum particle size of 38 mm and was compacted to reach a 95% maximum dry density
(corresponding to a density of 2200 kg/m?) to construct the wall. The foundation soil
consisted of dense, silty, sandy gravel.
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Figure 2. Numerical model of SR-18 wall.

The wall was constructed in layers. The final grading was completed at 4060 h after the
beginning of construction. At this time, the wall height was 6.1 m. Pavement construction
started at 7200 h and ended at 10,100 h. The final height of the wall was 6.4 m at 10,100 h.
The time of 4060 h was considered as the effective end time of construction because, after
that, construction progressed very slowly. The different parameters of the wall were also
recorded at this time. Hence, the numerical modeling in this paper was conducted for the
effective construction stage.
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In this numerical modeling, the modeling procedures reported by Hatami and
Bathurst [17] were used for backfilling in layers of the reinforced soil wall. The proce-
dures were as follows: (1) generating the grids of the facing block and the backfill soil
behind the block, and subsequently adding the related interfaces; (2) cycling the model
with a temporary vertical load of 8 kPa on the backfill surface to equilibrium followed by
unloading; (3) generating the structural elements to simulate the reinforcements at a specific
height of the wall; and (4) repeating the first three steps until the wall model reached the
desired height. The left and right boundaries of the numerical model were fixed in the
horizontal direction. The bottom boundary of the numerical model was fixed horizontally
and vertically.

2.2. Material Constitutive Model and Parameters

The backfill and foundation soil were simulated using the Mohr-Coulomb model.
Table 1 presents the input parameters for the soil model. The parameter values were the
same as those used by Allen and Bathurst (2014) [10] and Yu et al. (2016) [41]. The backfill
friction angle of 54° was determined from the triaxial shear-strength parameters using a
plane-strain friction angle calculation method [42]. The plane-strain friction angle was
chosen here because the mechanical analysis of retaining walls is a plane strain problem.
The adoption of 2 kPa for soil cohesion instead of 0 was done to avoid numerical instability.
Since the foundation soil was similar to the backfill, the same parameters were used for
both materials for simplicity. The linear elastic constitutive model was selected to model the
facing blocks and the leveling pad. The input parameter values for these concrete blocks
(listed in Table 1) were determined by referring to Yu et al. (2016) [12].

Table 1. Parameter values for backfill, foundation, and concrete blocks.

Parameters Backfill and Foundation Blocks
Density p (kg/m?) 2200 2400
Cohesion ¢ (kPa) 2 -
Plane strain friction angle ¢ (°) 54 -
Dilation angle ¢ (°) 14 -
Elastic modulus E (MPa) 80 3.2 x 10%
Poisson’s ratio v 0.3 0.15

The reinforcements were modeled using the cable element of FLAC. Creep tests were
conducted on the geogrids used in the SR-18 wall to obtain the reinforcement stiffness
corresponding to the end time of construction (i.e., 4060 h). The test results showed that the
creep stiffness at a 1% strain was 310 kN /m [10]. The selection of the stiffness value at a 1%
strain was made so that the measured maximum strain in each instrumented reinforcement
layer was close to 1%. The other parameters for reinforcements are attributed to the values
recommended by Yu et al. [41], as summarized in Table 2.

Table 2. Parameter values for reinforcements.

Parameters Value
Axial stiffness | (kN/m) 310
Ultimate tensile strength T (kN /m) 62.5
Cross-section area A (m?/m) 2 x 1073
Soil-reinforcement interface cohesion cgy (kN/m) 2.5
Soil-reinforcement interface friction angle @ (°) 43
Soil-reinforcement interface shear stiffness Kg; (MN/m/m) 1

All the concrete—concrete and concrete-soil interfaces in the wall were modeled using
a linear spring-slider system, with the strength controlled by the interface friction angle
and cohesion and the deformation controlled by the normal and shear stiffness at the
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interface. For these two types of interfaces, cohesion is usually close to 0 and the normal
stiffness is generally taken as 1000 MPa/m when the interface is horizontal [12,17-19,41].
The interface shear stiffness value is important for predicting the behavior of an interface
but is inconvenient to obtain, especially for concrete-concrete interfaces. Hence, large,
direct shear tests were performed on the concrete-concrete interfaces with different degrees
of roughness to establish an interface shear stiffness calculation model for this type of
interface. Partial test details and results were reported by Zhang et al. [32]. The shear
stiffness data for each concrete—concrete interface under different vertical loads are plotted
in Figure 3a. It should be noted that the interface shear stiffness was normalized by wall
height and atmospheric pressure. Figure 3a shows that there was a logarithmic functional
relationship between the normalized interface shear stiffness and the tangent values of the
interface friction angle under each vertical load. Thus, the interface shear stiffness can be
expressed as the following:

K- H
P

= x(o) - In(tan ¢;) + 17 (0v) 1)

where K = the interface shear stiffness, H = the wall height, P = the normal atmospheric
pressure (i.e., 101.3 kPa), ¢; = the interface friction angle, oy, = the interface vertical stress,
and x(opn) and #(oy) = coefficients in relation to o,. The values of x(oy) and #(coy), corre-
sponding to different vertical stresses, are plotted in Figure 3b and can be expressed as the
following:

{ x(on) =a(B)2 +01 (%) +a 0
1(on) = a2(%)" + ba(B) + 2

where ay 5, by 5, and ¢y, = fitting parameters, and their values are given in Figure 3b. In
GRS segmental walls, the interface vertical stress o, at the base of the facing is a function
of the wall height H: o, = H-7yg,, where g, = the unit weight of the facing block. The
value of g, can be considered constant because the plain concrete block used as the facing
block usually has a density of 2200 kg/m3 [12,43,44]. Therefore, if H and ¢; are known, the
concrete—concrete interface shear stiffness Kg; can be computed using Equations (1) and (2).
Figure 4 shows the values of K corresponding to H in the range of 3 to 10 m and ¢; in the
range of 5° to 45°, calculated using Equations (1) and (2). This shear stiffness calculation
model can provide concrete—concrete interface parameters for the numerical simulation of
segmental retaining walls.
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Figure 3. Relationships among the shear stiffness Kg;, the friction angle ¢;, and the normal stress 0
of concrete—concrete interface: (a) K; versus ¢;; and (b) fitting functions x(on) and 77(om).
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Figure 4. Shear stiffness prediction model of concrete—concrete interface in GRS walls.

For the facing block-leveling pad interface in this wall, the friction angle was taken to
be 36° according to the results of an interface shear test performed by Bathurst et al. [8].
The shear stiffness of this interface can be set to 23 MPa, according to Figure 4. A small
cohesion of 1 kPa instead of 0 was adopted for this interface to avoid numerical instability.
For the interfaces between the facing blocks, the cohesion increased from 0 to 58 kPa as
a result of the shear keys between the facing blocks [8]. Also because of the shear keys,
the shear stiffness of these interfaces was set to 40 MPa, as recommended by Hatami and
Bathurst [17,18] and Yu et al. [41], instead of being determined from Figure 4. A typical
normal stiffness of 1000 MPa was applied to these two interfaces.

For the concrete—soil interfaces, such as the facing block-backfill and the leveling
pad—foundation soil interfaces, the values of the friction angle and cohesion were the same
as those used by Yu et al. [41]. The leveling pad—foundation soil interface had a normal
stiffness of 1000 MPa and a shear stiffness of 10 MPa. The value of the shear stiffness
was derived from the shear stress—shear displacement curves of a concrete—sand interface
reported by Zhang et al. [32]; one of the curves was based on the normal stress that was
close to 60 kPa, which is the normal stress value at the base of the leveling pad for this wall.
The stiffness parameters for the facing block-backfill interface were taken as a tenth of those
for the leveling pad—foundation soil interface, as reported by Hatami and Bathurst [17,18],
because the facing block-backfill interface was free in the normal direction. Table 3 shows
all the interface parameters described in this section.

Table 3. Parameter values for interfaces.

Parameters Value

Facing block-leveling pad interface

Interface cohesion ¢y, (kPa) 1
Interface friction angle @y, (°) 36
Interface normal stress Kypp, (MPa/m) 1000
Interface shear stiffness K, (MPa/m) 23
Leveling pad—foundation soil interface
Interface cohesion ¢ (kPa) 1.3
Interface friction angle @p (°) 43
Interface normal stress Kp¢ (MPa/m) 1000
Interface shear stiffness Kgpf (MPa/m) 10
Block-block interface
Interface cohesion cy, (kPa) 58
Interface friction angle ¢y}, (°) 36
Interface normal stress K;,pp, (MPa/m) 1000
Interface shear stiffness Kgp,, (MPa/m) 40
Block-backfill interface
Interface cohesion cpg (kPa) 1.3
Interface friction angle @ps (°) 43
Interface normal stress K,ps (MPa/m) 100

Interface shear stiffness Kg,s (MPa/m) 1
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2.3. Validation Results

Figure 5 shows the computed and measured strains in the reinforcement layers that
were installed with strain gauges. The computed strain was larger at the reinforcement
connection and decreased along the reinforcement length in each layer. This distribution
shape of the reinforcement strains agrees with the measurements, with the exception of
those for Layer 8. The measured connection strain was the smallest in Layer 8 as a result of
some looseness between the facing column and the reinforcement layer, which occurred
during the wall’s construction [10]. However, this looseness was not captured by the
numerical model, which led to a difference in the computed and measured strains at the
connection in Layer 8. In general, the computed reinforcement strains agree well with the
measurements.
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Figure 5. Computed and measured reinforcement strains of SR-18 wall.

Figure 6 shows the measured and computed connection loads Tcon and the maximum
reinforcement loads within the backfill Tjy,x. The maximum reinforcement load beyond
1 m away from the wall facing was selected for the T}, Value to avoid the influence of
the down-drag force motivated by compaction near the connection. The computed values
are in good agreement with the measured Tcon and Thpax. Only the computed Teon in
Layer 8 is much larger than the measurement as a result of the looseness occurring at the
connection in the field wall. The shear strength and stiffness at the facing block-leveling
pad interface will significantly influence wall performance [19,20,32]. The encouraging
agreement in the reinforcement strains and loads between the numerical and field SR-18
wall indicates that our proposed interface shear stiffness calculation model is reasonable.
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Figure 6. Computed and measured reinforcement loads of SR-18 wall.
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3. Toe Load Analysis
3.1. Mechanical Model of the GRS Segmental Wall

In GRS retaining walls with segmental block facings, the integral thrust behind the
wall facing is theoretically counterbalanced by the reinforcement connection loads and
toe resistance if the facing is considered a beam. Thus, the mechanical model of the GRS
segmental wall can be assumed as the following:

Pe:ZTcon+Pt ®3)

where F, = the integral thrust behind the facing, T .on = the total reinforcement connection
load, and F; = the horizontal toe load. Experimental and numerical studies have demon-
strated that toe restraint condition has a significant impact on the loads carried by the wall
toe and reinforcement layers [9,19-21,30,32,33].

The accuracy of Equation (3) and the impact of toe restraint on this equation was
quantitatively analyzed using a numerical approach. The numerical model of the SR-18
wall was modified to have a more typical geometry (Figure 7) and more typical material
parameter values (Table 4) for this analysis. The embedment soil at the toe was not
included in the baseline numerical model, as shown in Figure 7, considering that the
passive soil resistance in front of the toe is usually ignored in the conventional design
method [15]. This is because the passive soil resistance may be lost unexpectedly and
unpredictably by scouring and excavation during a long period of service. Nonetheless, a
comparison of the connection loads in the SR-18 walls with and without the embedment
soil is presented to demonstrate the effects of the embedment soil. Figure 8 shows that
the influence of the embedment soil on the connection loads in the SR-18 wall can be
ignored. Bathurst and Naftchali [45] reported the range of creep stiffnesses at a 2% strain
for HDPE geogrids was approximately 330-1120 kN/m. The average value of this range
(i.e., 725 kN /m) was selected for this numerical model. The value of the interface friction
angle between reinforcement layers and backfill ¢, as shown in Table 4, was determined
via the formula @ = tan~! (2/3 x tang), where ¢ = the backfill friction angle [41]. It
is noted that parameters with the same values as those of the SR-18 wall (as shown in
Tables 1-3) were not listed in Table 4.
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Figure 7. Baseline numerical model of GRS wall.
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Table 4. Parameter values for baseline model.

Parameters Value
Facing block
Density py, (kg/ md) 2200
Backfill and foundation
Density p (kg/m?) 2000
Friction angle ¢ (°) 40
Dilation angle ¢ (°) 10
Elastic modulus E (MPa) 40
Reinforcement
Axial stiffness (kN/m) 725
Ultimate tensile strength T (kN /m) 115
Soil-reinforcement interface friction angle @ (°) 30
Facing block-leveling pad interface
Interface friction angle ¢y, (°) Variable
Interface shear stiffness Kgp,,, (MPa/m) Variable
Leveling pad—foundation soil interface
Interface cohesion ¢, (kPa) 1
Interface friction angle Ppf ©) 40
Block-block interface
Interface cohesion ¢y, (kPa) 46
Interface friction angle ¢y, (°) 57
Block-backfill interface
Interface normal stress K, (MPa/m) 100
Interface shear stiffness Kgps (MPa/m) 1
6k""w'"'w""w""w""w""A
F & —O— SR-18 wall with toe embedment soil ]
5 —0O— SR-18 wall without toe embedment soil |
a4l ]
E I ]
o |
o 3r ]
S \ ]
2 L a
1+ —
ol v v vy v v v e e e e e e e e e e
0 1 2 3 4 5 6

Reinforcement connection load (kN/m)

Figure 8. Comparison of connection loads in SR-18 walls with and without toe embedment soil.

The toe restraint condition was quantified using the interface friction angle between
the lowest facing block and the leveling pad. The shear strength of the leveling pad-
foundation soil interface was not considered in this analysis as a result of its small effect on
the capacity of the wall toe to carry load in cases where the leveling pad was embedded
in the foundation soil. Zhang and Chen [46] found that, for GRS walls with embedded
leveling pads, only the shear resistance at the facing block-leveling pad interface acts as the
toe resistance to counterbalance a portion of the horizontal earth load because the passive
soil resistance in front of the leveling pad inhibits the development of shear stress and
displacement at the base of the leveling pad. In cases of an exposed leveling pad, it is
the leveling pad—foundation soil interface that works to carry the earth load because the
wall is more likely to slide along this weaker interface. However, even if the leveling pad
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becomes exposed as a result of scour and soil erosion at the wall toe, the original leveling
pad—foundation soil interface can be regarded as the facing block-leveling pad interface of
a wall with the height of an added leveling pad, and this increase in wall height (usually
0.2 m) can be ignored. Hence, only the restraint condition at the facing block-leveling
pad interface needs to be investigated. In this paper, the term “toe interface” refers to
the interface between the facing block and the leveling pad. The selected values for the
toe interface friction angle are presented in Table 5. A change in the interface friction
angle influenced the interface shear stiffness, as shown in Figure 4. The interface shear
stiffness values corresponding to the selected interface friction angles, determined via
Equations (1) and (2), are also shown in Table 5.

Table 5. Parameter values for baseline model and parametric analysis.

Parameters Value

Baseline model

Toe interface friction angle (°) 5,10, 15, 25, 45
Toe interface shear stiffness (MPa/m) 3.6,10.1,14.0,19.1, 26.1
H=4m
Toe interface friction angle (°) 5,10, 15, 25, 45
Toe interface shear stiffness (MPa/m) 2.3,7.4,105,14.5,20.1
H=8m
Toe interface friction angle (°) 5,10, 15, 25, 45
Toe interface shear stiffness (MPa/m) 44,12.6,17.5,24,33
H=10m
Toe interface friction angle (°) 5,10, 15, 25, 45
Toe interface shear stiffness (MPa/m) 4.8,14.9,20.9,28.9,39.9

Figure 9 shows the loads carried by the wall toe and reinforcement layers and their
sums for the different toe interface friction angles. The figure also shows the active earth
pressure on the wall facing, calculated using the Coulomb earth pressure equation:

1

Ea:i

KayH? @)

where E, = the active earth pressure, K, = the active earth pressure coefficient, y = the unit
weight of the backfill, and H = the wall height. Kj is expressed as the following:

2
K, — cos* (¢ + w)

©)

sin ¢ )2

cosdw - (14 =5

where ¢ = the friction angle of the backfill and w = the facing batter. Equation (5) is a
reductive Coulomb active earth pressure coefficient, which is recommended by FHWA
standard [15] for the internal stability analysis of GRS walls. The plane strain friction
angle was used for the soil models in the numerical simulations of this paper, whereas
a triaxial friction angle should be introduced for K, [28]. Thus, a triaxial value of 38°
was used for ¢ in Equation (5), according to the relationship between the plane strain
and triaxial friction angles proposed by Lade and Lee [42]. It can be seen that the sum
of the reinforcement and toe loads (i.e., 2T ¢on + Ft) is closer to the calculated active earth
pressure E, than the total reinforcement connection load T cop, but it is still smaller than
E,. The difference between XTon + Ft and E, may be attributed to a small portion of the
earth pressure that was counterbalanced by the friction resistances between the facing
blocks and between the facing column and backfill soil. The resistance between the facing
blocks was not considered in the mechanical model, as shown in Equation (3), for the
convenience of application, which may lead to some conservativeness for the predictions
of connection loads. It is also noted that the value of XT o + F; is relatively small under
toe interface friction angles of no more than 10°. This may be attributed to local soil failure
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occurring within the reinforced soil mass, resulting in the earth load acting on the wall
facing less than the active earth pressure, in the two weaker toe restraint cases. Local soil
shear failure developing in GRS walls with poor toe restraint was also observed in the
numerical modeling reported by Huang et al. [19].
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Figure 9. Loads carried by toe and reinforcement layers under different toe restraint conditions.

Figure 10 shows the ratios of the toe load (F;) and reinforcement load (XTcon) to the
total load (2T con + Ft) under different toe restraint conditions. The toe load ratio increased
with the toe interface friction angle, whereas the reinforcement load ratio decreased. The
toe load ratio was 14.0% for a toe interface friction angle of 5° and increased to 29.7% when
the toe interface friction angle was 15°. When the toe interface friction angle overpassed
15°, the toe load ratio increased slowly, reaching only 33.5% for a toe interface friction
angle of 45°. This may have been caused by the influence of toe restraint on the horizontal
facing displacements, as shown in Figure 11. When the toe restraint was weaker, a larger
shear displacement between the lowest facing block and the leveling pad led to larger
horizontal displacements in the bottom part of the wall. The larger, horizontal facing
displacements resulted in high reinforcement connection loads and, thus, smaller toe loads.
As the toe interface friction angle increased from 5° to 15°, the significant decrease in the
facing displacements induced a quick increase in the toe load ratio. When the toe interface
friction angle was in the 15-45° range, the negligible change in the facing displacements
led to a slow increase in the toe load ratio.
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Figure 10. Ratios of toe load and reinforcement load under different toe restraint conditions.
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Figure 11. Horizontal facing displacements under different toe restraint conditions.

3.2. Influence Factors of the Toe Load Ratio

The capacity of the wall toe and reinforcement layers for carrying a load is expected
to be associated with various factors. For example, a variation in wall height will induce
a change not only to the earth load on the facing column but also to the shear stiffness
of the toe interface, which may influence the distribution of the total load between the
toe and reinforcement layers. To study the influence of different factors on the toe and
reinforcement load ratio, we changed the factors of wall height, facing batter, reinforcement
spacing and stiffness, and backfill friction angle based on the baseline numerical wall model
presented in Figure 7. Tables 5 and 6 provide the factor values and other parameter values
affected by these factors. The reinforcement tensile strength in Table 6 was determined
using the linear relationship between the creep stiffness values and the ultimate tensile
strength for HDPE geogrids, proposed by Bathurst and Naftchali [45]. When one factor
was investigated, only the values of this factor and the involved parameters were changed,
while the rest of the parameters were set to their baseline values.

Table 6. Values of influence factors.

Factors Value
Wall height H (m) 4,6,8,10
Facing batter w (°) 0,5,10,15
Reinforcement stiffness | (kN/m) 330, 725, 1120
Reinforcement tensile strength T (kN/m) ]/6.3
Reinforcement spacing (m) 0.4,0.6,0.8
Plane strain backfill friction angle ¢ (°) 35, 40, 45
Backfill dilation angle ¢ (°) ¢-30
Block-backfill interface friction angle ¢pg (°) [
Leveling pad—foundation soil interface friction angle ¢ (°) )
Soil-reinforcement interface friction angle ¢ (°) tan~! (2/3 x tang)

Figure 12 shows the toe and reinforcement load ratio versus the toe interface friction
angle in walls with different heights. Since the variation characteristics of the reinforcement
load ratio are opposite to those of the toe, hereafter, only the toe load ratio is discussed.
Figure 12 shows that the toe load ratio decreased with wall height under the same toe
restraint condition. For example, the toe load accounted for approximately 51% and 22% of
the total load in the 4 m and 10 m high walls, respectively, when ¢; = 45°. This is attributed
to the larger reinforcement connection loads motivated by the larger facing displacements



Appl. Sci. 2023,13, 7239

13 of 24

and, thus, the smaller earth load transmitted to the toe interface in the taller walls. As the
wall height increased, there was a diminishing influence of wall height on the toe load ratio.
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Figure 12. Influence of wall height H on the ratios of toe and reinforcement loads.

Figure 13 shows the effects of the facing batter on the ratio of the earth load carried by
the toe and reinforcement layers. The figure shows that the toe load ratio increased with
the facing batter under the same toe conditions. As the facing batter increased, the earth
load acting on the facing column decreased, resulting in a decrease in the horizontal facing
displacements. Lower facing displacements reduced reinforcement connection loads and,
thus, the contribution of the reinforcement layers to carrying the earth load, which led to
an increase in the toe load ratio. However, the facing batter had little effect on the toe load
ratio if it was less than 5°.
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Figure 13. Influence of facing batter w on the ratios of toe and reinforcement loads.

Figure 14 shows the influence of reinforcement stiffness on the relative contribution
of wall toe and reinforcement layers to load capacity. The toe load ratio decreased as
the reinforcement stiffness increased at the same toe interface friction angles, but at a
diminishing rate. This is because the larger reinforcement stiffness led to a higher capacity
of reinforcement layers for carrying loads, resulting in a lower toe load ratio.
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Figure 14. Influence of reinforcement stiffness | on the ratios of toe and reinforcement loads.

Figure 15 shows that reinforcement spacing had less influence on the toe load ratio
when ¢; < 10°. For the range of ¢; = 15-45°, the toe load ratio increased with the rein-
forcement spacing. An increase in reinforcement spacing reduces global reinforcement
stiffness [16], which induced a decrease in the fraction of the earth load carried by the
reinforcement layers and an increase in the toe load ratio.
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Figure 15. Influence of reinforcement spacing S on the ratios of toe and reinforcement loads.

The effects of the backfill friction angle is presented in Figure 16. The toe load ratio
increased with the friction angle of the backfill under the same toe conditions. This
is because of a larger normal stress at the toe interface, induced by an increase in the
downward friction between the backfill and the wall facing when the backfill friction
angle increased. The larger toe interface normal stress resulted in a further increase in the
horizontal toe load.
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Figure 16. Influence of backfill friction angle ¢ on the ratios of toe and reinforcement loads.

The toe load ratio plotted in Figures 12-16 increased rapidly with toe interface friction
angles in the 5-15° range and then changed only slightly in all cases. This indicates that
the involved factors had little influence on the distribution shape of the toe load ratio with
the toe interface friction angle. Moreover, at the lower toe interface friction angle of 5°, the
toe load ratio was less than 20% in all the cases. In a field wall, the friction angles of the
interfaces at the wall toe would change with the surface roughness of the facing block and
leveling pad and the foundation soil properties. For GRS walls constructed along rivers or
seashores or in mountains, the soil at the wall toe and even the toe itself may be scoured
away by wave actions, flooding, or debris flows. Tatsuoka et al. [47] reported a practical
case where the toe of a geosynthetic railway embankment in the mountains of Kyushu,
Japan experienced strong scour and erosion caused by flooding. Tarawneh et al. [43]
reported that about 13% of 339 reinforced soil walls supporting bridge abutments inspected
in the state of Ohio, USA experienced soil erosion at the wall toe. In these extreme cases,
the shear strength of the interfaces at the wall toe must have reduced sharply, resulting in a
significant decrease in the toe resistance. Hence, for GRS walls constructed in mountains
and by rivers and seashores, it is recommended to ignore the toe resistance to increase
margin of safety against reinforcement overstressing. The typical friction angle of the toe
interface can be considered as in the range of 25-45°, because the relatively constant ratio of
toe load to the integral thrust behind the facing (almost no more than 50% in any condition)
is observed in this range, as shown in Figures 12-16. However, in a series of 3.6 m high
GRS test walls on a rigid foundation, it was observed that the toe carried nearly 80% of the
earth load acting on the facing [9]. This indicates that a rigid foundation may magnify toe
load capacity. In addition, the changes in the fractions of toe and reinforcement load with
wall height, facing batter, reinforcement stiffness, and spacing in this study are consistent
with the observations of other studies [19,21,31].

4. Prediction of Reinforcement Tensile Force
4.1. Calculation Method of Reinforcement Tensile Force

As previously analyzed, the total earth load acting on the facing column is carried by
the toe and reinforcement layers together. It can be assumed that the connection load in
each reinforcement layer is equal to a portion of the active earth pressures acting on the
facing within the contributory area of this layer, which can be expressed as the following:

Tcon,i = KtS(’)/Z + q) (6)
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where T¢on i = the connection load in a reinforcement layer; K; = the lateral earth pressure
coefficient, which is lower than the active earth pressure coefficient K, in Equation (5);
S = the vertical spacing between adjacent reinforcement layers; v = the unit weight of
backfill; z = the depth of a reinforcement layer below the wall top; and q = the surcharge
pressure. According to the influence of toe restraint on the fraction of the total earth load
carried by the reinforcement layers, K; can be considered a function of K, and the toe
interface friction angle ¢;. Furthermore, the wall height H, facing batter w, reinforcement
stiffness J, reinforcement spacing S, and backfill friction angle ¢ should be considered in the
calculation of K; as a result of their influence on the reinforcement load ratio. In addition,
Figure 17 shows that the toe restraint condition affects Tcop ; differently at different depths;
thus, the depth z should also be regarded as a factor related to the value of K;. Therefore,
K is a function of K, ¢+, H, w, |, S, ¢ and z. The backfill cohesion c is not included
in the function of K; because the scope of the proposed method is limited to GRS walls
constructed with cohesionless soil. It is noted that ¢ should be considered in the prediction
of connection loads in reinforced cohesive soil walls because of its significant effect on the
lateral earth pressure.
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Figure 17. Reinforcement connection loads in baseline model with different toe interface friction an-
gles.

4.2. Response Surface Model of K;

Although it is difficult to obtain an explicit formulation of K;, one can do so using the
response surface method. The basic idea of the response surface method is to assume a
function that includes unknown parameters to replace the implicit actual expression. For
example, given the ambiguous functional relationship Z = {(Xj, X», ..., X,) between the
variable Z and the variables X1, X, ..., Xy, the response surface method helps to establish
an approximate function Z’ = f'(X;, Xp, ..., Xn) instead of the actual function through
regressing and fitting data from a limited number of experiments. We used the response
surface approximation proposed by Myers and Montgomery [49]:

m m m—1 m
y=pBo+ Y Bixi+ ) Bixi+ Y, Y, Bixiyj )
i=1 i=1

i=1 j=it+1

where y = the response value, o, B, Bii and Bjj = the unsolved coefficients, and x; and x;
= variables. When y, x;, and x; are known, By, i, Bii, and B;; can be determined using the
least-squares method. In the RSM of K, K; is regarded as the response value, and the active
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earth pressure coefficient K,, toe interface friction angle ¢, wall height H, facing batter w,
reinforcement stiffness J, reinforcement spacing S, backfill friction angle ¢, and depth of
reinforcement below the wall top z are regarded as variables. To reduce the number of and
normalize the variables, the six above-mentioned factors can be formalized into the three
variables as follows:

z
X1 = H 8
g 2
ane: o83y (1+ Cs:;f}) - tan @y
= (10)

where the influences of w and ¢ are considered through K, and P = the normal atmospheric
pressure, which is used to normalize the reinforcement stiffness J. Consequently, the RSM
of K can be written as the following:

Ki = Bo+ B1(F) +5Z<ta§a¢t) +ﬁ3(¥)
(7 + P () B(52)° o

+B12(F) () + B () (52) + Bus () (5°)

A total of 705 values for the connection loads in different reinforcement layers were
computed from the 65 numerical GRS walls mentioned previously and were used to
establish a database of T¢op ;- A corresponding database of K; can further be set up using
Equation (6). To do so, substitute the values of K; and the corresponding values of z, H,
Ka, S, J, and ¢ into Equation (11). Then, the values of the unknown coefficients By, Bi,
Bii, and Bjj in Equation (11) can be determined using the least-squares method. Table 7
shows the values of By, i, Bii, and Bj. It is noted that in the process of producing the
unknown coefficients, the triaxial friction angle values of the backfill (corresponding to the
plane strain friction angles selected in numerical modeling) were used in order to make the
method user-friendly in practical engineering. This means that the experimental value of
the backfill friction angle can be used directly in Equation (11).

Table 7. Values for coefficients of response surface model.

Coefficient Value Coefficient Value
Bo 0.0337 Bs 0.0064
B 0.3934 Be ~1.1232
By —0.0147 By 0.0222
B3 0.5549 Bs —0.0129
Bs —0.3731 Bo —0.4998

4.3. Calculation Result Analysis

Figure 18 presents the 705 values of Ty, ; calculated using the proposed RSM method
versus the numerically computed connection loads, where the proposed method refers
to Equation (6) combined with Equation (11) and Table 7. The bias of the proposed RSM
method is defined as the ratio of the numerical value to the calculated value:

A= Tcon,n (1 2)

Tcon,c

where A = the bias, Tconn = the numerically calculated value of Teon, and Teone = the
calculated Tcon using the proposed method. The mean ), and the coefficient of variation
COV,, of all the biases are 1.0 and 0.41, respectively. Figure 18 shows an even distribution
of the data points on both sides of the diagonal with a slope of 1. Moreover, most of the
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data points are within the boundaries of £2COV, on both sides of the diagonal. In a
simplified and approximated manner, the proposed method can estimate the reinforcement
connection loads in GRS segmental walls with different toe restraint conditions.
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Figure 18. Comparison between the calculated values from the proposed RSM method (Tcon,c) and
the connection loads from numerical computation (Tconn)-

The proposed RSM method was also validated against the measured reinforcement
connection loads from five instrumented GRS segmental walls. Table 8 presents information
on the five walls. Walls 1, 2, and 3 are the prototype walls corresponding to three centrifuge
models with different toe restraint conditions reported by Zhang et al. [32]. Walls 4 and
5 are the field walls reported by Allen and Bathurst [10,11]. Among the five GRS walls,
Walls 1, 4, and 5 had normal toe restraints, with toe interface friction angles greater than
25°, while Walls 2 and 3 exhibited poor toe restraints. Figures 19-23 compare the measured
connection loads and the values calculated using the RSM method, the classical earth
pressure method, and the stiffness method for the five walls. As shown in Figures 19-23,
the values calculated using the RSM method are closer to the measurements than those
using the other two methods for all the walls.

Table 8. Information on physical GRS segmental walls.

Parameter Wall 1 Wall 2 Wall 3 Wall 4 Wall 5
Wall height (m) 3.6 3.6 4.1 10.7 6.1
Facing batter (°) 8 8 8 0 0
Number of reinforcement layers 5 5 5 17 10
Reinforcement spacing (m) 0.6 0.6 0.6 0.6 0.6
246 for the top 4 layers
Reinforcement stiffness (kN/m) 572 572 572 393 for the middle 3 layers 232
598 for the bottom 10 layers
Backfill weight (kN/m?) 15.7 15.7 15.7 21.7 21.7

Backfill friction angle from
triaxial or direct shear test (°) 36 36 36 47 47
Toe interface friction angle (°) 39 13 8 36 36
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Figure 19. Measured and calculated connection loads in Wall 1.
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Figure 20. Measured and calculated connection loads in Wall 2.
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Figure 21. Measured and calculated connection loads in Wall 3.
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Figure 22. Measured and calculated connection loads in Wall 4.
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Figure 23. Measured and calculated connection loads in Wall 5.

In Walls 1, 4, and 5, which were under typical toe conditions (Figures 19, 22 and 23), the
RSM method-calculated connection loads showed a bulge shape in the lower middle of the
wall, which agrees with the connection load distribution in the GRS walls under working
stress conditions [12,17,50]. This distribution shape is attributed to the primary contribution
of the toe resistance to counterbalancing the earth pressure within the bottom of the wall.
The calculated values of the stiffness method show a trapezoidal shape with wall height,
but most of them are less than the measurements, especially for the higher walls (Walls 4
and 5). For example, at a height of three meters in Wall 5, the calculated value using the
stiffness method is approximately half of the measured value, which is unsafe for design.
This because the stiffness method is deduced from the maximum reinforcement loads in
backfill instead of the connection loads. The earth pressure method gives an unrealistic,
approximate linear distribution of the connection loads and seriously overestimates the
connection loads in the middle and bottom of these three walls. In the bottom of these three
walls, the calculated connection loads using the earth pressure method are approximately
three times the measured values. This is primarily due to the neglect of the contribution of a
restrained toe to carrying earth load in the earth pressure method. In comparison, the RSM
method gives more accurate predictions than the above two methods. Nevertheless, the
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RSM method still overestimates the connection loads in the middle and bottom parts of the
three walls. Within the middle and bottom of these three walls, the RSM method-calculated
values are approximately twice the measured values.

The weaker toe restraints in Walls 2 and 3 resulted in an increasing distribution with a
depth of the connection loads that is well predicted using the limit equilibrium-based earth
pressure method (Figures 20 and 21). The earth pressure method also gives predicted values
that agree well with the measurements of the two walls. The stiffness method seriously
underestimates the connection loads at the bottom parts of the two walls. For the bottom
reinforcement layer of Wall 3, the calculated value using the stiffness method is only half of
the measured one. The values calculated using the RSM method show a distribution shape
consistent with the measured values, while they are slightly less than the measured ones at
some depths (the amplitude is less than 13%).

The proposed RSM method is an easy-to-use reinforcement connection load prediction
method for GRS segmental walls that can consider the effects of multiple factors. The
proposed method adds two extra parameters (i.e., the interface friction angle between the
lowest facing block and the leveling pad ¢; and the reinforcement stiffness J) to the classical
earth pressure method. The toe interface friction angle ¢ can be obtained using a simple
tilt table test on two concrete blocks [51]. An empirical value can also be assigned to ¢
(e.g., a value between 30° and 40°). However, it should be noted that the value of ¢; must
be determined considering the engineering geological conditions of the construction site. If
the construction site might experience exogenic geologic processes, such as river erosion or
mudslides, the real value of ¢; can be used. If GRS walls are built by rivers, in mountains,
or in flood detention areas, the toe will most likely be eroded via scouring, leading to a
sharp reduction in its resistance. In this case, it is recommended to set the value of ¢; at
less than 15° to seek higher safety margins.

5. Discussion

As stated previously, Tcon is contributed by the down-drag force induced by backfill
compaction, facing rotation, and the differential settlement of a foundation. Unfortunately,
the proper calculation of the down-drag force is difficult, and thus, a simple prediction
method for Tcon is still lacking at present. This paper proposes an RSM method for
predicting Tcon based on the back-analysis of numerical GRS wall models that considers
the effects of backfill compaction and facing rotation, but not the effects of foundation
settlement since the foundation of the wall models is assumed to be rigid.

At present, Tmay that is calculated using the earth pressure method is thought to equal
Tcon since it is seriously overestimated compared to the actual values [8]. Nevertheless,
Teon could still be larger than Ty, that is calculated based on the limit equilibrium theory
when down-drag forces are very significant. Therefore, rupture failures may occur at
reinforcement connections if only Tppmay is considered in design. At this point, Teop is a
necessary design parameter for hard-faced GRS walls and needs a prediction method that
considers the effects of down-drag force. Certainly, the current RSM method needs further
optimization to have more practical value, such as improving model accuracy, extending
the connection load database using data from field GRS walls, and including the effects of
the differential settlement of yielding foundation.

6. Conclusions

This paper proposed an RSM method for predicting the connection load of GRS
segmental walls constructed with cohesionless backfill and on competent foundations. This
method replaced the active earth pressure coefficient used in the classical earth pressure
method with an RSM of the lateral earth pressure coefficient. The RSM was established
using multiple parameters that affect the distribution of the total earth load between wall
toe and reinforcement layers. The unknown coefficients of the RSM were determined using
the regression analysis of 705 connection load values from 65 numerical GRS segmental
wall models. The measured connection loads from two field walls and three centrifuge
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test walls were utilized to verify the proposed method. The following conclusions can be
drawn from this study:

(1) In GRS segmental walls with a typical toe restraint, the sum of the total connec-
tion load and toe resistance is close to the Coulomb active earth load acting on the
facing column.

(2) The ratio of the earth loads carried by the toe increases with the friction angle of the
facing block-leveling pad interface but shows little change for interface friction angles
greater than 25°.

(3) Under the same toe restraint conditions, the toe load ratio increases with the facing
batter, reinforcement spacing, and backfill friction angle, and decreases with wall
height and reinforcement stiffness. In most cases in this paper, the toe load ratio was
not higher than 50%.

(4) No matter what toe restraint conditions, the predictions of the proposed RSM method
are in better agreement with the measured connection loads than those of the stiffness
method and the earth pressure method.

(5) For GRS walls with proper toe restraint conditions, the reinforcement connection
loads calculated using the proposed method show a bulge distribution shape, which
is consistent with observations in GRS walls under working stress conditions.

(6) For GRS walls with the loss of toe resistance, the proposed method yields a positive,
approximately linear relationship between the connection loads and wall depth, which
is close to the results of the earth pressure method.

(7) The proposed method cannot consider the effects of the cohesion of backfill soil
and the down-drag force induced by differential settlement of foundations on the
connection loads and needs further optimization.
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