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Abstract % N
This paper reports the results of 3D numerical alpdellilig of a 6-m-high mechanicall sed earth (MSE) wall con- Q
1

structed with concrete panels and steel or po r1CWtrip reinforcement. These sy s [i0se numerical challenges ad¥:
result of the discontinuous reinforcement arr t which is not the case for s constructed with continuo
reinforcement layer configurations. Det umerical approach includin@ling of the reinforcement stripss
concrete facing panels and compressible be ads between panels are descriked. mples of numerical predictio@
facing deformations, toe loads due n-drag behind the panels, s einforcement settlements, and T

forcement tensile loads are presented. influence of reinforcement s ss emonstrated by comparing 1
predictions for the same MSE w ith relatively inextensible steel strips ith relatively extensible polymgrt ips.
Of particular interest are the results sii@yging the disruption of earth N

S
long vertical and horizontal plan the

reinforced soil zone as a resulff o discontinuous strip inclusions, the vertical load that accumu n the
reinforcement strips close to the co ions due to soil settlement behind the facing. The details of the mo pproach
used here and the lessons lgarn rovide a benchmark for future similar lines of investigation and ractitioners,

particularly as the comp'til\ ower of desktop computer&ntinues to increase.

Keywords 3D mode)fing 4'Finite element modelling - Mechafii stabilised earth (MSE) walls ric strip

reinforcement - Soil retafging walls - Steel strip reinforcemetit
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article (https://o&mWsl1440—020—01057—w) con- \ 1 Introduction

tains supplemen material, which is available to auth

rized users. Mechanically stabilised SE) walls constructed
p

with incremental concr a anels and discontinuous
strip reinforcement eldmentsvare a well-established tech-
il Yeigfo ent elements most often take

1%8&61 grids or polymeric strips.

@ Other system eel rod and anchor arrangements. This
N paper is focused trip-type soil reinforced soil walls.
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The internal stability design of these structures is most
affonio.lloret@upc.edu 0 .en ased’ o it equi i .rlum methods with empirica
N adjustrffgts d to familiar concepts of earth pressure
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routine wall structures for ultimate (failure) limit states Bathi [32], Rowe and Ho [42], Rowe and Skinner [43],
(e.g. [1, 11, 18]). Nevertheless, these approaches cannot be Yoo et 48], and Ling and Leshchinsky [34], amongst

used to explicitly predict performance features related to  man s. Similar attempts using the finite difference
wall deformations for discontinuous and continuous rein-  gne M) can be found in the papers by Hatami and
forcement cases because they are force based. The chal- S , 27], Huang et al. [29], Da s et al. [20] and
lenge to model walls under operational (working stress) et al. [49]. Many of these pape ve demonstrated
conditions is greater for discontinuous reinforcement atiSfictory predictions of impo asured perfor-
material cases than for continuous sheet-like reinforcement §, maiice features of instrumented areggalls in the field

arrangements. Ideally, 3D numerical modelling using t and in the laboratory.

finite element method (FEM) and finite difference meth@ 2D numerical models usin nd FDM approaches

(FDM) is best suited for this purpose. have been used to simulate @ormance of hard face
The objective of the current study was to develofag, 3D)" concrete walls constructegmwi iscontinuous steel and

FEM model to simulate the construction and e@- polymeric strip reinforc the.g. [2, 9, 13, 17, 19,

struction performance of a typical concrete panel E wall 21, 23, 49, 53]), and st n&®iors [46]. However, in these
of height H = 6 m constructed with steel strj naWwwith  studies it was necess%nvert the discrete reinforci
soil materials having a range of properties. wth of  strips to equivalen trif&ous layers. g\
the model is 1 m corresponding to the refiging of the The modelling@ walls with discontinuous re&
wall (i.e. width of one-half panel). forcing elementsglisi 2D model has been recognisfid as
and panels  an imperfect %h because the distribution o i
c

The model geometry for the reinf:
in this study is typical of actual structures™@gwever, rather  stresses i plane direction is interrupt e

than matching the material prop®gics for the component  reinforcem sions [38].

materials, interfaces and foundgx particular con- 3 - ent modelling of MSE walls con-

structed wall structure, values wre ted from prior 2D tinuous g nthetic reinforcement can been n the

modelling of walls reported_i literature and the  literature (e.g. [47, 24]). However, the 3 Is were

experience of the writers a@arkers with 2D mod-  required to account for the 3D proble ometry and
e.

elling of other MSE walls 9, 21, 23, 49, 50]). iscontinuous surface loading. The r ment layers
The incremental cofistruc of the wall was simulated odelled as planar sheets.
i 1

in the numerical m . Performance results at end of o and Smith [28] report an e pt at true 3D
cements, reinforcement loads, u@ elling of the steel strips in i

construction for wall ced soil wall. They
and horizontal and vertical earth pressures are reporte sed brick elements to model t g column of soil,

The base case fo rrent investigation is a steeg, st reinforcement and the facing panels, ahd a second adjacent

MSE wall. SQi alyses were carried out tgpi \ column of elements to mMninterrupted soil. The

tigate the infjrence on wall performance of fdiffdfent ~ width of the reinforced soj urifn matched one-half the

properties ass&to the backfill soil, foundatio the  reinforcement width, and columns together had a

horizontal YE€diMyg pads located between panels, stiffness®f  width equal to one-h orizontal spacing between

the strip ement (e.g. more extensible polymeric  reinforcement inclus@tours of shear stresses were
1l—facing and soil-strip interfaces. very different at .e

strips), 0 i aces taken though the middle

udy is the first to model a tall -high) MSE  of the reinforg€megt stNps and parallel surfaces taken
so% ing a 3D FEM approach w rete strip  through the i diate unreinforced soil zone.
el

r cerent inclusions having very dilferentstiffness and Bourgeois et al. used a homogenisation approach to
angc\ Of other component model prgherties. The details  account for the discrete reinforcement strips and the soil in
of

modelling approach used j the lessons a 3D FEM{si tion of a steel strip reinforced wall of

d provide a benchmark for ) similar lines of  height B4 pporting an embankment for a railway

nvestigation, particularly as Jwilitional power of  track siffiulated by a pair of footings. Their finite element
sktop computers continue

mesh_conigised of 5000 nodes and 2000 elements. The
sacarried out a 3D FEM simulation of the same
probigagd’y using 50,000 nodes and modelling the rein-
rcciygnt strips with “friction bar elements” developed

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

2 Prior related work

Examples of nume M modelling of MSE walls ions [10]. The latter work is the closest related study to
with continuous rein ment layers and different types of e current investigation. However, the general approach
hard concrete facing caifgbe found in the literature. The d the scope of their paper and the current study are very
include the work of Cai and Bathurst [12], Karpur different.
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3 Numerical approach strips ythat are 4 mm thick and placed at typical 0.75 m
horizo eptre-to-centre spacing between strips in each
3.1 General rein ent layer [2]. Hence, for base case calculations
ysi horizontal spacing, the reduced equivalent
The computer software program CODE_BRIGHT [14, 39] : lus of the steel (per uwg length of
was used to carry out the numerical simulations in this 1) (Eeq) was computed to give gf@agame stiffness of

is familiar to the writers and can accommodate large 3D

Je \
geomechanics problems. It has a number of advanc@ T Aap = 224 GPa/m K

study. This program was used because it is freely available, G MN/m for a 4-mm-thick ste @ as follows:

(1)

constitutive models available in the software libra ) . )

However, simple models described later were adopte where A, 3p is the reinforcem{int cr@iss-sectional area of the

the current study. The calculations were performed i al model (i.e. Ar3p =350 5 mm thick = 2.5 x N
s

m
4 2 . . . .
strain mode to keep simulation runtimes ma 107" m?) and J is the %lnforcement stiffness per
running metre of wall, ulwled as: ‘ 2

e
Regardless, the objective of the numerical mod&fing wa

to investigate wall performance under wQyi ress n, ﬁ 4
conditions consistent with the notion_of strain v = (EA>r<L_p) y_ /m ({

deformations.
where (EA), is reinforcement axial stiffnesgf(i.c.
elastic modulffs e reinforcement (E, ~ 210

3.2 Finite element model times th ss-\egfional area of the reinforce

=50 mm W 4 mm thick =2.0 x 107* -
Figure 1 gives an overview of model and wall  ingt ips reported by Abdelouhab et al. n, is
components. The model geome e reinforced zone  the num reinforcement strips per panel ; and
and panels captures the principal 1 es of a typical steel L, is the length of a panel (1.5 m). Thus, n esponds
strip reinforced soil wall whiie ting simple geometry  to the horizontal centre-to-centre spacin tween rein-
and boundary conditiofs t sure that computational orcement strips of 0.75 m.
demands were not exgssiveglhe properties of the com- %re 1b shows small eleme it fter material

ic modulus = 0.1 MPa) that
rical mesh at the end of

oduced in the
rcement to prevent

ponent materials andfintegfaces are taken from prior related
2D modelling of MS by the writers and co-workers
as explained later. ¢ development of a numerica that can act as an

The numerical epresents an idealised 1-mywi anchor and therefore artificially over=%tiffen the reinforced

repeating uni@ diggction of the running leng t\ soil zone. The width anw of each element are
ps 150 mm and 105 mm O@ and occupy the last

t

9

wall with panegs 1.5 m high. The steel reinforce
are taken as m wide by 4 mm thick and d at 100 mm at the free end nforcement.

vertical sp .75 m; these are typical dimensions%or All elements in the gigi ment mesh were 8-noded
these syst . [25, 45]). hexahedra including es used to simulate the interfaces
rical model represents a 6-m-high wall with  between dissimi ers. The finite element mesh was

four . The length of the reinforcedgzone is about composed of 127318 elef®ents with 13,800 nodes.
L= m Which is 0.7H where H is th eight. A The botto ain boundary was fixed in numerical
ratfgof “=/H = 0.7 is a typical reconimende®” value for  simulations. The ation boundary at 4.5 m below the

ign\\&.g. [1]). The numerical simulafions did not include ~ wall was juE;ed to be far enough away not to influence

an charge at the top boundary ofgthe Wyodel. numerical s in any practical way. The vertical y-
ure 2 shows mesh and mate pyoperty zones for  z bouriMsies e fixed in the cross-plane (x) direction.
he panels, reinforcement and c ¢

gns. Careful atten- Hence, She soil and panel y—z boundaries in the vertical
n was paid to the beari a ne dimensions and ») diii were free to move. The domain boundaries at

assignment of propertiesighiec previous numerical  the the foundation zone and at the back of foun-
modelling by the writers h& that these details have  datioMggpfl retained fill zones were free to move in the
a critical influence on facing aviour for these types of rtiow), direction. The distance of the wall facing from the
walls (e.g. [19]). The figu s that the steel strip layer boundary of the domain (8.2 m in Fig. 1) was
is 50 mm wide by . The 5 mm dimension Wasw ed as a practical compromise to minimise far-field

selected to facilitate ptimum level of mesh discretimundary effects on wall facing deformations and compu-

tion. However, the propgties for the base case steel st tion time. Furthermore, the length of the retained fill is

models in this study were adjusted (Eq. 1) to matv large enough to contain a potential active wedge
@ Springer
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Fig. 1 3D model overview: S ent mesh and main dimensions f

tant back boundary is

Soft element
(typical)

Soil-reinforcement
interface

My

|I Soil-facing gl
interfa é
I‘

\\
‘h

cdl repeating slice, b interfaces and ¢ structural components

ected to remain unchanged, a fluence facing deformations.

propagating from t the reinforced backfill zone. cal importance. This is because it is the foundation
The qualitative perfo ce of the wall using a more dis- o1l and the near field behind the facing that strongly

any quantitative differences are judged not to
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connections,
soil inte

rical model

m was constructeq i ges. The  meric straps iffeghi
fougda zone was turned on first. hen't rst panel  1ow end of values

within, the first 1 m beyond the wall face was assigned a
lower value than the remainder of the reinforced

zon ®yplained in the next section.
8 S ons were performed o PC using one
I dgre(TM) 17-8850H CPU p sor running at

0 GHz (maximum turbo frequenc, ad with 32 GB of
memory. The elapsed CPQ tinde he cases in this

stugly varied from 20 to 50 h. \
3.3 Material properties \
3.3.1 Base case Q \
As noted earlier, the ba @)r the numerical modelling Q

Bearing pad

in this study is the -hith wall reinforced with stée
strips shown in Fi rial types and properties us
in this study are mai¥sed in Tables 1, 2, 3 and 4.

material properti in the base case analysis are sffown
in the shaded ffel Table 4.

Allen st [5] have demonstrated tfia 1
performanc sitive to reinforcement glob Ss
(S) puted as the sum of reinforcem tiff-
ness (J;) all reinforcement layers divi wall
height (H). For example, wall reinforcerfic ds will

increase with greater global reinforcement®giffness when
11 other properties remain unchanged. Zn¢
¢ ted as 42 MPa (Table 4) i
T, of 30—400 MPa reported by
on data taken from 24
trip reinforced soil walls un tional conditions.
ese walls were judged to fall within the inextensible
reinforcement category. T aximum steel strip rein-
forcement strains for all affd layers in the current
study were less than 0.03%, is well below the yield

ment and ofnnc®@ons: a facing panel joint and reinforce strain of 0.2% for the . comparison, a monitored
% ertical slice through reinforcement strip showing  17-m-high productiongteel stip wall described by Runser
te

et al. [45] reco ec&m up to 0.08% at end of con-
struction. The fompu aximum strains for the poly-

paper were about 0.2% which is at the
sured in actual PET strap walls and

g stress levels [36] and to ensure ade-

as pigeed together with the concretg¥levelling pad. This g well beloE; % strain that is recommended to keep these

pal as restrained horizontally tg ate the panel  gystems at
that are used to tempo1.rarily the panelsinthe  gyate @gms safety against tensile failure [8].
eld. The soil layers and reinforccingg#”layers were then All goil materials were assumed to be linear elastic—

aced in two steps. The

braced after the first 0.75

the soil behind the second

for the bottom panel was
struction was repeated
illustrated in Figur
this paper.
Compaction of the s

el was placed and  plastj

il was in place. Once all  {egg @
s in place, the support  fyict
la

ed. The same staged con-

oils are granular type with shear strength best
)y peak plane strain friction angles. Plane strain
gles of a granular soil can be determined from a
train” test apparatus that confines a block of soil
hg) remaining panel units as een two frictionless parallel plates that prevent out-of-
Supplemental Material form deformations at the plate boundaries. Hence, this test
aratus constrains the soil similar to the y—z boundaries

layers was not simulated direc ih the numerical model used in this study. Peak friction

Ie

in this study. However, the reinforced backfill soil % angles computed from plain strain tests for dense granular

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

Parameter Soil material &
Backfill* Foundation
(> 1.0 m from face)® (< 1.0 m from face)

Unit weight, y, (kN/m?) 18 K 20

Cohesion, ¢ (kPa) 1 @

Friction angle, ¢ (°) 44 Q 36
Dilatancy angle, ¥ (°) 14 & r 6
“Includes both reinforced and retained soil materials N
PRetained fill assumed to have the same strength—stiffn@perties as the reinforced soil zone nt*1.0 m from facing

“Larger elastic modulus selected to give the foundati e same vertical stiffness as the walighackfill"soil L 4 \

Table 2 Non-soil material properties for base case Q ‘ )
Parameter Materia
Bearing pa%

Elastic modulus, E (MPa) 20 o 10 4 45¢
Poisson’s ratio, v (—) 0.3 K\ 0.3

e cement Conc

Reigtor
Steelstri Polymeric strap
75 7.5 24 10

5000 and 500 32,000 Panels Q
e 25,000 Levelling pad
Poisson’s ratio, v (—) & 0.3 5 0.2
Strips are 50 mm wide gid 440m thick and placed at horizontal spacin m. The steel used in the numerical i to give the same
stiffness using a 5 mm t trip J = 56 MN/m
Equivalent modulus of horizont® joint material for 1-m running le based on two HDPE bearing p 1.5 m intervals for a
typical physical wall [46, 23]

“Negligible Poisg’ lue to account for internal spas e?( ids ribbed geometry which reduc eral expansion of each pad under
vertical compression Q\

Unit weight, 7, (kN/m?)
Elastic modulus, E (MPa)

(98

Table 3 InteQaterial properties for base case (data from [49]) s

Par: Interface

Soil-facing® Soil-reinforcement

Unit Wagght, 7. (kN/m?) \ 19 19

ffness modulus, E (MPa) 4.02 20
0.45 \ 0.45

’s ratio, v (—)
ohesion, ¢ (kPa) 0.6 1
iction angle, & (°) 30.1 26.6°

Dilatancy angle,  (°) 0 14°
Soil-facing interface strength—stif duction factor assumed equal to R; = hich influences both stiffness and strength ([21])
®Soil-reinforcement steel strip i jon assuming 0 = 26.6° (= ¢;) i va to an interface reduction factor of R; = tan d/tan ¢ = 0.52,

which corresponds to a pullo
F* = 0.4 in the curren
strips [37]. This value 1
modelled), which is in go
FHWA [25], the friction an

“Assumed equal to backfill soil dilatancy angle for soil-rei interface material zone

atches AASHTO [1] specification th steel strips but is low for ribbed steel strips and polymeric
0 remain constant at reinforceme deeper than 3 m from top of wall (i.e. all reinforcement layers
greement with results of Chida and Nakag 15] and numerical results reported by Yu et al. [49]. According to
of the soil to compute F~ is based e peak friction angle from triaxial or direct shear tests

factor F* = tan ¢ = tan (26.6°) = U(i.e. F* = tan d = R; tan ¢ = 0.52 tan(38°) = 0.40). The base case
sm
cal
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soils are larger than values deduced from triaxial tests.  comp at 1000 h and 2% strain from constant load tests
Using the relationship proposed by Kulhawy and Mayne [7]. T&ﬁponding global reinforcement stiffness val-
[33], the peak plane strain friction angle of 44° corresponds ~ ues = 1.7 and 0.17 MPa, respectively. The higher
to 38° from triaxial tests. This value is typical for high

i e is in agreement with eight instrumented field
quality granular fill materials that are recommended in xamgned by Miyata et al. [36]% constructed
AASHTO [1] specifications for MSE walls. A value of ith modern polymeric (PET) str n to have S,

a

ips
cohesion ¢ = 1 kPa was selected to ensure numerical sta- in the range of 1.96-0.7 lower value in
bility at the soil zone (top) free boundaries during con- § the/turrent study falls below the a oted above but
struction (e.g. [19]). The elastic modulus of the soil locat was selected in one set of analygfls to eXplore the influence
within 1 m of the back of the wall facing was reduced mf reinforcement stiffness o ical outcomes. Allen
50% to capture the effect of lower compaction energ and Bathurst [6] showed thatiwallSiconstructed with other

this region when lighter compaction equipment ifggsed)” types of relatively extepgible™polymeric reinforcement
directly behind the facing as recommended for ofi-  products (i.e. geogrids eotextiles) can also be
- \

struction practice [25]. This reduced soil mo S te expected to have §, < 28 ng values that are less than
nique for this zone has been used in 2D sigmglati of S, =0.17 MPa in theagurreii’ study. L 4
other MSE walls for the same reason giv @ (e.g. Analyses were

[19, 49]). and foundation dulus®values (E}, and Ef) and a m
The modulus and friction angle propert the inter-  compressible begringpad arrangement. Numerical @fmu-
faces were related to the adjacent s reduction  lations were r with a lower interface strength
factor (R;). This value was set to 0.6 e facing—soil stiffness cti actor (R;). Finally, calculati h
\—@pforcement pullout friction ,fa *

interface and 0.52 for the soil-reiffigrcement interface. The  different s
facing—soil interface was assumed,to mooth and thus  assig h reinforcement layer were pe ed.

ed out with different backxb

non-dilatant while the soil-reifto, nt interface was Based on SHTO [1] recommendations, t s for
assumed to be rough and therefor assigned the same  ribbed steel strips were assigned values _ linearly
dilatancy angle as the adjacefit sOMgThe choice of soil and  interpolated between 0.80 at the bottom o wall and 2.0
interface parameters uséd as based on experience t the top of the wall.

from 2D modelling s&trip reinforced walls by \

Damians et al. [21]£nd Z7u et al. [50]. The friction coef-

ficient for the base cas assumed as F~ = 0.4 which is odel approach applied t Rl wall case

at the low end for polymeric strips [2, 35, 36] and a co study
servative (safe) e for design with ribbed steelgstr
[1]. L § Many of the baseline mowneters were taken from

delled the instrumented

The mechgpical properties of the horizoglal gbint = the paper by Yu et al. [49
between adja&anels were selected to trans the  steel strip wall construct Public Works Research
bearing pag re constructed with internal voids @hd  Institute (PWRI) in J, reported by Chida and
ribbed ge to a continuous thin solid rectangular =~ Nakagaki [15]. In ord@elop confidence with the 3D
strip z ith equivalent one-dimensional compressive  model develope 1 dy, the measured and numer-
stiffn Ep)."  The joint material for base gase models is  ically predictedffeinforcEMent loads and wall toe load from
eq% a row of bearing pads m@red from  the earlier s y the writers and co-workers were
hi ensity polyethylene (HDPE) [2 revisited [49]. Th terial properties for the PWRI wall
é numerical apalysis are identified in the tables presented
3.3. 2K dditional cases and material ies earlier. It %}e noted that the PWRI wall was a test
for sensitivity analyses 6 wall supporti narrow embankment with an inclined
surcharg® and was constructed with cruciform shape facing
T , the general arrangement was more com-

ametric analyses were ed “Owt in this study to  panel e
examine the influence of& of soil and material  plic an the 3D wall slice that is the focus of the
d

properties on numerical W# outcomes. Nine addi-  currcligsstidy.

tional numerical simulationsgre carried out using the 3 shows the measured reinforcement loads
combinations of values s Table 4. Included in the er with predictions using the same CODE_BRIGHT
parametric analyse s with polymeric strips that M code as in the current study (i.e. using a 3D
were assigned tensi iffness values of J, =1.25 and alysis) and two other commercial 2D numerical mod-
0.125 MN/m (load per idth of strap). These values a ling codes (FEM - [40, 41]; FDM - FLAC- [30]). The 3D
at the top and bottom range of secant stiffness numerical and measured results are judged to be in
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Table 4 Parameter values for base case and sensitivity analyses

K,

Backfill stiffness
Bearing L 4 acing interface ©
E» (MPa) . Global \ Soil-
a
Foundation f Reinforcement  reinforc em&.l reinforcen
ayer
2 stiffness Y stiffness ® stiffness trength- pulkut %
@) stiffness o
Er(MPa) E J: (MN/m) Se=2Jx iffness Stiffness  Friction fact \
(>1m) <1lm) ’ M reduction  Eir angle  F°
(MPa)
factor (MPa) 5 (°)
Ri(-)

0@ 20 10 45 33 56.0 0.6 4.0 30
1 10 5 4.5 33 56.0 0.6 4.0 30
2 10 5 45 33 56.0 42 0.6 4.0 30 4
3 100 50 4.5 33 56.0 2 0.6 4.0 0.4
4 100 50 450 33 42 0.6 4.0 0.4 K
5 20 10 45 0.4@ 56 42 0.6 4.0 0.4
6© 20&50 10&25 13.5 0.4@ 90.9 0.6 1 0 0.6 to 1.8
7a® 20 10 45 33 e 1.7 0.6 4. 30 0.5
7b® 20 10 45 34 0.125 0.17 0.6 30 0.5
8 20 10 45 0.3 16 0.4
9 20 10 45 0.6 0 30 0.8t02.0®

N
R

3. .0 42
56.0 42
S

“Base case values are shown in s
"Stiffness based on 1-m runging

“Interface reduction factor,
calculation using E and
coefficient to compute {

9EPDM bearing pads [19, 2
“Values from Yu et al._[49] for PWRI wall case [15]. Wall constritte
fStiffness is at top e

Stiffness is at Mr en
"AASHTO [1]

o)

ctical agreement in the plots in Fig. 3 given
exity of the physical system.gincreasing the
tic modulus from the @ e)) value of
to a stiffer value of 50 MPa wag judgc@’to improve
ovgrall agreement between mea®fged and predicted
[u€s in this study using the 3D FEl 1. Also shown
the figure are the 2D numerical @ sults reported by

u et al. [49] using the progra A¥%and 2D modelling
the writers using the pr XIS. These values
also appear to do well, b e erical outcomes vary

with choice of numerica h (i.e. FEM code or
FDM). It can be conclu% the 3D model does not
have practical advantage e 2D models when com-
parisons are limite

disadvantage of the
reinforcement strips

e element friction angle as: 0 = atan(R;

ribbed steel strips

5
nf

approach is the discontinuous
st be treated as continuou

@ Springer

th of the wall with reinforcement

trips placed at horizontal spacing of 1 m
mw with shear modulus of adjacenM}mpute shear modulus of interface el
f adjdCent soil is: E; = 1.45 (Ri)2 (E/(1 ]). Interface reduction factor i ipl

ge for polymeric (PET) strip reifffqece
range for polymeric (PET) Qe;&‘n

<

he equivalent
ith soil friction
n

smooth steel strips
[36]
ent [36]

N

elements in the
challenge for
variable horiz
a layer, as in the

%@ (x) direction. This poses a
trip "walls that are constructed with
spacing between reinforcement strips in
ow Creek wall in the USA investi-

gated by Rugger et al. [45] and Damians et al. [21].
Comput etnd foundation vertical pressures for the

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

Foundagion pressures were not measured in the physical

asured vertical toe pressure deduced from
nts reported by Chida and Nakagaki [15] is
hich is close to the calculated value of 309 kPa
3D numerical model in the current study. The toe
is greater than the self-weight of the column panels.

1
e reinforcement loads. The&ratio of these values is the footing load factor com-

ted as 2.15 and 2.06 for numerical and measured cases,
spectively. The difference in toe load and panel self-
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E ok = 50 MPa

20 K
. Layer 3)

models: E, ;=20 MPa
Epackin = 90 MPa

ﬁeinforcement tensile load (kN)

S

3D models:

U,

5] T
1 Epacn = 20 MPa \
1 Epas = 50 MPa DS N
0 = T T T T \)
0.2 04 0. 0.8 1.0
N Normalized distance from facing (x/L)
Fig. 3 Measured and predicted ile réinforcement loads for PWRI wall i ent study and numerical (FLAC) results reported by [49] using
Case 6 material properties ingT'able ote: h = height of layer abov toe ol'%he wall

oped between the paffgls and the reinforced soil, a ves down.
hanging up of the reinforced soil on the reinforgement

weight is ascribed t down-drag shear stresses dev@ as the wall panels move out and the soil behind
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s00 218 deformations over the top three facing units. Not unex-
1 |=— back of facing column pectedl¥; alls with more extensible polymeric strap
400 rein Il!l aent developed greater outward deformation than

300 = calculated 307 kPa, load factor = 2.15 Ei
1 measured 296 kPa, load factor = 2.06

duse steel strip reinforcement case as shown in
N6b. Mewever, the difference in owsplacements
polymeric strips bracketing t ng¢ of stiffness
d from actual polymeric (P ‘@ values was not
ically different. The influen erface reduction
actor (R;=0.6 and 0.3) Wa%ble as shown in

ig. 6¢. Similarly, changing t tude of the interface

200
1 backfill self-weight (yH)

.

end of reinforcement

Vertical pressure (kPa)

100 J

o1 .
0 1 2 3 4 5 6 7 friction coefficient F~ did notthave i practical influence on
Horizontal distance from front of facing (m) wall facing deformations (g, 08). From this observation, N
ig. 4 Toe and foundation vertical pressures for PWRI 1 1t ma_y_be COI_ICI,uded that eratlonal. (workmg stress)
conditions, it is the s ed% of the reinforcement that
influences wall defagmatidils rather than the interfa&e\

5 Results of base case numerical s@ons capacity between sgi einforcing strip.
In all cases, thgloutwa¥d displacements are judged to

F

5.1 Example 3D plots small enough ngtto Dgf practical concern. For examflle, a
maximum ou isplacement of 5 mm for a

An important feature of the CODE_BRIS§T program is  reinforce i of H=6 m corresponds t -

that numerical outcomes can xtracted easily and  malised ou eformation of 0.08% of the ignt.

visualised using a third-party sof&ckage. Examples  This i e horizontal toe deformation o e to

are shown in Fig. 5 and in Figufes d S2 in the Sup- 2 mm w is thus a large portion of the ma wall

plementary Material to this paper. deformation. FHWA [25] provides a chart ows that

Figure 5a shows horizont cements in the z di-  for a steel wall of height H =6 m and rcement of

rection computed with r@pectg.the location of the toe at ength L = 0.7H, a first-order approxi oI maximum

the end of constructiog Tl&est deformations of about Nd deformations that may oggur construction
A%

5 mm occur behind cond panel from the bottom of 1 m (or normalised displace ©). The same
istance into the reinforced soil anticipates maximum
m

the wall and dissipate twa eformations of
zone. Horizontal deformations at the wall toe and rei m (or normalised displace .3%) for extensi-
forced soil-retain oundaries are about 2 mm. 4 Ge reinforced soil walls but makeS¥no specific recom-

Figure 5b 4o epjical displacements with r mendation for polymeric&walls. The maximum
the original to@ Vertical displacements through ght =~ numerically predicted val 15%tudy is about 8 mm (or
of the facing &bare about 7-8 mm and are la due  normalised displacement @%y) for the most extensible
to the com e bearing pads. Within the reinforced $¥il polymeric strap wall ( ¥1t can be concluded that the
zone and backfill, the relative vertical deforma- walls in this study werl within deformation limits
tion ut 13 mm. The relative downward deforma- expected of pro 3c ) Is at end of construction and
tion%ﬁll soil behind the facing paaels anticipates  under operatio diti®ns.
a

dOW hear forces on the back of t@g panels In real-w ses, the magnitude of wall outward
w was mentioned earlier for the PW,RT wa#case and is  displacements an

1 wall alignment is strongly influ-
@ later in the paper. enced by copstruction quality and technique. Hence, the
quantitativ@{o es reported here must be appreciated in
.2 torizontal displacements O relativé®erms amples of the significant influence of
construgiion technique on facing alignment can be found in

g

10 all deformations are =~ mo glock wall reinforced with geogrids and a steel

le differences in some  strip Mig#orced 17-m-high incremental concrete panel wall
ifference in magnitude of @ by Runser [44] and Runser et al. [45]. Numerical
1

wall cases at end of cons
small. However, there are et
cases that can be ascribed to t

ure 6 shows outward dis meili®profiles for selected the pane Allen and Bathurst [4] for an 11-m-high
€

properties assigned to t wall components. For ling of these walls by Yu et al. [52] and Damians
example, Fig. 6a s for the same walls varyingN [21] was not able to explicitly account for the effects
only with respect to stiffness of the bearing pads, the documented construction issues in their numerical sim-
wall with softer (EPD#{) bearing pads led to great ations. Most often the challenge during construction is to

vmaintain the target wall facing batter by making local
@ Springer
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and b vertical. (Case O—steel strip wiil)

Z-displ. (m)

0.0048
l 0.0043
0.0035

£ 0.0028
' 0.0022

0.0016

(a) horizontal displacements (1 (b) vertic
Fig. 5 Example plots of displacementonnstruction taken with respect

ments (m)

wall toe at start of wall construction: a

6.0

(b)

Steel strip

Fig. 6 Outward facing displ. ent:

adjustments to pa

struction proceeds.
The moving datum

wall facing deformation measurements

monitoring points used to tra

Outward facing displac

al.

45 4 —@— Case 0
J. =56 kN/m
| strip : :
) Polymeric strip
3.0 4 Bearing pad —-&--- Case 7a i
{ —e— Case 0 (HDPE) J =1.25 kN/m
| —xz—- Case 5 (EPDM) . :
L 4 —-y—- Case7b
a \ J,=0.125 kN/m i
M0 — . 0.0
2 4 6 8 0 8
@ 5.0 : : : 6.0
1(©
Q 45 - T 45 4 1
\ 1 Steel strip
3.0 T304 1
| —e— CaseO(R =
|1 —@m— Case8 (R =0
1.5 1 T 151 i
0.0 - r 0.0
0 4 6 8 8

(mm)

ith respect to original toe of wa start Of construction

%

ontal

ent and alignment as Con—Nrtainty to deformation analyses. Nevertheless, Miyata
[36] estimated out-of-vertical deformations of
—-190 mm (0.1-2.9% of wall height) from monitored

in the ﬁev polymeric strap walls of similar height to the wall in this

@ Springer
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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. S

The reinforced soil mass may also experience a com- E\

Efoundation Ebackﬂll
Cases: (MPa) (MPa)_

—0—1 45 10
45 10
100

0 100

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 t =
wall. o
Figure 7 shows facing displacement profiles comp
for different combinations of backfill and fou i0

modulus values. As the foundation modulus bec e
and all other parameter values remain unch@e
horizontal deformation of the wall increa the
weakest backfill and foundation soil combina%se 1),
the wall has the appearance of rotating

Horizontal displacement profiles taken a

selected distances from the face are
the base case (Case 0). The plots in this re show that

outward deflections are greatest%ace but decrease

Y
1Q

with distance from the face of theywa

5.3 Reinforcement layer vertic ttlements

Figure 9 shows vertical¥ set nt profiles for selected
layers using steel and golym trips. The datum for these
plots is the elevatioglof #e wall toe at start of wall con-
struction. The settlemeliyincrease with distance from the
facing and are greater for the more extensible polymeri
strip material. T ifference is a maximum of zb

2 mm. For ea* ingeach plot, the smallest settfem

are close to fhe connections, which is consisgeént Fvith 15 4
hanging up &Ee soil over the reinforceme trips

described

5.4 Rei ment loads 0.0 4

Fi% ows reinforcement load d'stri@along the
le ol selected reinforcement layer&he felr curves in
<

for

3 4 5 6

‘\ward facing displacement (mm)

t correspond to different cogibinations of rein- Fig. 8 Outward_displacement profiles at face of wall to 6 m from
“verall stiffness ~ facing aten truction (Case 0)

soil and foundation soil mod
of Case 1, 2, 3
the magnitude of

soil materials increases in tl

nd 4 as identified in Table 4. I

inforcement tensile loads eascsWin the reverse order
when all other parameters a changed. The excep-
tion occurs close to the COK with the facing partic- } ) X .
ularly at the bottom-most la (e.g. Layer 2 in Fig. 10). 4 afe. This assumption is made in .No.rth American
An explanation for this is atively low stiffness of the ign codes for all MSE walls 1, 18], while in other codes
backfill soil locate ; of the facing. % 11]; AFNOR [3]) the tensile load at the connections

An important obsOgdition from this figure is that the be taken as some fraction of the computed maximum

maximum tensile loads e greatest in the vicinity of t sile load depending on the flexibility of the facing and

connections for the two stiffest reinforced soil co € connection system.

while fo@ the softer soil conditions the peak tensile load is
locate er to the middle of reinforcement length. An
imp n for design is that the maximum tensile load
shouygl algh be applied at the connections to be conserva-

@ Springer
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0 . . . .
@ h =508 m (Layer 8) bea'rl ad cor}ﬁguratlon are consistent with the larger
4] b'\.:?_v—v—’_°_v——3—_—'vj:9———°=9=° facing tions for this wall compared to the same

N ' ' ' ' wall ith stiffer bearing pads (Fig. 6a). However, this
2] |(b) h=4.16 m (Layer 6) P! ormance difference may_not occur for other
6] C N atlggs of soil modulus and re%ent stiffness
e m oo o t were not examined in this study,

12 . . . . influence of reinforcemgnt @ on reinforce-
mejit loads is shown in Fig. 12. expected, the
einforcement loads are much or the steel strip
einforced wall in comparis he otherwise nomi-
— nally identical two cases wi
with more compliant PET,

two PET strap cases vari
ference in loads varie

11s. The stiffness of the
factor of 10, but the dif-
s than a factor of 2. The

Reinforcement vertical displacement (mm)

maximum loads @\ abo® 10. The nonlinear increase
reinforcement ith reinforcement stiffness

sympathy with t| alitative trend using the stif
Fig. 9 Vertical settlement profiles for selected Siyg based sind g ness method developed by d
polymeric strip reinforcement layers ( 7a) at end of construction Bathurst [ % method has been recently ado y
AAS or the calculation of tensile for

recygtion factor on reinforced loa
2 es showed no practical dif
bag/ magnitude and distributio

reinforcement
are not presented.

h =5.68 m (Layer 8)

Reinforcement tensile load (kN)

T Y

’O/-’Oc’asei
B e |
Case 4 et

h =4.16 m (Layer 6)

facing

1 2 3 4
Horizontal distance from fronfof facing (m)

i Tensile reinforcement loads in sgfcctC@ygeinforcement layers
r Cases 1, 2, 3 and 4 showing influenc % dation and backfill

oil modulus

h =2.64 m (Layer 4)

h=1.12 m (Layer 2)

Reinforcement tensile load (kN)

uldens were carried out to
pad compressibility on

In this study, numerical
investigate the influence of be
wall performance. Results re to reinforcement tensile
loads are shown in Fig. enerally, maximum rein-
forcement loads ith the softer bearing pad
arrangement (Case 5 rthermore, for the softer bearing
pad configuration the m&gimum reinforcement loads are g. 11 Tensile reinforcement loads in selected reinforcement layers
the connections. The larger tensile loads for th for Cases 0 and 5 (relatively stiff and soft bearing pads, respectively)

-~=—— facing

T T T

.
00.15m 1 2 3 4

Horizontal distance from front of facing (m)

@ Springer

difference in peak reqgforcdthent loads between steel aft Q
the stiffest PET str. a factor of 70, but the ratio &
in
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6

4] |@) h =5.68 m (Layer 8)
2 i

0 Sy - —Te—te——e

8

6] e~ v h=416m
41 () (Layer 6)
ﬁ ] e e e | e e s

14

121 [© h =2.64 m (Layer 4)
10 J

8 .

omsep Qe s g

— X=X KR KR
T T

@

Reinforcement tensile load (kN)

Case 0

6 4

4] |=—— facing Case7a Case |7b

2 |

0 5——&—-&——9-——-5———}——;-5——- i
00.15m 1 2

Fig. 12 Tensile reinforcement loads in sel
for Case O (relatively stiff steel reinforcement

(relatively less stiff PET strap reinforc{
&

on& ertical foundation pres-
regsure €xerted by the facing col-
base case (steel strip). Data with
ctly at the midlocation of

Cases 7a and 7b

6 Earth pressures
6.1 Vertical foundation p

Figure 13a shows the
sures and the vertic
umn on the footing
solid symbols are locate
wall below the cen

with open symbolf t

the running letith tion of the wall. This smgi thre
dimensional gifect cannot be detected using a del.
The distributig foundation pressure correspon to

the same t} ations were not practically detectable and

&

for this ire not plotted to avoid visual clutter. As
dis he PWRI wall, the vertical toe pressure is
groatgr the pressure due to self-weig e column
pa& footing load factor > 1) oyh-drag on

of the concrete panels and on
falttors are 2.82, 2.72 and 2.64
m from the lateral bound
teral boundary and steel strip,
ntreline of the steel strips, re
Figure 13b shows the founti
case above but using the lesy&g
(Case 7a). The foundat
unchanged, but the verti
same locations along the r
load factors are n
locations as above.
differences between th

e steel strips. The
oints located at
idpoint between
ectly below the
ively.
n pressures for the same
ymeric reinforcement
ssures are essentially
| toji’pressures are less at the
g length of the wall. The
,72.47 and 2.41 at the same
a practical point of view, t
two reinforcement cases with

@ Springer

] th
line of the steel strips. The data poi
that the toe load pressures ﬁx

respe the down-drag loads are not significant but they
are dﬁ&
Fi 3c shows the results of calculations using other
: s of soil elastic modulus for the steel strip case.
Fx Mg, of very stiff soil properti%@, there is a
tively large reduction in vertical f®8gessure compared
o other cases including Cage ¢ ver, qualitative
tregds in the distribution of fourfgtionSgessures remain
unchanged. Q
Finally, the computed lo aclys in Fig. 13a—c are
typical for measured values (eportpd in the literature for

field walls [19] and m fall within the recom-
gn of the bearing pads for

0
mended range of 2-3 for % N
incremental concrete p s in the USA [25]. Q
L 4
6.2 Vertical pres and in the vicinity \
of the reinfdrceni®nt strips

tj r the numerical simulations iIQ
i igate 3D behaviour whicme
L.

rent from an equivalent 2D

a8

A major moti

Figur vertical pressure distributions cOfgguted

at 0.25 m the front of the facing panels. ots in
the figure show that:

Close to the facing, the vertical presgiges height of

t e soil self-

ch above the strips are great
ight at this location. At

rtical pressures are attenuated

e the strips,
t one-half those

behaviour is that the block oil behind the wall

facing wants to move&dgwn with respect to the wall
outward and the soil

face as the facing
compresses. The reififo ent strip impedes this
i gs up on the strip. The

movement, and the
soil located bet rips then imparts down-drag

we
forces on the 4oi mn above the strip. This results
in greater mst on top of the strip than soil at
the same glevgion and located on either side of the
strip.

The vertical pressures directly below the strips
decreasing distance from the strip and

decreasg™i
are&s aplthe constant pressure recorded beyond
0 cm of the strip centre at the same elevation. It

abous 2

sho%: noted that a small amount of soil cohesion

.E a in Table 1) was used in the model to avoid
uited

S

al instability at the free boundaries. This

in very small negative vertical stresses directly
below the reinforcement strips as shown in Fig. 14.
N om a practical point of view, these stresses should be
ssumed as zero.

The lateral distance over which vertical pressures close

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

T
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0.15m

500 o
distance from
lateral boundary:
400 0.125m
i 025m rs
ji 0.5 m (middle of reinforcement stl\ \
300 -

1l=— i
200 4 back of facing column Q
1 backfill self-weight (yH)

100 A

Vertical pressure (kPa)

4 5 6 7

Ho tal distance from front of facing (m)

back of facing column

backfill self-weight (yH)

end (o) rein orce! ent
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N

(b) Case 7a (polymeri

pressure (kPa)
ov
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o
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@
9..
.
-
o
S
o
3
o
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"
=
2

0.15m
~<—— back of facing column

500

aw < I

\ 255 oad factor

Vertical pressure (kPa)

Horizontal distont of facing (m)
Cases 1, 2, 3 and 4. Pressures dir the centreline of the
steel strip reinforcement strips

Fig. 13 Vertical foundation pressures at end of constructio
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(k) Polymeric reinforcement (Case 7a):

(a) Steel reinforcement (Base Case 0):
0
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Fig. 14 Vertical pressure distrib®gons dt and in the vicinity of the reinf e

eric reinforcement (Case 7a)

reinforcement base Case 0 b po

strip inclusion
strip width (Fig. 150.
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self-weight (

4 05 06

0.8

tance from lateral boundary (m)

strips at 0.25 m from the back of the facing for a steel

the strips increases with depth of the reinforcement
strip below the top of the wall.

<

B where B = 0.05 m is t@he magnitude of increased vertical pressure acting on
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[=——facing
] ——3-— h=568m (Layer 8)
24 —0O— h=4.16m (Layer6)
1 Q —-O-— h=264m (Layer 4)
L —O0— h=1.12m (Layer2)

Reinforcement vertical shear load (kN)

-1 —
00.15m
Horizontal distance from front of facing (m)

Fig. 15 Vertical shear load along length of steel strip reg
layers (Case 0)

Orce

@close

T
| T
rip compared to just below. Ti

nt

6.3 ral earth pressures

Figu shows the horizontal earth pressures acting at
the the facing in the reinforcement direction and in
t gection at the centreline l@Swgion of the steel

3. observed in the
mbols). These
3¢ reinforcement
behdviour is consistent
ressures at the same
ing profile (Fig. 16b)
hgmh e wall but at the mid-
point between the strip c% and the lateral boundary
can be seen to be smoo s is because the disturbance
a

to the earth pressure ion due to the reinforcem&l\

forcement strips. Sharp jumps c;
re profiles against the facglg ‘

ures are larger just above th

ic
Spo

ith the larger and smaller v,
location in Fig. 14. The co
taken through the same

OF

. . . inclusions is a with distance from ¢
5. The maximum Vertlcall pressure acti reinforcement.
to the back of the facing is about a 2 and 3 The same quglita trends can be seen for the fnore
greater than Fhe pressure beyond 9f the steel extensible po strip reinforcement in Fig. 16
and pol)fmerlc reinforcement layers, ectively. However: / ¢s against the wall are lowe
6. Quahtau.ve features are ¢ same - 1or §teel and the less ext steel reinforcement strip casgs. t,
po?ymerlc cases. However, Lay of the. stiffer steel the p locations between and beyond th me-
strip wall has slightly lower nfay vertical pressure diate in of the reinforcement layers are thgighlly in

above the strip than the mat&hi
the topmost Layer 8, the
vertical pressure as yellghe larger vertical pressure is

consistent with the re% ement computed for the
polymer strip refiforged
reinforcement ca ig. 9).

Il compared to the steel
The increase in vertical pressure acting over the stri
close to the back cing column is consistent wagh t
hanging up offe the reinforcement strips thfit le
to the foundati®n pressure attenuation immediat nd
the facing tha described earlier. A practical ica-
tion of th ations made above is that the over-prCs-
sure actin strips can be used to check against shear
connectors between the reinforcement strips
. For example, Fig. 15 shows ot of vertical
rough the steel strips for the b age example
fixed connection. The maximury sheai®ioads are at
confections as expected, but the 1%‘ is well below
nection shear capacity. Defgmmations of the steel

@ type can also be

Or or a connector

1

1ps at the connections due to conl
vestigated (e.g. rigidly fixed
ith rotational degree of fr ).

aterial for this paper

Figure S3 in the Suppl%
shows similar plots to Fig. 44 t at 2.0 m from the front
pressure distributions are

of the facing. At this location,

almost flat, indicating th: interference of the rein-
forcement strips on
strip elevations has 1

yolymeric strap. For
1C strap carries greater

the vicinity of K, values or less. For the stefl s ase, the
pressures in those same locations are m ten greater
an the K, value and often in the vicini values. The
&ressures for the polymerigpstri compared to

t atively inextensible steel str re in sympathy
classical notions of earth theory that predict
wer earth pressures with grea deformations.

Also shown in the plots of Fig. 16%re lateral pressures
(solid grey symbols) at N‘e location but in the
orthogonal direction (i.e. 4 nning direction of the
wall face—direction x in . For the steel strip cases,
the orthogonal pressur st often similar in magni-
tude to those acting inst the facing. However, for the
matching case ﬁl& xtensible polymeric strips, the
orthogonal pregsureg are¥nost often greater and by a rela-
tively large a at some locations.

In conventiona ytical design approaches to compute
earth pressures acting against the facing, the out-of-plane
soil stressed(c be considered. However, frictional soils
are streslevelsfiependent and ignoring the larger lateral
stresseglicomputed in the out-of-plane direction in 3D
numegica dels will underestimate the mean confining
@ e soil, thus making the soil appear weaker and
) he recommendation to include the out-of-plane

) in the calculation of the bulk modulus in non-
constitutive models for frictional soils has been made

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

le
res

ntinuous sheet reinforcement.

essures above and below the
y dissipated at this location. dcuracy of numerical models for reinforced soil walls with

<
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—O— reinforcement direction
—-O— wall direction

Wall height (m)
w
@

2 VB
- Ko
1 - I
N
Ka \
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Horizontal earth pressyfe
(a) at centreline of reinfo nt@ader (steel
strip — Case 0)
6

N

Wall height (m)
w

0 10 20 30 40 0 0 10 20 30 50 60
Horizontal earth pressure (kPa) Horizontal earth pre kPa)
0) at centreline of reinforcement layer (d) at midpoint ket%forcement layer
(polymeric strip — Case 7a) and latera 0\% olymeric strip —
Case 7b)
FigN @

al earth pressures at back of fa(&i fg¥cement direction and in wall direct1 ote: Pressures computed at 0.25 m from back

Q
- clusions \ The g@nstrates that the 3D model does not have
va

practicdad e over simple 2D models for walls with

o carry out 3D simple gFinforcement arrangements and no surface loading
isons are limited to tensile reinforcement
areful attention is paid to choice of parameters

MSE wall constructed wit] e p reinforcement since ~ 1load @
the work of Ho and Smith . 3D model was used to  for tiNggafl, strip reinforcement and the facing parameters.
N SO?
1

merical modelling of a ta m- ) vertical slice of a ~ when

predict the influence of rein ment type on wall per- r, the advantage of the general 3D model approach

formance using the exa of relatively inextensible t the influence of the discrete reinforcement strips on
Nrical predictions of the magnitude and distribution of

(steel strip) and xtensible (polymeric strip)
materials that are ¢ on components in MSE walls essures acting on the wall facing and on the steel strips is
constructed today. tectable. This is not possible using 2D continuous rein-

v forcement sheet approximations to rows of discrete
@ Springer
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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 @

the numerical models used in this study are purposely k
simple. Connection performance predictions can
expected to change as model details at the location
connections are improved.

the

high-end desktop computers that are currenfly, able.
However, this is expected to be less o in the

A disadvantage of the modelling approach in&&is paper
is that computational demands are large, at lc':% ical
0

future. Hence, this study holds promise to pigvic® guidance
to designers for taller and more co reinforced
MSE walls as 3D numerical modelli ftware suit-

able for MSE wall structures im es and computational
power increases.
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a) Step 1: foundation turned on b) Step @‘ ing pad and panel 1 placed

with hsu ort
K \Q

, b
k. ) . \Q

c) Step 3: 0.75 m of soil s d) Step 4: beagi d panel 2 placed @C)
\ with braced su 0

>

DS
e) Step 87 1.5 m of soil

f) Step 6: 2.25 m of soil %
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B

g) Step 7: bearing pad and panel 3 placed h) Step 8 @ of soil, braced support for

with braced support panel MV d \
.
\2

S

i) Step 9: 3.75 m of soil

J) Step 10: bearing

with braced supp(m

K) Stepﬁ.a m of soil, and then brgte hep 12:5.25 m of soil \
supp@ nel 2 removed
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a) H = 0 m (first panel installation) b) H Qm
Y-Displacements K\ 5

-8.1192e-05
-0.0001096
+-0.00013801
-0.00016642 \
-0.00019483 T 5 -0.00079144
-0.00022323 l -0.0009045

-0.0010176

Y-Displacements
@
-0.00025983
-0.00051967
-0.0007795

' -0.0010393
- -0.0012992
-0.001559

-00018188 . -0/
r 4 -0.0033065

-0.0037198
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-Displa nts \
0.0048181
0.0042828
0.0037474
- 0.0032121
0.0026767 .
' 0.0021414
0.001606

0.0010707

W:ruction stages (a-h) an@l wall
. ~
nd of construction Q\

units: m) (Case 0 — st rip wall)
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a) Steel reinforcement (Base case): tNic reinforcement (Case 7a):

160 - T T T T
140 ] Layer8

I T T T
| above reinforcement:

| ———- 10cm | ———-
| —--— 25cm \ —{-— 25¢c
} below reinforcement: } below rein
| —— 25cm ‘ + )
| —

| —O— - 10cm

T

\

\

\

\

\

\

\
%‘ ‘% Strip

\
\
\
‘ \ n
| _
1 \
: \
1 Backiil =l st
] self-weight () | | é i
] i) |

Vertical stress (kPa)

160
140 4
120 4
- 100
80S
60 4
40 4
20 4

< Lo

4 05 06 08 1.0 0.2 04 05 06 0.8 1.0
Dis M lateral boundary (m) istance from lateral boundary (m)
Figure S3. Verti(ﬁsure distributions at angai vicinity of the reinforcement strips at 2.0
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a) vertical stresses (MPa)

b) horMstresses (MPa) in reinforcement
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041429

028571
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direction

c) horizontal stresses (V\@wall face
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Table S1. Parameters used to simulate PWRI wall (fro tal. 2015a)

Concrete unit weight ye (KN/m?)

., g
Parameter f Value

240@ o Q
Elastic modulus E¢ (GPa) @ 32.0 K\

Panel width (m) 0.18
Backfill peak plane strain friction angl 44 \

Backfill cohesive strength, ¢ (kPa) 1

L 4
Backfill dilatancy angle, v (°) (D @ K\Q

Backfill unit weight, y (kN/mq)

Backfill stiffness, E, (MPa) O
Backfill stiffness, Eb(1st-W) 10 @
Poisson’s ratio, v (-) @ 0.45 0
Foundation peak pla friction angle, ¢ (°) 36 Q
Foundation coheﬁ@gth, ¢ (kPa) \ 1 (D
Foundation djfatagty angle, v (°) 6

Foundation bxnit weight, y (KN/m3 (b 18 s
Foundatior%ess, Ef(MPa) IS Q 135

Poisson’\rati v (-) 0.45 \

Beari ross-sectional area (m?/m h of wall) 0.0
Bear stiffness, Ep (MPa) &0

ingpad unit weight y (KN/m32 %
rcement stiffness, Jr (RN 2
Global reinforcement stiffne&, (MPa) @ 61

Toil-faeing interface strer@iffness reduction factor 9% 0.67®
|

nterface element sti 20

“MPa)
Interface element S% riction angle, § ® (°) O 32.9
Soil-facing interface a¥kesion, ca (kPa) Q 0.6

Variable: 1.8 at top of wall,

Soil-reinforcerfgnt pullout friction factor, F” (- decreasing to 0.6 at 3 m
below crest of wall, and then
constant thereafter
10
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Notes: \'

@

(b)

Unit weight of concrete in numerical modekw%ased by a factor of 0.180/0.150 to
account for the wider panel width (180 mm) in ical wall and the Yu ethel, and
the narrower panel width (150 mm) used for th§numerical PWRI wall in the nt study.
Applied to backfill soil only to calculate #fmoduius of soil-facing stiffpe esion and
interface soil friction angle.

The equivalent steel modulus for the ste@s in the PWRI wall usini&ame width and

thickness of the steel strips in Figure 272.6 GPa.
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