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ABSTRACT: The use of geogrids to anchor Sheet Pile Walls (SPW) is relatively new. A series of
small-scale tests was performed to investigate the behaviour of geogrid-anchored SPWs subjected
to strip footing surcharge loading. Particle Image Velocimetry (PIV) techniques were used to
measure soil displacement and analyse the global failure mechanism and dominant soil-geogrid
interaction mechanisms. One of the tests was duplicated in a test box that was eight times as wide,
showing that the influence of the small width of the test box was acceptably small. A 2D finite
element model (PLAXIS) was used to simulate the tests and there was a reasonable match with the
test results. The position of the strip footing load, and the length and number of the geogrid
anchors, proved to be key factors in determining the bearing capacity. The results provide
new insights into the stabilising effect and the effective length of the geogrid anchors, in
other words the length along which geogrid-soil friction is mobilised. Contrary to the Dutch
design guidelines for reinforced soil walls and conventionally anchored sheet pile walls, the results
showed that the geogrid provides resistance in the active zone under the strip footing surcharge
loading.
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of prestressing the anchorage earlier during the backfilling
stage, reducing horizontal deformation as a result. In

1. INTRODUCTION

Back-anchoring is a common and economical way of
optimising the design of sheet pile walls. Steel and grout
anchors have been widely applied for this purpose. The use
of geogrids for the anchorage of SPWs, however, is a
relatively new application. In this approach, SPWs can be
anchored with one or more geogrid layers (Figure 1). This
type of SPW anchorage has benefits such as the possibility

1072-6349 © 2022 Thomas Telford Ltd

addition, it is also possible to anchor the SPW continu-
ously at several levels, making the design economic and
allowing for the installation of piles through the geogrid
anchors, providing greater project flexibility. The draw-
back of geogrid-anchored SPWs is that a relatively
large amount of space is needed for the installation of
the geogrids. Furthermore, the method is suitable for
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Figure 1. A geogrid-anchored sheet pile wall

backfilling projects only and not for building pits with
excavations.

Geogrid-anchored SPWs have already been applied in
several trial projects. Detert et al. (2019) describe several
examples, including the widening of a railway, a motor-
way and a bridge abutment. van Duijnen ez al. (2022) and
Spingher (2018) describe the analysis of the construction
of geogrid-anchored SPWs for wind-turbine peninsulas in
Krammer, the Netherlands. The piles for these wind
turbines were installed through the geogrid anchors. Twice
the required anchor strength was applied to compensate
for the loss of geogrid capacity due to the pile installation.

There is currently no accepted design method for
geogrid-anchored SPWs. The construction method is
comparable to both reinforced soil-retaining walls with a
full-height rigid facing and traditionally anchored SPWs.
The difference with the reinforced-soil approach is that the
facing or the SPW is embedded in the ground. The SPW,
for example, gives a higher bearing capacity for pile
driving equipment that installs piles through the
geogrid-anchorage, close the wall. Due to this advantage,
several projects are in preparation in the Netherlands to
apply geogrid-anchored SPWs. The difference with the
approach using SPWs with traditional anchors is the
amount of anchorage: a geogrid-anchored SPW can be
anchored at several levels and along the full width.
Furthermore, the geogrid anchor can behave differently
as it can develop friction along its full length, and it may
affect the shape and location of slip surfaces as well as the
soil pressure exerted on the SPW. Extensive analytical and
numerical calculations are therefore generally performed
to design geogrid-anchored SPWs, with the most con-
servative results then being used.

The literature on geogrid-anchored SPWs is very
limited. The scarce papers have been referred to above.
Most of the closely related literature and design guidelines
address geosynthetic-reinforced retaining walls (in the
US: mechanically stabilized earth walls (MSE walls)) in
combination with stiff facings, or SPWs with conventional
grout anchors, see for example Bathurst ez al. (2008) and
Ahmadi (2020).

The design approach with reinforced soil considers
external stability for the purposes of determining the
required reinforcement length and embedding. The struc-
ture is checked for sliding, tilting and deep slip surfaces.
Most design methods then check internal stability to deter-
mine the strength of the reinforcement and its connection
with the facing if applicable, and the distance between the

Wittekoek, van Eekelen, Terwindt et al.

different layers (BS8006 2010; EBGEO 2010; CUR198
2017; Schaefer et al. 2017).

The design of conventionally anchored SPWs assumes
that the anchors are effective only in the zone behind the
active wedge that develops when the soil in front of the
wall is excavated.

This paper presents part of a research programme that
focuses on geogrid-anchored SPWs under strip footing
loading. The aim of the programme is to investigate the
mechanisms that play a role in structures of this kind to
identify the parallels and differences with conventionally
anchored SPWs and geosynthetic-reinforced retaining
walls. The ultimate goal is to add a section for the
design of geogrid-anchored SPWs to the Dutch design
guideline for SPWs. The research programme includes
trial projects (Detert et al. 2019), field monitoring
(Spingher 2018; van Duijnen et al. 2022), small-scale
laboratory tests with numerical simulations (Wittekoek
2020 and this paper). Medium-scale tests, centrifuge tests
and more field monitoring are expected at a later stage.

This paper reports on a series of small-scale tests
and 2D numerical simulations for one of those tests.
Wittekoek (2020) gives more detailed information on
the tests and numerical analysis. The analyses of these
tests and numerical analyses are a first step towards
a better understanding of the behaviour of this type
of SPW anchorage and to determining the differences
with conventionally anchored SPWs and geosynthetic-
reinforced retaining walls.

2. SMALL-SCALE TESTS

2.1. Test set-up

A series of small-scale tests were performed in the
Deltares laboratory in Delft, the Netherlands. The
choice of a relatively small model and modelling at
single gravity (1g) made it possible to conduct a large
number of tests economically. The model was a 1:16
scaled and simplified version of one of the SPWs installed
in Windpark Krammer (van Duijnen ez al. 2022). The
tests were conducted to investigate failure mechanisms for
different configurations and to investigate to what extent
these failure mechanisms can be simulated numerically.
This section describes the tests, test set-up and materials.

A sand body and a small geogrid-anchored SPW
were installed in a transparent test box (LXBX H=
525 %100 x 300 mm) as shown in Figure 2. A 0.10-m-long
strip footing surcharge load was applied behind the SPW
using a barrel that was filled with water with a constant
flow rate during the test. This paper states the applied strip
footing surcharge load in kN per m SPW (kN/m). The
strip footing was 0.1 m wide and so an applied load of
1 kN/m corresponds to a surcharge load of 10 kPa. The
constant flow rate ranged between 0.02 and 0.03 kg/s. The
barrel could only move vertically and rested on two stiff
footing plates (0.10 m X 0.09 m) with a rod in between.
This structure allows the footing to follow the vertical and
horizontal movements of the soil freely.
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Figure 2. Test set-up (a) overview; (b) top view and cross-sections; (c) strip footing surcharge load; (d) geogrid-SPW connection

A 10-mm-thick aluminium plate modelled the SPW.
Only the upper part of the embedded part of the SPW was
modelled in order to keep the geometrical scaling factor
limited. The shortened sheet pile wall was therefore free
to slide along the box bottom. The sides of the SPW were
covered with a sealing strip to keep the sand in. The
bending stiffness of the SPW was chosen as the lead
parameter for determining the thickness of the SPW. If the
soil stresses were the same in the prototype and the scale
model, the bending stiffness of the SPW, assumed to be a
plane-strain structure, would scale with the geometrical
scale N> =16>. However, the soil stresses are not the same.
The scaling factor for the stress halfway the height of the
SPW is approximately 2, resulting in a scaling factor for
the secant Young’s modulus soil stiffness of 2°>*=1.45,
where m =0.54 was determined with triaxial tests. The
bending stiffness of the prototype SPW (AZ13-700) is
43 000 kNm?*/m, the target stiffness of the model-SPW is

43 000/16/1.45="7.3 kNm*/m (Iai 1989), which is a good
match with the model-SPW stiffness of 5.8 kNm?*/m.
Therefore, the stiffness of the model-SPW is accurate.
The SPW was anchored with either one or two geogrids.
The scaled geogrids consisted of coated polypropylene
yarns. The grid structure was formed by intertwining the
transverse and longitudinal bundles of fibres. The thick-
ness of the transverse ribs was approximately 0.3 mm and
the aperture size was approximately 3 to 4 mm. The
tensile stiffness and tensile strength properties were
derived from tensile tests (following DIN EN ISO 2015)
and they depend on the exhibit time and strain level
(Bathurst and Naftchali 2021). The short-term stiffness at
2% axial strain was 191 kN/m and the tensile strength was
16.18 kN/m at a maximum strain of 13.48%. This tensile
stiffness of the prototype geogrid (2 layers geogrid per
anchor, 1 month-stiffness at 1.5%) was 3280 kN/m.
Following Tai (1989), this stiffness should be scaled with
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the geometric scaling factor (N=16) and the Young’s
modulus scaling factor that takes into account the soil
pressure underneath the surcharge load. The Young’s
modulus scaling factor is determined as 1.6 = 1.3, where
the soil pressure prototype/model = 1.6 and the value of
power m was given above. Scaling the prototype geogrid
stiffness to model geogrid stiffness therefore gives
3280/16/1.3 =159 kN/m. The applied model geogrid of
191 kN/m is sufficiently close to the desired model
stiffness of 159 kN/m.

The geogrid was clamped underneath an aluminium
strip that was screwed onto the SPW, as shown in
Figure 2d. When two geogrids were applied, the vertical
distance between the geogrids was 70 mm. With the
geometric scaling factor N =16, this corresponds to a
prototype geogrid spacing of 16 X 0.07 m=1.12 m. This
is a realistic distance. For example, a geogrid distance of
1.20 m was applied in the Krammer wind-turbine project
(Spingher 2018; van Duijnen et al. 2022).

Lees (2014) conducted direct shear experiments on a fill
of diabase stone with a Dsy of 5 mm. He found an
influence zone around a Tensar TX160 geogrid of 0.30 m.
The current model sand has a D5y of 0.14 mm. This is 35
times smaller than the D5 in the tests conducted by Lees
(2014). The influence zone might therefore scale with
1:35=0.30 m/35=9 mm. Furthermore, Ahmadi (2020)
performed scaled tests of geosynthetic reinforced walls
using a backfill sand with a Dsq of 1.5 mm. The results of
those tests showed that the horizontal deformation around
the geogrids was localised to approximately 10 grains. We
conclude from these studies that the two geogrids do not
interfere in either the full-scale case of the Krammer
project or the model tests described in this paper.

Baskarp B15 sand was used as the backfill material.
This is a poorly graded sand with a median particle
diameter (Dsg) of 0.137 mm. The sand was densified to a
relative density of ~70%. Table 1 lists the properties of the
sand. The strength (mobilised internal friction angle ¢)

Table 1. Soil properties

Parameter Symbol Value
Relative density (%) Ip 63-83
Median particle diameter (mm) D5 0.137
Coefficient of uniformity (-) Dgo/D1o 1.6
Secant internal friction angle (°) gliiax 45¢
Residual internal friction angle (°) gliax 34
Dilatancy angle (°) ytriax 15
Cohesion (kPa) ¢ 0.6
Secant Young’s modulus at confining Ef 72.4
pressure of 100 kPa (MPa)
Power in power law material stiffness® (-) m 0.54
Poisson ratio (-) v 0.25

#This value is a plane strain value and it was determined for triaxial tests
with a relative density (59-93%), vertical strains (0.5-1.8%) and a stress
level (20-60 kPa) similar to those in the tests. Accordingly, the triaxial

value of ¢!l = 36.8° gives a plane strain value of (11/9) piriax =45°,

m
b Eso ( 03 )
Es rer 03 ref
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was derived from drained consolidated triaxial tests on
samples with a similar density as in the tests, and at
vertical strains similar to those found in the tests (~0.5 to
1.8%).

The passive soil side was modelled with a silicone block.
A uniaxial compression test was conducted to determine
linear-elastic behaviour and a stiffness of 159 kPa up to a
strain level of at least 8%, which corresponds to 8 mm.

A Canon EOS 750D camera with a resolution of
24 megapixels (6000 x 4000) was positioned on a tripod
approximately 1 m in front of the test box. The movement
of the soil and SPW was tracked using one digital photo-
graph every five seconds and the digital Particle Image
Velocimetry (PIV) technique. PIV is a well-known tech-
nique that has been used by many researchers, including
Dijkstra et al. (2008), Ahmadi and Hajialilue-Bonab
(2012), Rui et al. (2016) and Ahmadi (2020). Different
PIV programs are available. GeoPIV-RG (Stanier ef al.
2015) is widely used and it has been validated by for
example Stanier et al. (2016a, 2016b) and Teng et al.
(2017). The agreement between GeoPIV-RG and manu-
ally tracked deformation was also checked in this study
and it was found to be very good. GeoPIV-RG was
therefore chosen for the analysis of soil deformation in the
tests.

The passive soil was modelled with a silicone block that
was less stiff than sand. The limited space behind the SPW
in the small-test box would have led to excessively stiff
behaviour if soil was used.

2.2. Testing procedure

The chronological order of the preparation phase was as
follows: (1) lubricating the side walls and positioning of
the silicone sheets, (2) placing the silicone block and SPW,
horizontally restrained by a PVC plate which was clamped
between the SPW and side wall, (3) simultaneous pouring
and tamping of the sand up to the height of the geogrid
anchor, (4) flattening the surface area before unfolding
and placing the geogrid on top, (5) stretching the geogrid
tight while pouring sand on top of it, (6) continuing until
the sand was 10 mm below the top of the SPW and
flattening out of the sand surface, (7) placing the bottom
load plate (representing the strip footing), steel rod,
second load plate and guidance rail on top of each
other, and (8) placing the barrel on the guidance rail while
a pipe was placed in the barrel and connected to the pump
and the water reservoir.

The test started after the SPW support was removed.
Just after the support was removed, the first photo of the
series of test photos was taken, and the pump was
switched on. The pump was switched off after the SPW
failed by overturning or when the maximum allowable
load of ~65 kg had been reached.

2.3. Boundary effects

The possible drawback of a narrow box is that the box
walls have a relatively large effect on the test results. Two
tests were conducted in a wider test box with the aim of
obtaining more information about the influence of the
width of the test box. The tests in the narrow box were
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validated using the tests with the wider box (see
Section 3.6).

The arching effect due to the back wall is considered
negligible because the ratio of the spacing between the
walls to the height of the wall is twice the ratio at which
the back wall effect is less than 10% (Yang and Liu 2007).
The friction between the SPW toe and box bottom and
between the silicone block — box bottom was minimised
by positioning a Teflon layer on the bottom and the SPW
toe. The side-wall friction was minimised by lubricating
the side walls with a low-friction water-based lubricant
and positioning a highly adhesive silicone sheet on the
side walls.

The total frictional force between the silicone sheet and
side walls was measured separately in two ways: (1) by
measuring the total vertical pressure at the bottom of the
box. In this way, a reduction of ~33% in vertical pressure
at the bottom of the box was measured, and (2) by
measuring side-wall friction by lifting a bottomless box
filled with sand. The side-wall friction angle was derived
from the test results using Bathurst and Benjamin (1987)
and Jewell (1987) and it was concluded that lubricating
the side walls and covering them with silicone sheets
reduced the side-wall friction angle from 16.2° to 11.0°.

Using a numerical approach, Jayasree et al. (2012)
found a similar reduction in the horizontal, and therefore
the vertical, soil pressures in their small-scale tests. For a
width to height ratio of 0.4, they found a reduction in
vertical soil pressures of 30% for dilative sand and a
side-wall friction angle of 15°.

Three extension tests in line with Henkel and Gilbert
(1952) showed that the average tensile stiffness of the
1 mm-thick silicone sheet was 300 kPa at a strain of 3%.
The shear modulus of the backfill — derived from con-
solidated drained triaxial tests — is around ten times larger
at the estimated horizontal soil pressures at which
significant slipping of the soil body below the strip

Table 2. Overview of the small-scale tests

footing occurred. Correction of the bearing capacity for
the resisting forces of the silicone sheet was therefore
unnecessary.

2.4. Testing programme

Table 2 lists all the tests. The sand surface was 10 mm
below the top of the SPW and the top geogrids were
therefore installed 50 mm below the top of the SPW but
40 mm below the sand surface, as shown in Figure 2. The
following parameters were varied:

e length of the geogrid: 60 mm, 110 mm, 130 mm or
180 mm;

e number of geogrids: one or two geogrids, or no geogrid,;

e position of the load: 30 mm, 60 mm, 84 mm or
130 mm from the SPW;

¢ connection geogrid-SPW: connected or not connected
to the SPW for all geogrid lengths tested.

3. RESULTS OF SMALL-SCALE TESTS

3.1. Introduction

This section describes the soil displacement that
was observed and the development of slip surfaces.
Sections 3.1-3.4 describe, in succession, the influence of:
(1) the position of the strip footing surcharge load, (2) the
length of the geogrid, (3) the addition of a second geogrid
anchor and (4) the connection of the geogrid to the SPW.
Section 3.5 includes an analysis of the reproducibility of
the tests. Section 3.6 looks at the influence of the small test
box width.

This section describes soil displacement for two points,
Yand Z, respectively. These points are denoted by the red
squares in the drawings at the bottom right of the figures.

Test® Number of geogrids; Vertical distance geogrid Distance between load plate® Relative density I, (%)
length of geogrid (mm from top SPW) and sheet pile wall (mm)
Small-scale test box
12/13 One; 110 mm 50 30 67/71
14/15 One; 110 mm 50 60 73/74
16/17/45 One; 180 mm 50 30 68/74/76
18/19 One; 180 mm 50 130 74173
20/21 Two; 180 (top layer) and 110 mm 50 and 120 130 71/64
22/23 Two; 180 (top layer) and 110 mm 50 and 120 30 74178
28 One; 60 mm 50 30 81
30 One; 60 mm 50 84 78
31 One; 60 mm; non-connected 50 30 68
41/42 One; 180 mm; non-connected 50 30 75176
43/44 One; 110 mm; non-connected 50 30 69/76
47 No geogrid — 84 75
48 No geogrid — 30 71
51 One; 130 mm; non-connected 50 30 67
52 One; 130 mm 50 30 65
Wider medium-scale test box for validation of the small-width tests (see Section 3.6)
5/6 One; 180 mm ‘ 50 30 71/70

#The results presented in this paper are the results of the tests with bold numbers. Similar results were produced by tests with a similar test configuration.
®The bottom load plate was 15 mm thick, 100 mm long (perpendicular to the SPW) and 90 mm wide (in-plane direction of digital test photos).
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3.2. Location of strip footing surcharge load

Figure 3 shows the development of the slip surfaces for
Test 19 with one 180 mm geogrid anchor. Figure 3a shows
the full-field soil shear strain after two-thirds of the test
(at a surcharge load of ~4 kIN/m). The figure shows the
general failure mechanism of a geogrid-anchored SPW
subjected to a strip footing surcharge loading. It consists
of two slip surfaces which develop from the inner and
outer edge of the footing towards the SPW. The soil starts
to slide along the critical slip surface (labelled 1A in the
figure). A secondary slip surface — 1B — develops between
the unstable soil mass, moving downwards and sideways
due to the strip footing load, and the soil enclosed by the
unstable soil mass and the SPW. Figure 3b shows how the
soil domain behind the wall can be divided into three
different strain zones: (I) a zone with rigid soil body motion
between the wall and secondary slip surface, (I) an active
zone below the strip footing enclosed by the secondary slip
surface and the critical slip surface and (III) the stable soil
zone behind the critical slip surface.

A third slip surface developed at large overturning
values of the SPW, which occurred after the full develop-
ment of the critical slip surface. As shown in Figure 3, this
third slip surface developed at the outer edge of the strip
footing at the ground surface level, like the critical slip
surface, but intersected with the SPW at a shallower depth.
This slip surface has been excluded from further analysis
since this slip surface was seen in this specific test
configuration only, and the SPW system was approaching
a state of failure prior to the development of this slip
surface.

Figure 4 shows how the load position affects soil
displacement. Each graph shows the results for two tests
with the same geogrid length. The soil response in the tests
without anchorage (Figure 4a) was stiffer when the load
was further away from the SPW. This is the result of the
longer critical slip surface from the outer edge of the strip
footing to the SPW: a longer slip surface mobilises more
shear resistance. In addition, the larger distance between
the load and the SPW gives a favourable (in other words,
deeper) distribution of the load. Figure 4b shows the

(@)
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results of the tests with a 60 mm geogrid anchor. The load
position of 84 mm from the SPW was chosen to ensure
that the entire geogrid was located in zone I. Interestingly,
the geogrids in these tests provided a significantly higher
overall stability than in the situation without a geogrid
(Figure 4a), even though the geogrids were located
completely outside zones II and III.

Figures 4c and 4d show the results of the tests with the
110 mm and 180 mm geogrids.

All the graphs in Figure 4 show that the load position
affects the vertical displacement: the closer the load to the
SPW, the larger the vertical deformation for point Z. Note
that in Figure 4c, the second load (Test 14) is very close to
the SPW. This gives a significantly greater vertical
displacement for point Z than the second load positions
in the other graphs in Figure 4. The two loads in Figure 4c
are the loads that are closest to each other, which is why
the differences between the two load positions are the
smallest in this graph.

Figure 4d shows that the anchorage is most effective
when the vertical load on the geogrid is large. The SPW in
Test 18 translates horizontally while, in Test 45, the SPW
tilts backwards; the SPW toe translates more than the
SPW head. This results in a different failure mechanism
for the two load positions.

3.3. Length of the geogrid

Figure 5 shows the effect of the geogrid length on soil
displacement. As expected, a positive relation was found
between the failure load and geogrid length: the longer the
geogrid, the higher the failure load and therefore the more
resistance provided by the geogrid. The longest geogrid —
180 mm — responded more stiffly from the start of the test.

Figure 6a shows how geogrid length affects the critical
slip surface. In the tests with a <130 mm geogrid anchor, a
straight critical slip surface developed from the outer edge
of the footing. With the 180 mm geogrid anchor, the same
straight slip surface developed initially, as shown by the
solid blue line. However, another slip surface became
the critical one at final load level. With increasing
displacement, the slip surface reoriented vertically at the

1B

(b)

Figure 3. Slip surfaces: (a) soil shear strains for Test 19 with a 180 mm geogrid anchor and the load positioned 130 mm from the
SPW; (b) schematisation of the general failure mechanism and the development of three different strain fields in the backfill behind

the SPW
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Figure 4. Effect of load position: relation between horizontal/vertical soil displacement and applied load for tests (a) without an anchor;
(b) with a 60 mm geogrid anchor; (c) with a 110 mm geogrid anchor and (d) a 180 mm geogrid anchor

intersection with the geogrid. As a result, the straight slip
surface changed into a slightly different curved critical slip
surface.

Figure 6b shows the soil shear strains and the two slip
surfaces for the 180 mm geogrid test. As can be seen, the
length of the geogrid behind the slip surface in zone IIT
is substantial in this case only. It is therefore assumed
that the intersection with the slip surface activates the
geogrid.

The slip surface follows the path of lowest resistance.
The activation of the geogrid increases the soil shear
strength locally and the increased shear strength of the soil
in the vicinity of the geogrid therefore results in a vertical
reorientation of the slip surface. This concurs with the
results of the large-scale plane strain tests with geogrid
reinforced soil from Ziegler (2010).

3.4. A second geogrid anchor

Figure 7 shows that adding a second geogrid reduces soil
displacement at higher loads (>4.0 kN/m). The top geogrid
in this figure measures 180 mm, the second 110 mm. Up to
an applied load of 3.0 kN/m, the soil response is similar in
the tests with one and two geogrids. Between an applied
load of 3.0 and 4.0 kN/m (=30-40 kPa), soil deformation
is larger with two geogrids than with one. This can be
ignored as it can be ascribed to the limited reproducibility
for tests with large displacements of the SPW toe along the
box bottom, as described in Section 3.5.

Figure 8 shows how a second geogrid affects the critical
slip surface. Adding a second geogrid resulted in only a
minor change to the critical slip surface, which became
slightly wider and longer.
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Figure 6. (a) Effect of geogrid length on the critical slip surfaces (b) shear strains (-) showing the 1st and critical slip surfaces for Test 45
with a 180 mm geogrid anchor. The load is positioned 30 mm from the SPW. The initial position of the geogrid in Test 45 is denoted in

Figure (b) by the red line

3.5. Connection between geogrid and SPW

Figure 9 compares tests in which the geogrid is either
connected or not connected to the SPW.
Figure 9 shows the following:

e Connecting a geogrid to the SPW results in a higher
failure load than in the test without an anchor.

e Non-connected geogrids with a length <130 mm do
not result in higher failure loads than in the test
without an anchor. These relatively short geogrids
are located in zones I and II, completely outside
zone III. It can therefore be concluded that the
confining effect for these short geogrids is very small
or absent.

Connected geogrids with a length <130 mm do
provide resistance. Accordingly, zones I and II
(Figure 3) are activated only when the geogrid is
connected to the SPW. Vertical loads in zones I and 11
are transferred to the SPW via the geogrid. This
mechanism is seen after some vertical displacement of
the geogrid.

The soil response in the test with a non-connected
180 mm geogrid was stiffer than in the test without a
geogrid. The 180 mm geogrid evidently provided
resistance, even though it was not connected to the
SPW. Accordingly, the membrane effect contributes to
the total bearing capacity for geogrids with a length
beyond the active zone. Pull-out resistance is provided
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by the rear part of the geogrid behind the critical slip
zone (zone I1II) and the front part in zone I. Comparing
the tests with the non-connected and connected

180 mm geogrids showed that the connection with the
sheet pile wall activates the rear part in zone III but
that the sliding soil mass in the active zone 11
dominates in the activation of the rear part at higher
load levels.

A side note on the membrane effect: the mechanism in
which the geogrid anchor is dragged down with the soil
(in zone II), resulting in tensile forces in the geogrid, is
referred to as the ‘membrane effect’. This term refers to
the capacity of the geogrid to be deformed, absorbing
forces which were initially perpendicular to its surface.

Due to a secondary effect, tensile forces develop in the
geogrid through which the geogrid transfers vertical soil
pressures to zone I, the SPW, if connected, and zone I11.
Resistance in zones I and II is only mobilised when the
geogrid is connected to the SPW or if the geogrid length is
extended sufficiently into zone III. If the geogrid is
dragged down with the soil, vertical soil pressures are
transferred via the geogrid to the SPW and zone III.

3.6. Reproducibility

This section discusses the measured soil displacement and
the observed critical slip surfaces for the test configur-
ations with one 110 mm geogrid (Tests 12 and 13) or one
180 mm geogrid (Tests 16, 17 and 45). The load plate was
30 mm away from the SPW in both test configurations.

The reproducibility of the tests appears to depend to
a major extent on the failure mode of the SPW.
Reproducibility is high when the SPW fails by overturning
(Figure 10b). This failure mode was observed for the test
configurations with geogrids shorter than 130 mm. In the
case of test configurations with a 180 mm geogrid, the
geogrid provided so much resistance that the failure mode
of the SPW changed from sliding and overturning to
failure in which the SPW mainly slides along the bottom
of the box (Figure 10a), with the SPW starting to slide at a
higher surcharge level. This resulted in a higher frictional
force along the bottom of the box, with a negative effect
on reproducibility.

The more curved slip surface for geogrids with a length
of 180 mm was discussed in Section 3.2. All three tests
had this curved slip surface, as seen in Figure 1la.
However, another, straighter, slip surface developed
initially in only two of the three 180 mm tests. This
straight slip surface matched the critical slip surface found
in the tests with a short geogrid (<130 mm) presented in
Figure 11b.
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The tests seem to indicate a dependency on the strain
rate (Figure 10): two 180 mm geogrid tests (Tests 16
and 17) with the same loading rate (0.021 and 0.020 kg/s)
gave slipping at a similar load level. Test 45, however,
with a different loading rate (0.033 kg/s) gave slipping
at another load level. This finding contradicts the
finding of Suescun-Florez et al. (2015) that strain rate
effects for dry soil are negligible for confining pressures
<100 kPa.

3.7. Influence of the width of the test box

3.7.1. Description of additional tests in a wider test box
Two additional tests were performed in a box that was
eight times wider than the box used in the small-scale
tests (785 mm instead of 100 mm) in order to determine
whether the narrow box in the small-scale tests and the
frictional force between the soil and the side walls affect
the shape of the slip surfaces and the vertical load
distribution. The additional tests differed in five ways
from the tests described in Section 2:

¢ Side-wall friction was not reduced by lubricating and
placing a silicone sheet against the side walls in order
to improve the image quality. The sand was therefore in
direct contact with the glass side walls.

e The distance between the SPW and the back wall
increased from 415 mm to 724 mm. As in the

small-scale tests, back-wall friction will not affect soil
deformation.

e The passive side of the SPW was again simulated
with a silicone block. However, the stiffness of the
fabricated silicone block for this 785-mm-wide SPW
turned out to be 1.5 times higher (£ =245 kPa)
than the stiffness of the silicone block used in the
small-scale test.

e The strip footing surcharge load was applied with a
twin-piston hydraulic pressure system. The pistons
were 44 mm in diameter and they were positioned
220 mm from the side walls. The vertical displacement
of the loading plate was slowly increased with a hand
pump. Figure 13 shows that the resulting loading rate
fluctuated more than in the small-scale tests, in which
the barrel was filled with a constant flow rate.

e The SPW was glued to the silicone block in such a way
that there was a gap of 1 mm between the SPW and the
bottom of the box. Reproducibility was therefore
improved by reducing the friction between the SPW
and the bottom of the test box.

e Total pressure cells (TPCs) were placed at the bottom
of the box to measure the vertical soil pressures.

The test configuration with one 180 mm geogrid anchor
and a surcharge load position 30 mm from the SPW was
chosen. Tests 16, 17 and 45 were repeated in this wider test
box.
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Figure 10. Measured displacement (top) of the sheet pile wall and (bottom) point Y. Tests with (left) one 180 mm geogrid and (right) one

110 mm geogrid

In the narrow test box in Section 3, wall friction
was reduced by lubricating and placing a silicone
sheet against the side walls. This was not done in the
wider box. By looking at the stresses measured in the
tests in the wide test box, Section 3.6.2 looks at

whether the influence of side-wall friction in the
wider box on the soil pressures is negligible and can
be rightfully ignored. Section 3.6.3 then compares
the slip surfaces that developed in the narrow and wide
boxes.
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3.7.2. Effect of side-wall friction on load distribution
Three TPCs were placed in the bottom of the test box to
measure the vertical pressure. Figure 12 shows the
location of the TPCs.

Figures 13 and 14 show the vertical soil pressures
measured by TPCs A, B and C. Figure 13 presents the
surcharge load in kPa on the left axis and in force per unit
metre SPW width (kN/m) on the right axis. The soil
self-weight at the bottom of the box is approximately
4.7 kPa. This has been excluded in Figures 13 and 14 by
setting the measured vertical soil pressures to zero at the
start of the test.

The loading rates and measured vertical pressures
in Tests 5 and 6 were very similar. The slip surfaces
developed fully after five minutes. Interestingly, the
measured vertical soil pressures at the bottom of the box
were halved at the moment that the slip surface developed,
indicating the activation of the geogrid anchor and a
transfer of load to the SPW. Figure 14 shows that the
vertical pressures in the centre of the test box and close to
the side wall (TPC A and C respectively) were a reasonable
match in Test 5. Although the values for TPC C were
slightly higher than for TPC A in Test 6 between minutes 2
and 4, it can be concluded that the vertical pressure close
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Figure 14. Tests 5 and 6: measured vertical soil pressures (TPCs A, B and C) at the bottom of the box and the applied strip footing
surcharge load for surcharge load levels <10 kN/m. Three time stamps (T1, T2 and T3) are shown for which the shear strain soil response

is plotted in Figures 15 and 16

to the side walls was not reduced by side-wall friction.
On the basis of these measurements, it can be concluded
that the load distribution and therefore the slip
surfaces will not be affected by side-wall friction in this
test set-up.

3.7.3. Comparison of slip surfaces in the small-scale and
wider test box
Figures 15 and 16 show the slip surfaces in the tests with
the wider test box tests at the three time points shown in
Figure 14.

Figure 17 shows a comparison of the slip surfaces in
the narrow and wide tests. A slip surface with a relatively

wide curve developed in all these tests, not only in the
narrow but also in the wider tests: the surfaces in the
narrow and wider test boxes are a good match. These
curved slip surfaces are the result of the presence of the
geogrid: they are wider and more curved than the straight
slip surface that would develop in circumstances without,
or with short, geogrids. On the basis of Figure 17, then, we
may conclude that the shape of the critical curved slip
surface was not affected by the width of the test.

A straight slip surface sometimes developed before the
wide slip surface or simultaneously with the wide slip
surface. This was seen in both the small-scale and wide
tests. Figure 17 shows this for Tests 5, 16 and 45. The
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development of a straight slip surface may depend on
minimal differences (<1 mm) in the test preparations
such as the initial position of the SPW or slack in the
geogrid.

Overall, the two tests in the wider box demonstrated
the validity of the slip surfaces that developed in the
small-scale test box.

4. NUMERICAL CALCULATIONS

4.1. Numerical model

The tests were simulated using a Plaxis 2D (version 2019)
finite element model. The geometry is shown in Figure 18.
The behaviour of the backfill was described with the
Hardening Soil (HS) model, while a linear-elastic model
described the silicone block behaviour on the passive side
of the SPW. The SPW and load plate were modelled with
plates. The geogrid was modelled as a 1D tensile element.

Tables 3 and 4 give the input parameters of all the
materials. The bottom of the test box was included in the
model to describe the friction of the SPW and silicone
block along the bottom. Table 5 gives the parameters of
the interfaces.

A dummy material was introduced to simulate
the interaction between the sand and the geogrid. In the
dummy material, the interface parameter R;,, was kept to
1 (fully rough surface), while the internal friction angle of
the sand (¢) was reduced to arctan (u) at the interface,
where u is the apparent coefficient of friction. This
parameter u was determined on the basis of pull-out
tests and a typical value is 0.8 for sands. In the dummy
material, a reduction of 35% was applied to the dilatancy
angle of the sand (w), in line with the reduced friction
angle at the interface geogrid-soil.

e Simulating failure for non-associative models, as
in the Hardening soil model, is notoriously difficult
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Figure 18. Build-up of numerical model in 8 phases

Table 3. Material properties in the numerical model of Baskarp
B15 sand

Parameter Symbol Value
Unit weight (kN-m™) Punsat 16.3
Void ratio (-) €init, €min, €max | 0.579,0.385,0.8
Secant Young’s modulus Exf? 72.4%10°
(kN'-m~?)
Oedometer stiffness (kN-m™2) | Erl 85.0x 10°
Unloading/reloading stiffness | E™ 443x10°
(kN'm™?)
Power (-) m 0.54
Effective cohesion (kN-m~2) ¢ 0.6
Effective internal friction [ 45
angle (°)
Poisson ratio Vur 0.2
(unloading/reloading) (-)
Dilatancy angle (°) W 16.5
Lateral earth soil pressure Kye 0.5°
coefficient (-)

“Reference pressure of 100 kPa.
PA relatively high value for K§'C was selected to account for the
densification processes (tamping).

due to the localisation of large shear deformations.

It was decided to model the soil with six node
elements in order to make it possible to use more
elements within a reasonable calculation time.

This results in thinner slip surfaces and a

calculation that runs more smoothly. The large
differences around the slip surfaces will affect

fewer elements if a larger number of smaller elements
are used.

e Figure 18 shows the numerical model. During the
preparation phase for the small-scale test, a stiff PVC
plate was placed between the SPW and the front wall of
the test box to restrain the lateral deformation of the
SPW during preparation. The model simulated this by
introducing a fixed-node anchor on the passive side of
the sheet pile wall.

e The strip footing surcharge load was simulated by a
prescribed displacement at the centre of the strip
footing plate. A prescribed displacement was used
instead of a prescribed load to prevent numerical
problems.

Table 4. Material properties in the numerical model of the
geogrid, SPW), loading plate and silicone block

Material Parameter Symbol Value

SPW support Axial stiffness (kN) EA 5500

Geogrid Axial stiffness (kN'm~") | EA 191

SPW Axial stiffness (’\N'-m~") | EA 700 x 10°

SPW Bending stiffness ElI 5.83
(kNm>m™)

Loading plate Axial stiffness (k\N-m~") | EA 73.5% 10°

Loading plate Bending stiffness El 5.6
(kNm>m™")

Silicone block Unit weight (kN-m™) Yunsat 10.5

Silicone block Void ratio (-) Cinit 0.5

Silicone block Young’s modulus E 159
(KN'm~?)

Silicone block Poisson ratio (-) v 0.495

4.2. Results numerical calculations; parameter study

The numerical results are presented here for two test
configurations: a test with one 180 mm geogrid anchor
and a test with a second 110 mm geogrid anchor. The
load was positioned 30 mm to 130 mm from the SPW in
both tests. Section 6.1 analyses the effect of adding a
second geogrid anchor by comparing the slip surface and
axial force in the SPW. Section 6.2 analyses the tensile
stress distribution and frictional forces along the geogrids
of the SPW anchored with two geogrids.

4.2.1. Anchors with one and two geogrids

Figure 19a shows that the critical slip surface circumvents
the bottom 110 mm geogrid and reorients perpendicu-
larly to the initially horizontal top geogrid. This finding
concurs with the test results of Ziegler (2010). Figure 19b
shows an increase, at a surcharge load level of 3 kN/m,
of 27% in the axial forces in the toe of the SPW when a
second geogrid is added. This finding proves that the load
transfer via the geogrid to the SPW contributes to the
total stability of the SPW. The vertical soil pressures close
to the SPW are reduced and therefore the horizontal
pressures on the SPW.

4.2.2. Mobilised tensile force and frictional forces along
the geogrids

Figure 20 shows the general failure mechanism calculated
for two geogrids and the positioning of the strip footing
30 mm to 130 mm from the SPW. The grey lines represent
the slip surfaces. The failure mode of the SPW is shown by
the black arrows: the toe of the SPW slides along the
bottom of the box while the top of the SPW moves less
and therefore the SPW tilts backwards relative to the toe.
The deformation of the geogrids is given for four different
load levels. The figure shows that the top geogrid deforms
like a hammock as the load level increases, while the rear
part of the bottom geogrid is dragged down along with the
soil.

Figure 21 shows the calculated tensile force distribution
at different load levels in the top 180 mm geogrid
anchor. The figure shows that the share of the mobilised
tensile force of the geogrid between the secondary
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Table 5. Material properties of the interfaces

Interfaces Interface reduction coefficient* Interface cohesion Interface friction angle Interface dilatancy angle
Rine (7) Cint (kPa) (Sinl (o) Vint (0)

Footing/sand 0.29 0.17 16.2 0
Geogrid/sand 1 0.6 38.7 10.7
SPW/sand 0.667 0.4 33.1 0
SPWisilicone block 0.5/1° — — 0
Sand/bottom box 0.29 0.17 16.2 0
SPW/bottom box 0.5 — — 0

Silicone block/bottom box 0.5 — — 0

#The final calculated displacements are very sensitive to the value of R;,, that expresses the interaction between the SPW and the silicone block and the
bottom of the test box. The value for R;, may range between 0.1 and 0.5. The stick-slip behaviour in the test implies variable friction forces which
cannot be described by a constant interface coefficient.

*The numerical models of the tests in the small-scale test set-up all included an interface reduction coefficient between the SPW and the test box bottom
of 0.5. The numerical model simulating Test 6 included an interface reduction coefficient of 1 (fully rough interface) since the SPW was glued to the
silicone block. This parameter proved to have a negligible influence on the final load-displacement results for the SPW system.
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Figure 19. Numerical results comparing one 180 mm geogrid and two geogrids of 180 and 110 mm: (a) slip surfaces (b) axial force in the
SPW at an applied load of 3 kN/m

Horizontal distance from SPW (mm)
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curved slip surface and first straight slip surface rises
continuously with increasing load level until an applied
load of just above 5 kN/m. At that point, the critical
slip surface has fully developed, and the geogrid is
~— % activated along a larger length of the geogrid between
the secondary slip surface and critical slip surface (zone 11,
see Figure 3).

Figure 22 compares the mobilised tensile force in the
geogrid and friction along the bottom and top interfaces
of the 180 mm top geogrid (left) and 110 mm bottom
geogrid (right). A general distribution of the frictional
force along the top and bottom of the geogrids is
presented in Figure 23.

Figures 22 and 23 show that, in the active zone (zone
I), friction resistance is mainly mobilised along the
bottom of the top geogrid. In zone III, however, friction
1300, is mobilised primarily along the top of that geogrid

behind the critical slip surface. The shares of the friction
Figure 20. Numerical simulations of Tests 22 and 23: deformation ~ along the top and bottom interfaces of the 18 cm geogrid
of geogrids in test with two geogrids are ~40% and ~60% of total resistance respectively.
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Figure 21. Numerical results: mobilised tensile force in 180 mm top geogrid at different surcharge load levels
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Figure 22. Numerical results: mobilised friction along (a) the top geogrid and (b) the bottom geogrid at an applied load of 5 kN/m

5. DISPLACEMENT; COMPARISON OF
NUMERICAL AND EXPERIMENTAL
RESULTS

5.1. Introduction

This section compares the experimentally and numerically
determined deformations of the soil, the geogrid and the
SPW respectively.

5.2. Soil deformation

The 2D numerical model was validated with Test 45 in the
small-width test box and Tests 5 and 6 in the wider test
box. These tests had one 180 mm geogrid anchor and the
load plate was positioned 30 mm away from the SPW. As
seen in Section 3.6, plane-strain conditions were met in the
wide tests, Tests 5 and 6, and the wide tests produced

similar slip surfaces to the small-scale tests. In Test 45, a
silicone block that was less stiff was used at the passive
side of the SPW so that the slip surfaces developed at a
lower surcharge load and there was more deformation at
the same applied load than in Tests 5 and 6.

Figures 24-27 compare the soil displacements, geogrid
deformation and the horizontal displacement of the rear
end of the geogrid and SPW displacement respectively.

The PIV results gave the soil deformation, but they were
also used to retrieve the geogrid deformation by assuming
equal displacement of the geogrid and the surrounding
soil. This assumption results in large deviations between
the actual geogrid deformation for the part of the geogrid
which is being pulled out of the soil, in other words the
rear part of the geogrid behind the slip surface. The
deformation of the geogrid was therefore derived by
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Figure 23. Numerical results showing parts of geogrid along which friction is primarily mobilised: (a) top geogrid (b) bottom geogrid

manually tracking the transversal ribs of the geogrid.
Results were obtained from Tests 45 and 6 only: the
geogrid could not be seen clearly on the photos from
Test 5.

The slip surfaces in Tests 5 and 6 developed at a
surcharge load level of approximately 5 kN/m (see Section
3.6). This already happened at 4 kN/m in Test 45. The
development of the slip surfaces corresponds with large
soil displacements at these load levels, and with the SPW
becoming unstable. In both tests, this moment seems
to occur slightly later in the numerical model. Before and
after this moment of instability, the measured soil
response is stiffer than in the calculations. The over-
predicted soil displacement values can be ascribed in part
to the stick-slip behaviour of the SPW and the silicone
block, which is absent in the numerical model.

5.3. Geogrid deformation

The calculated maximum settlement of the geogrid is
overestimated by ~0.4 mm to ~1.5 mm at the surcharge
load levels indicated in Figure 25. The calculated part of
the geogrid that is dragged down with the soil was wider
than measured.

Figure 26 shows that the rear end of the geogrid was
pulled out. For an applied load of 6 kN/m, the geogrid
was pulled out by 7.6 mm in Test 45 and 4.0 mm in Test 6.
The numerical model overpredicts the horizontal displa-
cement of the rear end of the geogrid during the entire test
by <2 mm. Nevertheless, the rates at which the geogrid
was pulled out matched very closely.

5.4. SPW deformation

e Figure 27 shows the displacement of the SPW in Test 6
as determined by manually tracking the top and toe of
the SPW in the test photos and the numerical model
respectively. The toe of the SPW in the test lags behind
at surcharge load levels <2.4 kN/m compared to the

position calculated in the simulations. This may be
clarified by the stick-slip mechanism of the SPW and
the silicone block, which is absent in the numerical
model. Nevertheless, the values for the magnitude of
displacement are a reasonable match at surcharge load
levels <5.3 kN/m. The deformation mode of the SPW
can be described by translation in both the numerical
model and the test. At surcharge load levels

>5.3 kN/m, however, there were significant differences
in the failure mode of the SPW. These results show that
the resistance of the geogrid anchor must have been
underpredicted. The overestimation of SPW
deformation is in line with the overestimation of soil
displacement for the larger surcharge load levels in
Figure 24.

e The larger deformation values for the upper part of the
SPW in the numerical model may indicate that the
interface parameters between the soil and the geogrid
must have been underpredicted.

6. COMPARISON WITH DESIGN
GUIDELINES

Geogrid anchors may be a promising alternative for
conventional anchors for SPWs, and for geosynthetic-
reinforced retaining walls. This study with small-scale tests
could represent a first step towards a design method for
SPWs with this specific type of anchor.

e Both the numerical and test results show that the
‘effective length’ (the part behind the active zone) of
anchors as defined by current design guidelines for
SPWs (e.g. CUR166 2012) is conservative for geogrid
anchors for SPWs subjected to a strip footing load.
Subject to confirmation in full-stress situations,
consideration could be given to taking the mobilised
friction of the part of the geogrid in the active zone
into account in order to reduce the required length of
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Figure 24. Comparison of numerical and test results, soil displacement at points P and Q
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geogrid anchorages for situations with strip footing the active side. Unlike conventional anchors, the

loading. geogrid anchor provides a stabilising effect when the
o The contribution of the geogrid-soil friction in the slip surface intersects with the geogrid, in which case

active zone is triggered by settlement, which occurs the geogrid changes the shape of the slip surface.

if the soil is excavated on the passive side or if a This effect should be included in the design of

surcharge load such as a strip footing load is exerted on geogrid-anchored SPWs.
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e The membrane effect is expected to reduce the vertical
soil pressures close to the SPW, and therefore the
horizontal pressures on the SPW. Accordingly, the
required stiffness of the SPW or anchor forces may be
reduced. Furthermore, it is important to examine the
end bearing capacity of the SPW for the larger axial
forces due to the larger transfer of the vertical soil
pressures to the SPW.

e The numerical results showed that soil-geogrid friction
was mobilised along either the top or the bottom of the
geogrid only. This finding confirms the current Dutch
design guideline for reinforced soils (CUR198 2017),
in which the effective length of the geogrid is taken into
account only once.

7. CONCLUSIONS

This paper presents the results and analyses of 1 g
small-scale tests on geogrid-anchored SPWs subjected to
a strip footing surcharge load. The results were simulated
with a 2D numerical model. The following conclusions
can be drawn from the tests:

e The failure mechanism generally consists of two slip
surfaces that divide the soil into three different strain
zones (I, IT and III). These strain zones determine
along which parts of the geogrid friction is mobilised.

e Zone I is the zone of rigid soil body motion between
the wall and secondary slip surface, zone II is an active
zone enclosed by the secondary slip surface and the
critical slip surface and zone III is the stable soil zone
behind the critical slip surface.

e The position and width of the strip footing load define
where the slip surfaces develop at the ground surface
level: at the inner or outer edge of the footing. The
position of the strip footing with respect to the
geogrids and the width of the strip footing therefore
has a major effect on the mobilisation of friction along

the geogrid. This is in line with the findings of Ahmadi

(2020).

Resistance in zones I and II is only mobilised when the

geogrid is connected to the SPW or if the geogrid

length is extended sufficiently into zone III. If the
geogrid is dragged down with the soil, vertical soil
pressures are transferred via the geogrid to the SPW
and zone II1.

e The resistance mobilised in zone III is described by
pull-out mechanisms: the geogrid is pulled out of the
soil either by the SPW or the sliding soil mass in the
active zone.

e As expected, the length of the geogrid affects the
mobilised resistance along the geogrid. The longer the
geogrid, the more resistance is mobilised along the
geogrid. In particular, a longer length behind the
critical slip surface (zone III) increases the overall
stability. A longer geogrid induced stiffer behaviour
from the outset of our tests.

e The slip surface reorients vertically at the intersection
of the critical slip surface with the geogrids, as was also
found by Ziegler (2010) for reinforced soil. The
resulting slightly wider and curved slip surfaces
increase the soil shear resistance and the overall
stability accordingly.

¢ Adding a short, second, geogrid anchor, in other
words with the rear end in the active zone, reduces the
deformation at larger load levels but the contribution
to the overall stability is limited.

The tests in the wider test box, which include an SPW with
one 180 mm geogrid anchor, were used to validate the
numerical model. The resistance offered by the geogrid
was underpredicted, resulting in values for SPW
deformation at the top of the SPW that were too
high. Soil displacement — in particular horizontal soil
displacement — and geogrid deformation are therefore
overpredicted as well. Nevertheless, the numerical results
can be used qualitatively and they provide a good picture
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of the mobilised tensile forces in the geogrid and frictional
forces along the geogrid.

The following conclusions can be drawn from this
numerical analysis:

e Soil along the bottom of the geogrid provides
resistance in the active zone II.

¢ Soil along the top of the geogrid provides resistance in
zone III, behind the active zone.

e No resistance is provided by the soil enclosed between
the SPW and the secondary slip surface (zone I).
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NOTATION

Basic SI units are given in parentheses.

B width (m)
¢ cohesion (Pa)
¢ine  Interface cohesion (Pa)
D5y median particle diameter (m)
E  Young’s modulus (Pa)
Es5) secant Young’s modulus (Pa)
Eg%f secant Young’s modulus at confining
pressure of 100 kPa (Pa)
oedometer stiffness at confining pressure of
100 kPa (Pa)
E™"  unloading/reloading stiffness (Pa)
EA axial stiffness (N)
EI bending stiffness (Nm*m™")
coefficient of uniformity (dimensionless)
einir  1nitial void ratio (dimensionless)
maximum void ratio (dimensionless)
emin Mminimum void ratio (dimensionless)
g gravitational acceleration (m-s™2)
H height (m)
Ip  relative density (dimensionless)
lateral earth soil pressure coefficient
(dimensionless)
L length (m)
m  power in power law material stiffness
(dimensionless)
N  geometrical scaling factor (dimensionless)
R;,, interface parameter (dimensionless)
Yunsat  Unsaturated unit weight (N-m ™)
Om¢ interface friction angle (°)
1 apparent coefficient of friction
(dimensionless)
v Poisson ratio (dimensionless)
vyr  Poisson ratio during unloading/reloading
(dimensionless)

Eref

oed

Wittekoek, van Eekelen, Terwindt et al.

o3 minor principle stress (N'm~2)

minor principle stress at reference level of

100 kPa (Pa)

pliax  residual internal friction angle as derived
from a triaxial test (°)

pliax  secant internal friction angle as derived from
a triaxial test (°)

v Interface dilatancy angle (°)
w"ax  dilatancy angle as derived from a triaxial test

)

03 ref

ABBREVIATIONS

1D  one-dimensional
2D  two-dimensional
HS model hardening soil model
MSE mechanically stabilized earth (walls)
PIV  particle image velocimetry

PVC polyvinylchloride
SPW  sheet pile wall
TPCs total pressure cells

US  United States
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