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Abstract
This paper reports the results of 3D numerical modelling of a 6-m-high mechanically stabilised earth (MSE) wall con-

structed with concrete panels and steel or polymeric strip reinforcement. These systems pose numerical challenges as a

result of the discontinuous reinforcement arrangement which is not the case for MSE walls constructed with continuous

reinforcement layer configurations. Details of the numerical approach including modelling of the reinforcement strips,

concrete facing panels and compressible bearing pads between panels are described. Examples of numerical predictions for

facing deformations, toe loads due to soil down-drag behind the panels, soil and reinforcement settlements, and rein-

forcement tensile loads are presented. The influence of reinforcement stiffness is demonstrated by comparing numerical

predictions for the same MSE wall with relatively inextensible steel strips and with relatively extensible polymeric strips.

Of particular interest are the results showing the disruption of earth pressures along vertical and horizontal planes in the

reinforced soil zone as a result of the discontinuous strip inclusions, and the vertical load that accumulates on the

reinforcement strips close to the connections due to soil settlement behind the facing. The details of the modelling approach

used here and the lessons learned provide a benchmark for future similar lines of investigation and for practitioners,

particularly as the computational power of desktop computers continues to increase.

Keywords 3D modelling � Finite element modelling � Mechanically stabilised earth (MSE) walls � Polymeric strip

reinforcement � Soil retaining walls � Steel strip reinforcement

1 Introduction

Mechanically stabilised earth (MSE) walls constructed

with incremental concrete facing panels and discontinuous

strip reinforcement elements are a well-established tech-

nology. The soil–reinforcement elements most often take

the form of steel strips, steel grids or polymeric strips.

Other systems use steel rod and anchor arrangements. This

paper is focused on strip-type soil reinforced soil walls.

The internal stability design of these structures is most

often based on limit equilibrium methods with empirical

adjustments applied to familiar concepts of earth pressure

theory. The most common limit states for internal stability

are reinforcement pullout, reinforcement rupture and con-

nection failure between the soil–reinforcement and wall

facing units. For MSE walls constructed with continuous

reinforcement layers in the running wall face direction, 2D

(plane strain) analyses are appropriate. Examples are walls

constructed with continuous sheets of geogrid, geotextile

and steel grids (bar mats and welded wire). For discon-

tinuous reinforcement systems, 2D limit equilibrium-based

analyses are useful approximations suitable for design of
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routine wall structures for ultimate (failure) limit states

(e.g. [1, 11, 18]). Nevertheless, these approaches cannot be

used to explicitly predict performance features related to

wall deformations for discontinuous and continuous rein-

forcement cases because they are force based. The chal-

lenge to model walls under operational (working stress)

conditions is greater for discontinuous reinforcement

material cases than for continuous sheet-like reinforcement

arrangements. Ideally, 3D numerical modelling using the

finite element method (FEM) and finite difference method

(FDM) is best suited for this purpose.

The objective of the current study was to develop a 3D

FEM model to simulate the construction and end-of-con-

struction performance of a typical concrete panel MSE wall

of height H = 6 m constructed with steel strips and with

soil materials having a range of properties. The width of

the model is 1 m corresponding to the repeating unit of the

wall (i.e. width of one-half panel).

The model geometry for the reinforced zone and panels

in this study is typical of actual structures. However, rather

than matching the material properties for the component

materials, interfaces and foundation to a particular con-

structed wall structure, values were selected from prior 2D

modelling of walls reported in the literature and the

experience of the writers and co-workers with 2D mod-

elling of other MSE walls (e.g. [19, 21, 23, 49, 50]).

The incremental construction of the wall was simulated

in the numerical modelling. Performance results at end of

construction for wall displacements, reinforcement loads,

and horizontal and vertical earth pressures are reported.

The base case for the current investigation is a steel strip

MSE wall. Sensitivity analyses were carried out to inves-

tigate the influence on wall performance of different

properties assigned to the backfill soil, foundation soil, the

horizontal bearing pads located between panels, stiffness of

the strip reinforcement (e.g. more extensible polymeric

strips), and soil–facing and soil–strip interfaces.

This study is the first to model a tall (6-m-high) MSE

soil wall using a 3D FEM approach with discrete strip

reinforcement inclusions having very different stiffness and

a range of other component model properties. The details

of the modelling approach used here and the lessons

learned provide a benchmark for future similar lines of

investigation, particularly as computational power of

desktop computers continues to increase.

2 Prior related work

Examples of numerical 2D FEM modelling of MSE walls

with continuous reinforcement layers and different types of

hard concrete facing can be found in the literature. These

include the work of Cai and Bathurst [12], Karpurapu and

Bathurst [32], Rowe and Ho [42], Rowe and Skinner [43],

Yoo et al. [48], and Ling and Leshchinsky [34], amongst

many others. Similar attempts using the finite difference

method (FDM) can be found in the papers by Hatami and

Bathurst [26, 27], Huang et al. [29], Damians et al. [20] and

Yu et al. [49]. Many of these papers have demonstrated

satisfactory predictions of important measured perfor-

mance features of instrumented full-scale walls in the field

and in the laboratory.

2D numerical models using FEM and FDM approaches

have been used to simulate the performance of hard face

concrete walls constructed with discontinuous steel and

polymeric strip reinforcement (e.g. [2, 9, 13, 17, 19,

21, 23, 49, 53]), and steel anchors [46]. However, in these

studies it was necessary to convert the discrete reinforcing

strips to equivalent continuous layers.

The modelling of MSE walls with discontinuous rein-

forcing elements using a 2D model has been recognised as

an imperfect approach because the distribution of soil

stresses in the cross-plane direction is interrupted by the

reinforcement inclusions [38].

3D finite element modelling of MSE walls with con-

tinuous geosynthetic reinforcement can been found in the

literature (e.g. [47, 24]). However, the 3D models were

required to account for the 3D problem geometry and

discontinuous surface loading. The reinforcement layers

were modelled as planar sheets.

Ho and Smith [28] report an early attempt at true 3D

modelling of the steel strips in a reinforced soil wall. They

used brick elements to model the repeating column of soil,

reinforcement and the facing panels, and a second adjacent

column of elements to model the uninterrupted soil. The

width of the reinforced soil column matched one-half the

reinforcement width, and the two columns together had a

width equal to one-half the horizontal spacing between

reinforcement inclusions. Contours of shear stresses were

very different at vertical surfaces taken though the middle

of the reinforcement strips and parallel surfaces taken

through the intermediate unreinforced soil zone.

Bourgeois et al. [9] used a homogenisation approach to

account for the discrete reinforcement strips and the soil in

a 3D FEM simulation of a steel strip reinforced wall of

height 3.74 m supporting an embankment for a railway

track simulated by a pair of footings. Their finite element

mesh comprised of 5000 nodes and 2000 elements. The

same team carried out a 3D FEM simulation of the same

problem by using 50,000 nodes and modelling the rein-

forcement strips with ‘‘friction bar elements’’ developed

specially for the FEM program used to carry out the sim-

ulations [10]. The latter work is the closest related study to

the current investigation. However, the general approach

and the scope of their paper and the current study are very

different.
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3 Numerical approach

3.1 General

The computer software program CODE_BRIGHT [14, 39]

was used to carry out the numerical simulations in this

study. This program was used because it is freely available,

is familiar to the writers and can accommodate large 3D

geomechanics problems. It has a number of advanced

constitutive models available in the software library.

However, simple models described later were adopted in

the current study. The calculations were performed in small

strain mode to keep simulation runtimes manageable.

Regardless, the objective of the numerical modelling was

to investigate wall performance under working stress

conditions consistent with the notion of small strain

deformations.

3.2 Finite element model

Figure 1 gives an overview of the 3D model and wall

components. The model geometry for the reinforced zone

and panels captures the principal features of a typical steel

strip reinforced soil wall while adopting simple geometry

and boundary conditions to ensure that computational

demands were not excessive. The properties of the com-

ponent materials and interfaces are taken from prior related

2D modelling of MSE walls by the writers and co-workers

as explained later.

The numerical slice represents an idealised 1-m wide

repeating unit in the direction of the running length of the

wall with panels 1.5 m high. The steel reinforcement strips

are taken as 50 mm wide by 4 mm thick and placed at

vertical spacing of 0.75 m; these are typical dimensions for

these systems (e.g. [25, 45]).

The numerical model represents a 6-m-high wall with

four panels. The length of the reinforced zone is about

L = 4.2 m which is 0.7H where H is the wall height. A

ratio of L/H = 0.7 is a typical recommended value for

design (e.g. [1]). The numerical simulations did not include

any surcharge at the top boundary of the model.

Figure 2 shows mesh and material property zones for

the panels, reinforcement and connections. Careful atten-

tion was paid to the bearing pad zone dimensions and

assignment of properties because previous numerical

modelling by the writers has shown that these details have

a critical influence on facing behaviour for these types of

walls (e.g. [19]). The figure shows that the steel strip layer

is 50 mm wide by 5 mm thick. The 5 mm dimension was

selected to facilitate an optimum level of mesh discretisa-

tion. However, the properties for the base case steel strip

models in this study were adjusted (Eq. 1) to match steel

strips that are 4 mm thick and placed at typical 0.75 m

horizontal centre-to-centre spacing between strips in each

reinforcement layer [2]. Hence, for base case calculations

using a 1-m horizontal spacing, the reduced equivalent

elastic modulus of the steel (per unit running length of

wall) (Eeq) was computed to give the same stiffness of

Jr = 56 MN/m for a 4-mm-thick steel strip as follows:

Eeq ¼ Jr
Ar;3D

¼ 224 GPa/m ð1Þ

where Ar,3D is the reinforcement cross-sectional area of the

model (i.e. Ar,3D = 50 mm wide 9 5 mm thick = 2.5 9

10-4 m2) and Jr is the axial reinforcement stiffness per

running metre of wall, calculated as:

Jr ¼ ðEAÞr
nr
Lp

� �
¼ 56 MN/m ð2Þ

where (EA)r is the true reinforcement axial stiffness (i.e.

elastic modulus of the reinforcement (Er ^ 210 GPa)

times the cross-sectional area of the reinforcement (Ar-

= 50 mm wide 9 4 mm thick = 2.0 9 10-4 m2) match-

ing the steel strips reported by Abdelouhab et al. [2]; nr is

the number of reinforcement strips per panel (nr = 2); and

Lp is the length of a panel (1.5 m). Thus, nr/Lp corresponds

to the horizontal centre-to-centre spacing between rein-

forcement strips of 0.75 m.

Figure 1b shows small elements with softer material

(elastic modulus = 0.1 MPa) that were introduced in the

numerical mesh at the end of the reinforcement to prevent

the development of a numerical hard spot that can act as an

anchor and therefore artificially over-stiffen the reinforced

soil zone. The width and height of each element are

150 mm and 105 mm (Fig. 2b) and occupy the last

100 mm at the free end of the reinforcement.

All elements in the finite element mesh were 8-noded

hexahedra including zones used to simulate the interfaces

between dissimilar materials. The finite element mesh was

composed of 12,318 elements with 13,800 nodes.

The bottom domain boundary was fixed in numerical

simulations. The foundation boundary at 4.5 m below the

wall was judged to be far enough away not to influence

numerical outcomes in any practical way. The vertical y–

z boundaries were fixed in the cross-plane (x) direction.

Hence, the soil and panel y–z boundaries in the vertical

(y) direction were free to move. The domain boundaries at

the front of the foundation zone and at the back of foun-

dation and retained fill zones were free to move in the

vertical direction. The distance of the wall facing from the

back boundary of the domain (8.2 m in Fig. 1) was

selected as a practical compromise to minimise far-field

boundary effects on wall facing deformations and compu-

tation time. Furthermore, the length of the retained fill is

large enough to contain a potential active wedge
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propagating from the heel of the reinforced backfill zone.

The qualitative performance of the wall using a more dis-

tant back boundary is expected to remain unchanged, and

any quantitative differences are judged not to be of

practical importance. This is because it is the foundation

soil and the near field behind the facing that strongly

influence facing deformations.

Fig. 1 3D model overview: a finite element mesh and main dimensions for vertical repeating slice, b interfaces and c structural components
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The numerical model was constructed in stages. The

foundation zone was turned on first. Then the first panel

was placed together with the concrete levelling pad. This

panel was restrained horizontally to simulate the panel

braces that are used to temporarily support the panels in the

field. The soil layers and reinforcement layers were then

placed in two steps. The second panel was placed and

braced after the first 0.75 m of soil was in place. Once all

the soil behind the second panel was in place, the support

for the bottom panel was removed. The same staged con-

struction was repeated for the remaining panel units as

illustrated in Figure S1 in the Supplemental Material for

this paper.

Compaction of the soil layers was not simulated directly

in this study. However, the reinforced backfill soil located

within the first 1 m beyond the wall face was assigned a

lower modulus value than the remainder of the reinforced

zone as explained in the next section.

Simulations were performed on a PC using one

Intel(R) Core(TM) i7-8850H CPU processor running at

4.30 GHz (maximum turbo frequency) and with 32 GB of

RAM memory. The elapsed CPU time for the cases in this

study varied from 20 to 50 h.

3.3 Material properties

3.3.1 Base case

As noted earlier, the base case for the numerical modelling

in this study is the 6-m-high wall reinforced with steel

strips shown in Fig. 1. Material types and properties used

in this study are summarised in Tables 1, 2, 3 and 4. The

material properties used in the base case analysis are shown

in the shaded cells of Table 4.

Allen and Bathurst [5] have demonstrated that wall

performance is sensitive to reinforcement global stiffness

(Sg) which is computed as the sum of reinforcement stiff-

ness (Jr) from all reinforcement layers divided by wall

height (H). For example, wall reinforcement loads will

increase with greater global reinforcement stiffness when

all other properties remain unchanged. The value of Sg was

computed as 42 MPa (Table 4) which falls within the

range of 30–400 MPa reported by Allen and Bathurst [5, 6]

based on data taken from 24 full-scale instrumented steel

strip reinforced soil walls under operational conditions.

These walls were judged to fall within the inextensible

reinforcement category. The maximum steel strip rein-

forcement strains for all cases and layers in the current

study were less than 0.03%, which is well below the yield

strain of 0.2% for the steel. For comparison, a monitored

17-m-high production steel strip wall described by Runser

et al. [45] recorded strains up to 0.08% at end of con-

struction. The computed maximum strains for the poly-

meric straps in this paper were about 0.2% which is at the

low end of values measured in actual PET strap walls and

is well below 1% strain that is recommended to keep these

systems at working stress levels [36] and to ensure ade-

quate margins of safety against tensile failure [8].

All soil materials were assumed to be linear elastic–

plastic. The soils are granular type with shear strength best

described by peak plane strain friction angles. Plane strain

friction angles of a granular soil can be determined from a

‘‘plane strain’’ test apparatus that confines a block of soil

between two frictionless parallel plates that prevent out-of-

plane deformations at the plate boundaries. Hence, this test

apparatus constrains the soil similar to the y–z boundaries

in the numerical model used in this study. Peak friction

angles computed from plain strain tests for dense granular

Fig. 2 Mesh and material property zones for the panels, reinforce-

ment and connections: a facing panel joint and reinforcement

connections, and b vertical slice through reinforcement strip showing

soil interface zone
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Table 2 Non-soil material properties for base case

Parameter Material

Reinforcement Concrete Bearing pads (HDPE)

Steel stripa Polymeric strap

Unit weight, cn (kN/m
3) 75 7.5 24 10

Elastic modulus, E (MPa) 210,000 5000 and 500 32,000 Panels 3.3b

25,000 Levelling pad

Poisson’s ratio, m (-) 0.3 0.3 0.2 0.01c

aStrips are 50 mm wide and 4 mm thick and placed at horizontal spacing of 0.75 m. The steel used in the numerical simulations to give the same

stiffness using a 5 mm thick strip J = 56 MN/m
bEquivalent modulus of horizontal joint material for 1-m running length of wall based on two HDPE bearing pads placed at 1.5 m intervals for a

typical physical wall [16, 23]
cNegligible Poisson’s ratio value to account for internal spaces (voids) and ribbed geometry which reduces lateral expansion of each pad under

vertical compression

Table 1 Soil material properties for base case taken from Yu et al. [49]

Parameter Soil material

Backfilla Foundation

([ 1.0 m from face)b (\ 1.0 m from face)

Unit weight, cn (kN/m
3) 18 20

Elastic modulus, E (MPa) 20 10 45c

Poisson’s ratio, m (-) 0.3 0.3

Cohesion, c (kPa) 1 5

Friction angle, / (�) 44 36

Dilatancy angle, w (�) 14 6

aIncludes both reinforced and retained soil materials
bRetained fill assumed to have the same strength–stiffness soil properties as the reinforced soil zone beyond 1.0 m from facing
cLarger elastic modulus selected to give the foundation zone the same vertical stiffness as the wall backfill soil

Table 3 Interface material properties for base case (data from [49])

Parameter Interface

Soil–facinga Soil–reinforcement

Unit weight, cn (kN/m
3) 19 19

Elastic stiffness modulus, E (MPa) 4.02 20

Poisson’s ratio, m (-) 0.45 0.45

Cohesion, c (kPa) 0.6 1

Friction angle, d (�) 30.1 26.6b

Dilatancy angle, w (�) 0 14c

aSoil–facing interface strength–stiffness reduction factor assumed equal to Ri = 0.6, which influences both stiffness and strength ([21])
bSoil–reinforcement steel strip interaction assuming d = 26.6� (= /i) is equivalent to an interface reduction factor of Ri = tan d/tan / = 0.52,

which corresponds to a pullout friction factor F* = tan d = tan (26.6�) = 0.50 (i.e. F* = tan d = Ri tan / = 0.52 tan(38�) = 0.40). The base case

F* = 0.4 in the current study and matches AASHTO [1] specifications for smooth steel strips but is low for ribbed steel strips and polymeric

strips [37]. This value is assumed to remain constant at reinforcement locations deeper than 3 m from top of wall (i.e. all reinforcement layers

modelled), which is in good agreement with results of Chida and Nakagaki [15] and numerical results reported by Yu et al. [49]. According to

FHWA [25], the friction angle of the soil to compute F* is based on the peak friction angle from triaxial or direct shear tests
cAssumed equal to backfill soil dilatancy angle for soil–reinforcement interface material zone
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soils are larger than values deduced from triaxial tests.

Using the relationship proposed by Kulhawy and Mayne

[33], the peak plane strain friction angle of 44� corresponds
to 38� from triaxial tests. This value is typical for high

quality granular fill materials that are recommended in

AASHTO [1] specifications for MSE walls. A value of

cohesion c = 1 kPa was selected to ensure numerical sta-

bility at the soil zone (top) free boundaries during con-

struction (e.g. [19]). The elastic modulus of the soil located

within 1 m of the back of the wall facing was reduced by

50% to capture the effect of lower compaction energy in

this region when lighter compaction equipment is used

directly behind the facing as recommended for good con-

struction practice [25]. This reduced soil modulus tech-

nique for this zone has been used in 2D simulations of

other MSE walls for the same reason given here (e.g.

[19, 49]).

The modulus and friction angle properties of the inter-

faces were related to the adjacent soil using the reduction

factor (Ri). This value was set to 0.6 for the facing–soil

interface and 0.52 for the soil–reinforcement interface. The

facing–soil interface was assumed to be smooth and thus

non-dilatant while the soil–reinforcement interface was

assumed to be rough and therefore was assigned the same

dilatancy angle as the adjacent soil. The choice of soil and

interface parameters used here was based on experience

from 2D modelling of steel strip reinforced walls by

Damians et al. [21] and Yu et al. [50]. The friction coef-

ficient for the base case was assumed as F* = 0.4 which is

at the low end for polymeric strips [2, 35, 36] and a con-

servative (safe) estimate for design with ribbed steel strips

[1].

The mechanical properties of the horizontal joint

between adjacent panels were selected to transform the

bearing pads that are constructed with internal voids and

ribbed geometry, to a continuous thin solid rectangular

strip zones with equivalent one-dimensional compressive

stiffness (Ep). The joint material for base case models is

equivalent to a row of bearing pads manufactured from

high-density polyethylene (HDPE) [23].

3.3.2 Additional cases and material properties
for sensitivity analyses

Parametric analyses were carried out in this study to

examine the influence of a range of soil and material

properties on numerical modelling outcomes. Nine addi-

tional numerical simulations were carried out using the

combinations of values shown in Table 4. Included in the

parametric analyses were cases with polymeric strips that

were assigned tensile stiffness values of Jr = 1.25 and

0.125 MN/m (load per m width of strap). These values are

at the top and bottom range of secant stiffness values

computed at 1000 h and 2% strain from constant load tests

[7]. The corresponding global reinforcement stiffness val-

ues are Sg = 1.7 and 0.17 MPa, respectively. The higher

stiffness case is in agreement with eight instrumented field

walls examined by Miyata et al. [36] that were constructed

with modern polymeric (PET) strips and shown to have Sg
values in the range of 1.96–0.79 MPa. The lower value in

the current study falls below the field cases noted above but

was selected in one set of analyses to explore the influence

of reinforcement stiffness on numerical outcomes. Allen

and Bathurst [6] showed that walls constructed with other

types of relatively extensible polymeric reinforcement

products (i.e. geogrids and geotextiles) can also be

expected to have Sg B 2 including values that are less than

Sg = 0.17 MPa in the current study.

Analyses were also carried out with different backfill

and foundation modulus values (Eb and Ef) and a more

compressible bearing pad arrangement. Numerical simu-

lations were repeated with a lower interface strength and

stiffness reduction factor (Ri). Finally, calculations with

different soil–reinforcement pullout friction factor F*

assigned to each reinforcement layer were performed.

Based on AASHTO [1] recommendations, the layers for

ribbed steel strips were assigned values of F* linearly

interpolated between 0.80 at the bottom of the wall and 2.0

at the top of the wall.

4 Model approach applied to PWRI wall case
study

Many of the baseline model parameters were taken from

the paper by Yu et al. [49] who modelled the instrumented

steel strip wall constructed at the Public Works Research

Institute (PWRI) in Japan and reported by Chida and

Nakagaki [15]. In order to develop confidence with the 3D

model developed for this study, the measured and numer-

ically predicted reinforcement loads and wall toe load from

the earlier study by the writers and co-workers were

revisited [49]. The material properties for the PWRI wall

numerical analysis are identified in the tables presented

earlier. It should be noted that the PWRI wall was a test

wall supporting a narrow embankment with an inclined

surcharge and was constructed with cruciform shape facing

panels. Hence, the general arrangement was more com-

plicated than the 3D wall slice that is the focus of the

current study.

Figure 3 shows the measured reinforcement loads

together with predictions using the same CODE_BRIGHT

3D FEM code as in the current study (i.e. using a 3D

analysis) and two other commercial 2D numerical mod-

elling codes (FEM - [40, 41]; FDM - FLAC- [30]). The 3D

numerical and measured results are judged to be in
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reasonable practical agreement in the plots in Fig. 3 given

the complexity of the physical system. Increasing the

backfill elastic modulus from the base case value of

20 MPa to a stiffer value of 50 MPa was judged to improve

the overall agreement between measured and predicted

values in this study using the 3D FEM model. Also shown

in the figure are the 2D numerical model results reported by

Yu et al. [49] using the program FLAC and 2D modelling

by the writers using the program PLAXIS. These values

also appear to do well, but the numerical outcomes vary

with choice of numerical approach (i.e. FEM code or

FDM). It can be concluded that the 3D model does not

have practical advantage over the 2D models when com-

parisons are limited to tensile reinforcement loads. The

disadvantage of the 2D approach is the discontinuous

reinforcement strips must be treated as continuous

elements in the plane strain (x) direction. This poses a

challenge for steel strip walls that are constructed with

variable horizontal spacing between reinforcement strips in

a layer, as in the Minnow Creek wall in the USA investi-

gated by Runser et al. [45] and Damians et al. [21].

Computed toe and foundation vertical pressures for the

PWRI wall using the 3D model are presented in Fig. 4.

Foundation pressures were not measured in the physical

test. The measured vertical toe pressure deduced from

measurements reported by Chida and Nakagaki [15] is

296 kPa, which is close to the calculated value of 309 kPa

using the 3D numerical model in the current study. The toe

load is greater than the self-weight of the column panels.

The ratio of these values is the footing load factor com-

puted as 2.15 and 2.06 for numerical and measured cases,

respectively. The difference in toe load and panel self-

Table 4 Parameter values for base case and sensitivity analyses

E

aBase case values are shown in shaded cells
bStiffness based on 1-m running length of the wall with reinforcement strips placed at horizontal spacing of 1 m
cInterface reduction factor is multiplied with shear modulus of adjacent soil to compute shear modulus of interface elements. The equivalent

calculation using E and m of the adjacent soil is: Ei = 1.45 (Ri)
2 (E/(1 ? m)) ([22]). Interface reduction factor is multiplied with soil friction

coefficient to compute interface element friction angle as: d = atan(Ri tan/)
dEPDM bearing pads [19, 23]
eValues from Yu et al. [49] for PWRI wall case [15]. Wall constructed with smooth steel strips
fStiffness is at top end of range for polymeric (PET) strip reinforcement [36]
gStiffness is at lower end of range for polymeric (PET) strip reinforcement [36]
hAASHTO [1] for ribbed steel strips
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weight is ascribed to the down-drag shear stresses devel-

oped between the panels and the reinforced soil, and

hanging up of the reinforced soil on the reinforcement

strips as the wall panels move out and the soil behind

moves down.

Fig. 3 Measured and predicted tensile reinforcement loads for PWRI wall in current study and numerical (FLAC) results reported by [49] using

Case 6 material properties in Table 4. Note: h = height of layer above the toe of the wall
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5 Results of base case numerical simulations

5.1 Example 3D plots

An important feature of the CODE_BRIGHT program is

that numerical outcomes can be extracted easily and

visualised using a third-party software package. Examples

are shown in Fig. 5 and in Figures S1 and S2 in the Sup-

plementary Material to this paper.

Figure 5a shows horizontal displacements in the z di-

rection computed with respect to the location of the toe at

the end of construction. The largest deformations of about

5 mm occur behind the second panel from the bottom of

the wall and dissipate with distance into the reinforced soil

zone. Horizontal deformations at the wall toe and rein-

forced soil-retained fill boundaries are about 2 mm.

Figure 5b shows vertical displacements with respect to

the original toe. Vertical displacements through the height

of the facing panels are about 7–8 mm and are largely due

to the compressible bearing pads. Within the reinforced soil

zone and retained backfill, the relative vertical deforma-

tions are about 13 mm. The relative downward deforma-

tion of the backfill soil behind the facing panels anticipates

down-drag shear forces on the back of the facing panels

which was mentioned earlier for the PWRI wall case and is

discussed later in the paper.

5.2 Horizontal displacements

Figure 6 shows outward displacement profiles for selected

wall cases at end of construction. Wall deformations are

small. However, there are detectable differences in some

cases that can be ascribed to the difference in magnitude of

properties assigned to different wall components. For

example, Fig. 6a shows that for the same walls varying

only with respect to the stiffness of the bearing pads, the

wall with softer (EPDM) bearing pads led to greater

deformations over the top three facing units. Not unex-

pectedly, the walls with more extensible polymeric strap

reinforcement developed greater outward deformation than

the base case steel strip reinforcement case as shown in

Fig. 6b. However, the difference in outward displacements

for polymeric strips bracketing the range of stiffness

deduced from actual polymeric (PET) strap values was not

practically different. The influence of interface reduction

factor (Ri = 0.6 and 0.3) was negligible as shown in

Fig. 6c. Similarly, changing the magnitude of the interface

friction coefficient F* did not have a practical influence on

wall facing deformations (Fig. 6d). From this observation,

it may be concluded that under operational (working stress)

conditions, it is the stiffness of the reinforcement that

influences wall deformations rather than the interface

capacity between soil and reinforcing strip.

In all cases, the outward displacements are judged to be

small enough not to be of practical concern. For example, a

maximum outward displacement of 5 mm for a steel

reinforced soil wall of H = 6 m corresponds to a nor-

malised outward deformation of 0.08% of the wall height.

This includes the horizontal toe deformation of close to

2 mm which is thus a large portion of the maximum wall

deformation. FHWA [25] provides a chart that shows that

for a steel wall of height H = 6 m and reinforcement of

length L = 0.7H, a first-order approximation for maximum

outward deformations that may occur during construction

is 24 mm (or normalised displacement of 0.4%). The same

chart anticipates maximum outward deformations of

80 mm (or normalised displacement of 1.3%) for extensi-

ble reinforced soil walls but makes no specific recom-

mendation for polymeric strap walls. The maximum

numerically predicted value in this study is about 8 mm (or

normalised displacement of 0.13%) for the most extensible

polymeric strap wall (Case 7b). It can be concluded that the

walls in this study are well within deformation limits

expected of production walls at end of construction and

under operational conditions.

In real-world cases, the magnitude of wall outward

displacements and final wall alignment is strongly influ-

enced by construction quality and technique. Hence, the

quantitative outcomes reported here must be appreciated in

relative terms. Examples of the significant influence of

construction technique on facing alignment can be found in

the papers by Allen and Bathurst [4] for an 11-m-high

modular block wall reinforced with geogrids and a steel

strip reinforced 17-m-high incremental concrete panel wall

reported by Runser [44] and Runser et al. [45]. Numerical

modelling of these walls by Yu et al. [52] and Damians

et al. [21] was not able to explicitly account for the effects

of documented construction issues in their numerical sim-

ulations. Most often the challenge during construction is to

maintain the target wall facing batter by making local

Fig. 4 Toe and foundation vertical pressures for PWRI wall
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adjustments to panel placement and alignment as con-

struction proceeds.

The moving datum for monitoring points used to track

wall facing deformation measurements in the field adds

uncertainty to deformation analyses. Nevertheless, Miyata

et al. [36] estimated out-of-vertical deformations of

10–190 mm (0.1–2.9% of wall height) from monitored

polymeric strap walls of similar height to the wall in this

Fig. 5 Example plots of displacements at end of construction taken with respect to location of wall toe at start of wall construction: a horizontal

and b vertical. (Case 0—steel strip wall)

Fig. 6 Outward facing displacements with respect to original toe of wall at start of construction
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study. The numerical models in the current study for the

polymeric strap case gave 0.13% of the wall height and

thus fall just inside the lower range of values available

from field measurements.

The reinforced soil mass may also experience a com-

peting backward rotation when seated on a compliant

(compressible) foundation [19, 31]. This can be appreci-

ated by the larger vertical displacements located within the

reinforced soil zone in Fig. 5b compared to the front of the

wall.

Figure 7 shows facing displacement profiles computed

for different combinations of backfill and foundation

modulus values. As the foundation modulus becomes less

and all other parameter values remain unchanged, the

horizontal deformation of the wall increases. For the

weakest backfill and foundation soil combination (Case 1),

the wall has the appearance of rotating backward.

Horizontal displacement profiles taken at the face and at

selected distances from the face are presented in Fig. 8 for

the base case (Case 0). The plots in this figure show that

outward deflections are greatest at the face but decrease

with distance from the face of the wall.

5.3 Reinforcement layer vertical settlements

Figure 9 shows vertical settlement profiles for selected

layers using steel and polymeric strips. The datum for these

plots is the elevation of the wall toe at start of wall con-

struction. The settlements increase with distance from the

facing and are greater for the more extensible polymeric

strip material. The difference is a maximum of about

2 mm. For each case in each plot, the smallest settlements

are close to the connections, which is consistent with

hanging up of the soil over the reinforcement strips

described earlier.

5.4 Reinforcement loads

Figure 10 shows reinforcement load distributions along the

length of selected reinforcement layers. The four curves in

each plot correspond to different combinations of rein-

forced soil and foundation soil modulus. Overall stiffness

of the soil materials increases in the order of Case 1, 2, 3

and 4 as identified in Table 4. In general, the magnitude of

reinforcement tensile loads increases in the reverse order

when all other parameters remain unchanged. The excep-

tion occurs close to the connection with the facing partic-

ularly at the bottom-most layers (e.g. Layer 2 in Fig. 10).

An explanation for this is the relatively low stiffness of the

backfill soil located within 1 m of the facing.

An important observation from this figure is that the

maximum tensile loads are greatest in the vicinity of the

connections for the two stiffest reinforced soil conditions

while for the softer soil conditions the peak tensile load is

located closer to the middle of reinforcement length. An

implication for design is that the maximum tensile load

should also be applied at the connections to be conserva-

tively safe. This assumption is made in North American

design codes for all MSE walls [1, 18], while in other codes

(e.g. [11]; AFNOR [3]) the tensile load at the connections

may be taken as some fraction of the computed maximum

tensile load depending on the flexibility of the facing and

the connection system.

Fig. 7 Outward facing displacement profiles at end of construction

(Cases 1, 2, 3 and 4)

Fig. 8 Outward displacement profiles at face of wall to 6 m from

facing at end of construction (Case 0)
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In this study, numerical simulations were carried out to

investigate the influence of bearing pad compressibility on

wall performance. Results related to reinforcement tensile

loads are shown in Fig. 11. Generally, maximum rein-

forcement loads are larger with the softer bearing pad

arrangement (Case 5). Furthermore, for the softer bearing

pad configuration the maximum reinforcement loads are at

the connections. The larger tensile loads for the softer

bearing pad configuration are consistent with the larger

facing deformations for this wall compared to the same

wall but with stiffer bearing pads (Fig. 6a). However, this

relative performance difference may not occur for other

combinations of soil modulus and reinforcement stiffness

that were not examined in this study.

The influence of reinforcement stiffness on reinforce-

ment loads is shown in Fig. 12. As may be expected, the

reinforcement loads are much higher for the steel strip

reinforced wall in comparison with the otherwise nomi-

nally identical two cases with stiffness values associated

with more compliant PET strap walls. The stiffness of the

two PET strap cases varies by a factor of 10, but the dif-

ference in loads varies by less than a factor of 2. The

difference in peak reinforcement loads between steel and

the stiffest PET strap case is a factor of 70, but the ratio of

maximum loads is about 10. The nonlinear increase in

reinforcement loads with reinforcement stiffness is in

sympathy with the qualitative trend using the stiffness-

based simplified stiffness method developed by Allen and

Bathurst [5]. This method has been recently adopted by

AASHTO [1] for the calculation of tensile loads for

internal stability of MSE walls constructed with geosyn-

thetic reinforcement materials.

Similar sensitivity analysis comparisons were carried

out to isolate the influence of the strength and stiffness

reduction factor on reinforced loads (Cases 8 and 9). These

analyses showed no practical difference in reinforcement

load magnitude and distribution and thus are not presented.

Fig. 9 Vertical settlement profiles for selected steel (Case 0) and

polymeric strip reinforcement layers (Case 7a) at end of construction

Fig. 10 Tensile reinforcement loads in selected reinforcement layers

for Cases 1, 2, 3 and 4 showing influence of foundation and backfill

soil modulus

Fig. 11 Tensile reinforcement loads in selected reinforcement layers

for Cases 0 and 5 (relatively stiff and soft bearing pads, respectively)
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6 Earth pressures

6.1 Vertical foundation pressures

Figure 13a shows the computed vertical foundation pres-

sures and the vertical pressure exerted by the facing col-

umn on the footing for the base case (steel strip). Data with

solid symbols are located directly at the midlocation of the

wall below the centreline of the steel strips. The data points

with open symbols reveal that the toe load pressures vary in

the running length direction of the wall. This small three-

dimensional effect cannot be detected using a 2D model.

The distributions of foundation pressure corresponding to

the same three locations were not practically detectable and

for this reason are not plotted to avoid visual clutter. As

discussed for the PWRI wall, the vertical toe pressure is

greater than the pressure due to self-weight of the column

panels (i.e. footing load factor[ 1) due to down-drag on

the back of the concrete panels and on the steel strips. The

load factors are 2.82, 2.72 and 2.64 for points located at

0.125 m from the lateral boundaries, midpoint between

lateral boundary and steel strip, and directly below the

centreline of the steel strips, respectively.

Figure 13b shows the foundation pressures for the same

case above but using the less stiff polymeric reinforcement

(Case 7a). The foundation pressures are essentially

unchanged, but the vertical toe pressures are less at the

same locations along the running length of the wall. The

load factors are now 2.58, 2.47 and 2.41 at the same

locations as above. From a practical point of view, the

differences between the two reinforcement cases with

respect to the down-drag loads are not significant but they

are detectable.

Figure 13c shows the results of calculations using other

combinations of soil elastic modulus for the steel strip case.

For the case of very stiff soil properties (Case 4), there is a

relatively large reduction in vertical toe pressure compared

to the other cases including Case 0. However, qualitative

trends in the distribution of foundation pressures remain

unchanged.

Finally, the computed load factors in Fig. 13a–c are

typical for measured values reported in the literature for

field walls [19] and most often fall within the recom-

mended range of 2–3 for the design of the bearing pads for

incremental concrete panel walls in the USA [25].

6.2 Vertical pressures at and in the vicinity
of the reinforcement strips

A major motivation for the numerical simulations in this

study was to investigate 3D behaviour which can be

expected to be different from an equivalent 2D wall model.

Figure 14 shows vertical pressure distributions computed

at 0.25 m from the front of the facing panels. The plots in

the figure show that:

1. Close to the facing, the vertical pressures at a height of

2.5 cm above the strips are greater than the soil self-

weight at this location. At 10 cm above the strips,

vertical pressures are attenuated to about one-half those

at 2.5 cm above the strips. The explanation for this

behaviour is that the block of soil behind the wall

facing wants to move down with respect to the wall

face as the facing moves outward and the soil

compresses. The reinforcement strip impedes this

movement, and the soil hangs up on the strip. The

soil located between the strips then imparts down-drag

forces on the soil column above the strip. This results

in greater normal stress on top of the strip than soil at

the same elevation and located on either side of the

strip.

2. The vertical pressures directly below the strips

decrease with decreasing distance from the strip and

are less than the constant pressure recorded beyond

about 20 cm of the strip centre at the same elevation. It

should be noted that a small amount of soil cohesion

(c = 1 kPa in Table 1) was used in the model to avoid

numerical instability at the free boundaries. This

resulted in very small negative vertical stresses directly

below the reinforcement strips as shown in Fig. 14.

From a practical point of view, these stresses should be

assumed as zero.

3. The lateral distance over which vertical pressures close

to the back of the facing panel are modified by the steel

Fig. 12 Tensile reinforcement loads in selected reinforcement layers

for Case 0 (relatively stiff steel reinforcement), and Cases 7a and 7b

(relatively less stiff PET strap reinforcement)
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Fig. 13 Vertical foundation pressures at end of construction

Acta Geotechnica

123

Au
th

or
's 

Fi
na

l M
an

us
cr

ipt
 

Au
th

or
's 

  F
ina

l   
M

an
us

cr
ipt

 

 

Au
th

or
's 

Fi
na

l M
an

us
cr

ipt



strip inclusion is about 5B where B = 0.05 m is the

strip width (Fig. 14a).

4. The magnitude of increased vertical pressure acting on

the strips increases with depth of the reinforcement

strip below the top of the wall.

Fig. 14 Vertical pressure distributions at and in the vicinity of the reinforcement strips at 0.25 m from the back of the facing for a steel

reinforcement base Case 0 and b polymeric reinforcement (Case 7a)
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5. The maximum vertical pressure acting on Layer 2 close

to the back of the facing is about a factor of 2 and 3

greater than the pressure beyond the edges of the steel

and polymeric reinforcement layers, respectively.

6. Qualitative features are the same for steel and

polymeric cases. However, Layer 2 of the stiffer steel

strip wall has slightly lower maximum vertical pressure

above the strip than the matching polymeric strap. For

the topmost Layer 8, the polymeric strap carries greater

vertical pressure as well. The larger vertical pressure is

consistent with the greater settlement computed for the

polymer strip reinforced wall compared to the steel

reinforcement case (Fig. 9).

The increase in vertical pressure acting over the strips

close to the back of the facing column is consistent with the

hanging up of the soil on the reinforcement strips that leads

to the foundation pressure attenuation immediately behind

the facing that was described earlier. A practical implica-

tion of the observations made above is that the over-pres-

sure acting on the strips can be used to check against shear

failure of rigid connectors between the reinforcement strips

and panels. For example, Fig. 15 shows a plot of vertical

shear load through the steel strips for the base case example

with a fixed connection. The maximum shear loads are at

the connections as expected, but the loading is well below

the connection shear capacity. Deformations of the steel

strips at the connections due to connection type can also be

investigated (e.g. rigidly fixed connector or a connector

with rotational degree of freedom).

Figure S3 in the Supplemental Material for this paper

shows similar plots to Fig. 14 taken at 2.0 m from the front

of the facing. At this location, the pressure distributions are

almost flat, indicating that the interference of the rein-

forcement strips on vertical pressures above and below the

strip elevations has largely dissipated at this location.

6.3 Lateral earth pressures

Figure 16a shows the horizontal earth pressures acting at

the back of the facing in the reinforcement direction and in

the wall direction at the centreline location of the steel

reinforcement strips. Sharp jumps can be observed in the

pressure profiles against the facing (open symbols). These

pressures are larger just above the top of the reinforcement

strip compared to just below. This behaviour is consistent

with the larger and smaller vertical pressures at the same

location in Fig. 14. The corresponding profile (Fig. 16b)

taken through the same height of the wall but at the mid-

point between the strip centreline and the lateral boundary

can be seen to be smoother. This is because the disturbance

to the earth pressure distribution due to the reinforcement

inclusions is attenuated with distance from the

reinforcement.

The same qualitative trends can be seen for the more

extensible polymeric strip reinforcement in Fig. 16c, d.

However, the pressures against the wall are lower than for

the less extensible steel reinforcement strip cases. In fact,

the pressures at locations between and beyond the imme-

diate influence of the reinforcement layers are typically in

the vicinity of Ka values or less. For the steel strip case, the

pressures in those same locations are most often greater

than the Ka value and often in the vicinity of Ko values. The

lower pressures for the polymeric strip case compared to

the relatively inextensible steel strip case are in sympathy

with classical notions of earth pressure theory that predict

lower earth pressures with greater lateral deformations.

Also shown in the plots of Fig. 16 are lateral pressures

(solid grey symbols) at the same location but in the

orthogonal direction (i.e. in the running direction of the

wall face—direction x in Fig. 1). For the steel strip cases,

the orthogonal pressures are most often similar in magni-

tude to those acting against the facing. However, for the

matching case with more extensible polymeric strips, the

orthogonal pressures are most often greater and by a rela-

tively large amount at some locations.

In conventional analytical design approaches to compute

earth pressures acting against the facing, the out-of-plane

soil stresses cannot be considered. However, frictional soils

are stress-level dependent and ignoring the larger lateral

stresses computed in the out-of-plane direction in 3D

numerical models will underestimate the mean confining

stress in the soil, thus making the soil appear weaker and

less stiff. The recommendation to include the out-of-plane

stress (rx) in the calculation of the bulk modulus in non-

linear constitutive models for frictional soils has been made

by Huang et al. [29] and Yu et al. [51, 52] to improve the

accuracy of numerical models for reinforced soil walls with

continuous sheet reinforcement.

Fig. 15 Vertical shear load along length of steel strip reinforcement

layers (Case 0)
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7 Conclusions

This paper reports the first attempt to carry out 3D

numerical modelling of a tall (6-m-high) vertical slice of a

MSE wall constructed with steel strip reinforcement since

the work of Ho and Smith [28]. The 3D model was used to

predict the influence of reinforcement type on wall per-

formance using the examples of relatively inextensible

(steel strip) and relatively extensible (polymeric strip)

materials that are common components in MSE walls

constructed today.

The paper demonstrates that the 3D model does not have

practical advantage over simple 2D models for walls with

simple reinforcement arrangements and no surface loading

when comparisons are limited to tensile reinforcement

loads and careful attention is paid to choice of parameters

for the soil, strip reinforcement and the facing parameters.

However, the advantage of the general 3D model approach

is that the influence of the discrete reinforcement strips on

numerical predictions of the magnitude and distribution of

pressures acting on the wall facing and on the steel strips is

detectable. This is not possible using 2D continuous rein-

forcement sheet approximations to rows of discrete

Fig. 16 Lateral earth pressures at back of facing in reinforcement direction and in wall direction. Note: Pressures computed at 0.25 m from back

of facing
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reinforcement strips as is the approach used most often

today. The ability to model the MSE wall components in

3D holds promise to better predict the tensile loads in the

reinforcement strips/straps (particularly when reinforce-

ment strips are placed at variable spacing in a layer),

evaluate stresses in the facing panels (Figure S4) and

compute shear loads at the connections. These advantages

can assist to avoid over-stressing at these locations and to

optimise wall design. However, the connection details in

the numerical models used in this study are purposely kept

simple. Connection performance predictions can be

expected to change as model details at the location of the

connections are improved.

A disadvantage of the modelling approach in this paper

is that computational demands are large, at least for typical

high-end desktop computers that are currently available.

However, this is expected to be less of a problem in the

future. Hence, this study holds promise to provide guidance

to designers for taller and more complex strip reinforced

MSE walls as 3D numerical modelling software suit-

able for MSE wall structures improves and computational

power increases.
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a) Step 1: foundation turned on 

 

 

b) Step 2: leveling pad and panel 1 placed 

with braced support 

 

 

c) Step 3: 0.75 m of soil

 

 

d) Step 4: bearing pad and panel 2 placed 

with braced support 

 

 

 

e) Step 5: 1.5 m of soil  

 

 

f) Step 6: 2.25 m of soil 
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g) Step 7: bearing pad and panel 3 placed 

with braced support 

 

 

h) Step 8: 3.0 m of soil, braced support for 

panel 1 removed

 

i) Step 9: 3.75 m of soil 

 

j) Step 10: bearing pad and panel 3 placed 

with braced support 

 

 

k) Step 11: 4.5 m of soil, and then braced 

support for panel 2 removed 

 

 

l) Step 12: 5.25 m of soil 

 

 

  

Au
th

or
's 

Fi
na

l M
an

us
cr

ipt
 

Au
th

or
's 

  F
ina

l   
M

an
us

cr
ipt

 

 

Au
th

or
's 

Fi
na

l M
an

us
cr

ipt



Damians et al.   Acta Geotechnica August 2020 

 

4 

 

 

m) Step 13: 6.0 m of soil in placed all braced support removed 

 

 

Figure S1: Illustration of staged construction of 6 m-high steel strip reinforced soil wall  
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a) H = 0 m (first panel installation) b) H = 0.75 m 

  

 

b) H = 1.5 m 

 

c) H = 2.25 m 

  

  Au
th

or
's 

Fi
na

l M
an

us
cr

ipt
 

Au
th

or
's 

  F
ina

l   
M

an
us

cr
ipt

 

 

Au
th

or
's 

Fi
na

l M
an

us
cr

ipt



Damians et al.   Acta Geotechnica August 2020 

 

6 

 

d) H = 3.0 m 

 

e) H = 3.75 m 

  

 

f) H = 4.5 m 

 

g) H = 5.25 m 

  

  

Au
th

or
's 

Fi
na

l M
an

us
cr

ipt
 

Au
th

or
's 

  F
ina

l   
M

an
us

cr
ipt

 

 

Au
th

or
's 

Fi
na

l M
an

us
cr

ipt



Damians et al.   Acta Geotechnica August 2020 

 

7 

 

 

h) H = 6 m i) H = 6 m (horizontal displacements) 

  

 

Figure S2. Vertical displacements at different construction stages (a-h) and horizontal wall 

displacements at end of construction H = 6 m (i) (units: m) (Case 0 – steel strip wall) 
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Figure S3. Vertical pressure distributions at and in the vicinity of the reinforcement strips at 2.0 

m from front of the facing for: a) steel reinforcement base case (Case 0), and b) polymeric 

reinforcement (Case 7a). 
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a) vertical stresses (MPa) 

 

b) horizontal stresses (MPa) in reinforcement 

direction 

  

 

c) horizontal stresses (MPa) in wall face 

direction 

d) vertical strains (-) in panel and first 

horizontal panel joint 

  

 

Figure S4. Vertical and horizontal panel stresses developed at the end of construction in second 

panel from bottom of the wall and vertical strains (steel strip wall - Case 0).  
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Table S1. Parameters used to simulate PWRI wall (from Yu et al. 2015a) 

 

Parameter Value 

Concrete unit weight c (kN/m3) 24.0 (a) 

Elastic modulus Ec (GPa) 32.0 

Panel width (m) 0.18 

Backfill peak plane strain friction angle,  (°) 44 

Backfill cohesive strength, c (kPa) 1 

Backfill dilatancy angle, ψ (°)  14 

Backfill unit weight,  (kN/m3) 18 

Backfill stiffness, Eb (MPa) 20 

Backfill stiffness, Eb(1st-m) (MPa) 10 

Poisson’s ratio, ν (-) 0.45 

Foundation peak plane strain friction angle,  (°) 36 

Foundation cohesive strength, c (kPa) 1 

Foundation dilatancy angle, ψ (°)  6 

Foundation backfill unit weight,  (kN/m3) 18 

Foundation stiffness, Ef (MPa) 13.5 

Poisson’s ratio, ν (-) 0.45 

Bearing pad cross-sectional area (m2/m length of wall) 0.0126 

Bearing pad stiffness, Ep (MPa) 6.4 

Bearing pad unit weight (kN/m3) 10 

Reinforcement stiffness, Jr (MN/m) 68.2 

Global reinforcement stiffness, Sg (MPa) 61 

Soil-facing interface strength-stiffness reduction factor, Ri (-) 0.67 (b) 

Interface element stiffness, (MPa) 20 

Interface element stiffness friction angle, (b) (°) 32.9 

Soil-facing interface adhesion, ca (kPa) 0.6 

Soil-reinforcement pullout friction factor, F* (-) 

Variable: 1.8 at top of wall, 

decreasing to 0.6 at 3 m 

below crest of wall, and then 

constant thereafter 
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Notes:  

(a) Unit weight of concrete in numerical model was increased by a factor of 0.180/0.150 to 

account for the wider panel width (180 mm) in the physical wall and the Yu et al. model, and 

the narrower panel width (150 mm) used for the numerical PWRI wall in the current study.  
(b) Applied to backfill soil only to calculate modulus of soil-facing stiffness, adhesion and 

interface soil friction angle. 
(c) The equivalent steel modulus for the steel strips in the PWRI wall using the same width and 

thickness of the steel strips in Figure 2b is E = 272.6 GPa. 
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