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Abstract

Geogrids are commonly used for reinforcement of soils in construction of railway and road embankments
and bridge abutments. A relatively new application of geogrids is the anchorage of sheet pile walls, in
which one or more layers of geogrid are attached to the sheet pile wall. This type of anchorage is
particularly suitable for projects with sufficient space behind the sheet pile wall. This anchorage system
has some mayor advantages in comparison to conventional sheet pile wall anchors as it is cost-effective
and requires less steel. Moreover, prestressing is possible during construction and pile foundations can

be installed through the geogrids.

An analytical design calculation method for this type of anchorage is not yet available in the Dutch design
guideline for the design of sheet pile walls (CUR166). The demand for short anchorage systems
because of the commonly limited space behind sheet pile walls, shifts the focus of the design to the

minimum required length of the geogrid-anchorage.

This report makes a first step into the formulation of a design-calculation for the mobilised anchor
resistance as a function of the length of the geogrid(s) at ultimate limit state. By means of a 1g small-
scale physical model and a 2D finite element model (PLAXIS) of the small-scale physical model, the
global failure mechanism and soil-geogrid interaction have been analysed. In a series of these
experiments, an 18 cm long geogrid anchor was connected to a 30 cm high sheet pile wall and installed
in sand in a small transparent test box and loaded with a strip footing load. In addition, experiments were
conducted while varying several features, among which the number and length of the geogrid anchors

and the location of the slip footing load.

Digital Particle Image Velocimetry (DPIV) techniques were utilised to retrieve the soil displacements
from the test photos of the small-scale experiments. Three DPIV techniques and manual tracking
software (ImageJ, n.d.) were assessed and finally, the DPIV software GeoPIV-RG has found to give the
most reliable results and was chosen to be used for the analysis of the soil displacements in the small-

scale experiment.

The soil-side wall friction is an important feature in the experiments, because of the limited width of the
test box. Therefore, three different measurement set-ups were devised to measure the sidewall friction
angle and the average sidewall frictional force. In addition, well-established analytical relations proposed
by Jewell (1987) and Bathurst and Benjamin (1987) were used to make a well-founded choice with
regard to the methodology to correct for sidewall friction in the plane strain numerical model. This
resulted in the choice to manipulate the soil weight in the numerical model in order to include the effect

of sidewall friction.

In the experiments, the sheet pile wall was assumed to be embedded deeply in the soil. Therefore, it
suffices to model only the upper half of the sheet pile wall. The global failure mechanism was driven by
a strip footing load, which resulted in a critical (primary) slip surface from the outer edge of the loading
plate to the toe of the sheet pile wall at the bottom of the test box. A secondary slip surface developed

from the inner edge of the loading plate and intersected the sheet pile wall at a shallower depth.



From both the experimental and numerical results, it was observed that the geogrids affect the shape
of the critical slip surface in case of intersection. The slip surface turns out to re-direct orthogonally to
the geogrid at the intersection which increases the length of the slip surface. This interaction and

elongation of the slip surface was also observed by (Ziegler, n.d.).

The two slip surfaces that were found, subdivided the soil into three zones of different strain fields.
These zones define the deformation of the geogrid-anchorage and the mobilised tensile force
distribution along the geogrid-anchor(s). The numerical results show that no friction was mobilised in
the zone enclosed by the secondary slip plane and sheet pile wall (zone I). The numerical results show
that friction was mobilised along the bottom interface of the geogrid within the active zone! (zone II).
Friction appears to be mobilised along the top of the geogrid behind the active zone (zone l1ll). Based
on this second finding, it can be suggested that — similarly to the analytical design-method for reinforced
soils (CUR198, 2017) — the effective length of a geogrid must be taken into account only one time to
calculate the mobilised tensile force per unit length.

The series of small-scale experiments was conducted to investigate the influence of the length of a
geogrid-anchor, a second geogrid-anchor and the load position. Higher failure loads were obtained with
longer geogrids. Soil deformations were reduced if a second geogrid-anchor was connected. Moreover,
the critical slip surface became wider at the depth of the second geogrid-anchor, resulting in less
deformation at a similar load level?. Without anchorage, higher failure loads were reached if the load
position was further away from the sheet pile wall. A similar relation was found for a 6 cm and an 11 cm
geogrid-anchor, although the difference became smaller with increasing length of the geogrid-anchor.
For a geogrid-anchor of 18 cm length, the position of the load gave no clear difference. It should be
noted that failure was not reached for the 18 cm geogrid-anchor for the maximum surcharge load applied

in the experiments.

1 The active zone describes the zone enclosed by the critical slip surface and secondary slip surface.

2 Because no failure was reached for an anchorage including an 18 cm geogrid (longest anchor which was tested), the results
were compared in terms of deformation.



By comparing the results of non-connected and connected geogrids, and replacing the front part (zone
I and Il) of the geogrid by two steel wires, it was made possible to investigate the different interaction
mechanisms separately. From these experimental results, it is concluded that the intersection of the
critical slip surface with the geogrid increases the stability of the sheet pile wall. The same is true for the
connection of the geogrid to the sheet pile wall: if the geogrid is not connected to the sheet pile wall, the
stability of the sheet pile wall is less. It seems that the back part (zone IIl) of the geogrid is mainly
activated by the sliding of the soil mass in zone Il. The part of the geogrid within the active zone provides
no resistance when not connected to the sheet pile wall. This finding proofs that the confining effect of
the geogrid is negligible, in which the confining effect is the mechanism that the geogrid increases the
shear strength of the soil by providing frictional restraint against lateral soil deformations. The dominant
interaction mechanisms appear to be the membrane effect at the front part of the geogrid, the sliding
resistance at the intersection with the critical slip surface and the pull-out resistance provided by the part
of the geogrid behind the active zone. Here, the membrane effect describes the mechanism of soil and
geogrid which are displacing downward relative to the SPW due to the surcharge load. As a result,

downdrag forces in the soil are transferred to the SPW via the geogrid or by friction with the SPW.

It was questioned whether the soil-geogrid behaviour can be accurately simulated when the geogrid is
modelled as a 1D tensile element. From our experimental and numerical results, confidence has
increased in this way of modelling the geogrid. First of all, good agreement was found regarding the
deformations between the experiment and numerical model. Considering the test with two geogrid-
anchors, the numerically calculated settlement was 17% larger than the measured settlement in the
experiment. Secondly, the confining effect of the geogrid turned out to be very small or absent otherwise.
As a result, interparticle locking plays no role in these experiments and the influence zone of the geogrid
is very small. The knowledge that the geogrid-soil interaction is localised around the geogrid justifies the

way the geogrid is modelled.

The findings are promising with regard to the minimal space required behind a geogrid-anchored sheet
pile wall. Since it has been found that the soil not only provides resistance behind the active zone (zone
Il), but also along the part of the geogrid within the active zone, the opportunities of short geogrid-

anchorage designs have been increased.

Keywords: geosynthetics, geogrid, sheet pile wall anchorage, 1g physical model, Digital Particle Image
Velocimetry (DPIV) techniques, 2D finite elements numerical model, strip footing load, failure

mechanism, mobilised tensile force, analytical design-calculation.
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1 Geogrid as SPW anchor

Geogrids are commonly used for reinforcement of soils in construction of road embankments and bridge
abutments. A relatively new application of geogrids in the anchorage of sheet pile walls, in which one or
more layers of geogrid are attached to the sheet pile wall. Figure 1 shows such a system. The sheet pile

wall is anchored with one or more layers of geogrid.

y

geogrid

geogrid

Figure 1: A geogrid-anchored sheet pile wall (SPW)

Two practical examples of this application of geogrids in the Netherlands are the SPWs installed for land
reclamation for the wind turbine park Krammer? in Zeeland in the period 2016-2018 (Detert, 2019) and

the UtARK: railway widening project in Utrecht in 2018 (lv-groep, n.d.).

Because the geogrid anchorage system is not incorporated in the Dutch practical guideline for the design
of SPWs (CUR166), extensive numerical and analytical calculations are required to design the geogrid-
anchored SPW. The Dutch guideline for the design of SPWs (CUR166) only includes conventional
anchors and struts as support systems (CUR166, 2008).

The use of geogrids as anchorage bring both practical and economic benefits. Practical, because piles
can be driven through geogrids contrary to the conventional anchorage. Economical, since a lightweight
design of the SPW can be realised due to the anchorage of geogrids along the entire length of the SPW,
and at several depths. Practice shows that the space behind the SPW is often limited. Key is to

investigate the influence of the length of the geogrid on the total stability of the SPW.

The aim of this research is to make a first step into the formulation of an analytical design-calculation
for the mobilised anchor resistance as a function of the length of the geogrid(s) at the ultimate limit state.
By means of 1g small-scale physical model experiments and 2D numerical calculations (PLAXIS), the

following research gquestions have been investigated:

What relation can be found between the (length of) the geogrid-anchorage and the shape and

size of the critical slip surface?

How does the surcharge load position affect the mobilised anchor force?

3 The geosynthetic back anchored sheet piles for the UtARK project and wind turbine park in Krammer are designed by
GeoTec Solutions.



What interaction mechanism(s) describe the development of the resistance along the geogrid-

anchor(s)? What is the influence of the length of the geogrid on the mobilised anchor force?
In case of multiple geogrid-anchors, do they influence the mobilised anchor force of each other?

Additionally, a research question arises from the plane strain numerical analysis of the geogrid-anchored
sheet pile wall. Numerous studies compared the measured axial strains in geogrids and the numerical
results (Bathurst et al., 2005) (Araujo et al, 2012) (Gingery & Merry, 2008) (Perkins & Edens, 2002). The
validity of the modelling of the geogrid as a tensile element is questioned (Lees, 2019). If geogrid-
anchored SPWs are designed using a numerical model, the geogrid model validation is important.
Accordingly:

How does the numerically modelled geogrid-anchor behave in accordance with the

experimental findings?

This means that Kranz’s relations between SPW and conventional anchors (Kranz, 1953) must be
derived for geogrid-anchors. Based on small-scale 1g physical experiments on an anchored sheet pile
wall, Kranz studied the slip surfaces in the soil, which developed due to pull-out failure of a conventional
anchor. He based an analytical design-calculation on these observations and assuming among others
classic earth pressure theorem with a fully rigid sheet pile wall and anchor (Kranz, 1953). Since the
research only extends to the area of the anchor construction, the assumption is made that the
embedment depth of the SPWs under consideration is sufficient, such that failure mechanisms that are
not related to the design of the anchorage can be excluded. Kranz’'s assumptions are considered for the
set-up of the small-scale experiment.

This report is structured as follows. In Chapter 2, one Dutch project, which included the construction of
geogrid-anchored sheet pile walls is shortly described. Chapter 3, 4 and 5 summarize relevant literature
as follows: the third and fourth chapter describe the soil-geogrid interaction in reinforced soils and soil-
anchor interaction respectively. The chapters describe the analytical design calculations adopted in the
CUR198, which is the Dutch practical design guideline for MSE walls (CUR198, 2017), and the analytical
models adopted in CUR166 that are relevant for the design of either the length of the reinforcement or
length of the anchor. The fifth chapter summarizes previous studies which compare experimental or field
measurements with numerical models in order to evaluate the validity of how the geogrid is modelled in
Finite Element Method (FEM) software.

Chapters 6 to 9 focus on the small-scale experiments. The experimental set-up, measurement set-up
and test procedure for the 1g small-scale model is described in the sixth chapter. The boundary effects
are described in the seventh chapter. How the soil displacements and axial strain in the geogrid are
computed by means of Digital Particle Image Velocimetry (DPIV) is described in the eight chapter. The

results and analysis of the results are covered in the ninth chapter.



Chapters 10 and 11 focus on the numerical analysis. The tenth chapter describes the 2D FEM (PLAXIS)
model and the considerations which have been made for the bottom boundary conditions in order to fit
the model to the 1g small-scale physical model. Subsequently, the numerical results and analysis follow
in the eleventh chapter.

In Chapter 12, the experimental and numerical results are compared. Analytical models for the failure
mechanism and tensile force distribution in the geogrid are included for comparison.

Finally, the results are discussed and conclusions are drawn in Chapter 13. Recommendations for future
research are given in Chapter 14.



2 A recent project with geogrid-anchored SPWs in the

Netherlands

This chapter describes a recent project in the Netherlands, in which geogrids were applied as anchors
for permanent SPWs. The geogrid-anchored SPWs were used as retaining wall for land reclamation
next to existing breakwaters. The reclaimed land was used for the installation of wind turbines. In total
34 wind turbines — together called ‘Windpark Krammer’ - were installed on several artificial ‘peninsulas’
near a large lock complex called Krammersluizen near Bruinisse in the province Zeeland (Detert et al,
2018). Figure 2a gives an aerial photo of Windpark Krammer (van Duijnen et al, 2021). Figure 2b is a
photo made during the back filling. On this photo, one of the geogrid layers were rolled out on top of the
sand. Figure 3 is a close-up of the connection of the geogrid (indirectly) to the SPW. A geogrid was
wrapped around a steel pipe of a diameter of 156 mm. The steel pipe was fixed to the SPW using a rigid
hinged connection (van Duijnen et al, 2021). This connection consists of a steel U-profile, which hooks
the steel pile and is screwed to the SPW. As a result, one anchor consists of two layers of geogrid with

a spacing equal to the diameter of the steel pipe.

Figure 2: a) Aerial photo of Krammer Park (van Duijnen et al, 2021) b) Back filling and placement of anchorage
(Detert et al, 2019)

One advantage of geogrid-anchors above other type of anchors was that the piles for the foundation of
the wind turbines could be driven through the geogrid relatively easily compared to the major risks of
driven piles in between conventional anchors. A second major advantage is that several geogrid layers
can be connected to the SPW relatively easily, which reduces the bending moment in the SPW and

makes it possible to use relatively short and light sheet pile walls (van Duijnen et al, 2021).

Figure 3: Connection of geogrid to SPW (Detert et al, 2019).



3 Soil-geogrid interaction in reinforced soil

Geogrids are applied widely as reinforcement for reinforced soil. This chapter is a summary of current
knowledge with regard to soil-geogrid interaction, global mechanisms and the analytical methods of the
Dutch design guideline for reinforced soil (CUR198, 2017) for the design of the geogrid reinforcement.
Findings of soil-geogrid interaction from pull-out tests, triaxial tests and direct/simple shear tests are
described in Section 3.1. Section 3.2 is about the influence of certain geogrid properties on the soil-
geogrid interaction. Section 3.3 describes the global mechanisms as defined by CUR198. The influence
of the geogrids and position of the load on the failure mechanisms are described in Section 3.4 and 3.5
respectively. Section 3.6 explains the influence of the reinforcement layers on each other’s resistance.
Lastly, the analytical design methods for the calculation of the mobilised tensile force distribution along

the reinforcement and required length of the reinforcement are described in Section 3.6.

3.1 Interaction between soil and geogrid

The soil-geogrid interaction has been studied extensively by means of laboratory tests. Findings about
the soil-geogrid interaction in pull-out tests, direct shear tests and triaxial tests are included in this
section. The soil-geogrid interaction which takes place during a pull-out test is described in Section
3.1.1. The soil-geogrid interaction against sliding, which has been tested by direct shear tests, is
described in Section 3.1.2. The confining effect of reinforcement layers has been demonstrated by a
large-scale triaxial test and large-scale direct shear test and is described in Section 3.1.3. It must be
noted that experimental findings on different types of grid-structured reinforcement have been included;
the geogrids were made of polyester (PET), polyethylene (PE) high-density polyethylene (HDPE) and

Polyvinyl alcohol (PVA); and the geogrids were woven, or extruded, and steel grids were included also.

3.1.1 Pull-out resistance

The elongation of the geogrid under pull-out loading is a function of its load-extension properties, its
length and the stiffness of the surrounding soil (Wilson-Fahmy, Koerner and Sansone, 1994) and the
lay-out of the geogrid. The geogrid-soil interface shear strength is primarily mobilised by the friction
between the solid material and the soil and the passive soil resistance against the front of the transverse
ribs (Farrag, Acar and Juran, 1993). Figure 4 depicts the geometry of the geogrid, the friction resistance
(section A) and passive soil bearing resistance (section B). The thickness of the transverse ribs and the
spacing between the transverse ribs influence the interaction mechanisms, which will be elucidated in
Section 3.2.



Frictional resistance includes the friction along the longitudinal ribs as well as the transverse ribs of the
geogrid. The frictional resistance is mobilised already at very small levels of strain, while the passive
soil resistance is mobilised at higher levels of strain. Besides the passive soil resistance against the
front of the transverse ribs within the apertures of the geogrid, interlocking of grains within the apertures
may also increase the pull-out resistance (Farrag et al, 1993). However, this interlocking mechanism
will only be mobilised if the grain size is more or less equal to the aperture size (CUR198, 2017). For
pull-out mechanisms, the passive soil bearing resistance has been recognized to provide the highest

share of the total pull-out resistance (Moraci, Cardile, Gioffre and Mandaglio, 2014).

The confining pressure influences the pull-out resistance in two ways. On one hand, the tendency of the
soil to dilate reduces at higher confining pressures. On the other hand, the passive bearing resistance
increases at higher confining pressures. Overall, the pull-out resistance will increase at higher confining
pressures (Farrag et al, 1993). Similar to the influence of the confining pressure, increased soil densities
lead to an increased pull-out resistance. The tendency of the soil to dilate increases at increasing soil
density. The mobilisation of interlocking mechanisms may increase at higher densities and result to

higher passive resistance exerted on the transverse ribs (Farrag et al, 1993).

Section A

~

3
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Figure 4: Schematization of the geogrid geometry and interaction mechanisms (Cardile, Gioffré, Moraci and
Calvarano, 2017).

3.1.2 Sliding resistance

In a shear box test, resistance is mainly mobilised due to slipping along the surface at the interface
between the geogrid and the soil (Moghadas Nejad and Small,2005). The share of the passive soil
bearing resistance is still an issue of scientific discussion (Moraci et al, 2014). Liu et al. (2009a and
2009b) observed that the soil-geogrid interface shear strength increases at lower confining pressures

due to increased dilatancy effects.



The ratio between the aperture size of the geogrid and particle size determines along which interface
friction will take place. Friction can take place between the bearing members of the grid and soil, but
also between soil-soil if the relative aperture size with respect to the soil particle size is small. Based on
large-scale direct shear tests, it was concluded that the shear strength on soil-geogrid interfaces is
between the soil-geogrid interface shear strength (lower limit) and soil internal shear strength (upper
limit) (Liu et al, 2009a and 2009b). The upper limit is clarified by the interlocking of soil particles
penetrating through the apertures.

The direct sliding resistance is generally expressed in terms of two contributions. The first contribution
is related to the shear resistance mobilised at soil-solid grid surface areas. The second contribution is
related to the shear resistance mobilised at soil-soil interface (Moraci et al, 2014). The interface
coefficient of direct sliding (f;,) is the ratio of the interface shear strength relative to the soil internal
shear strength. Equation 3.1 defines f;; as a function of the fraction of solid geogrid surface area that
is in contact with the soil (a4), the soil-geogrid skin friction angle (&) and the soil friction angle in direct

shear (¢gs)-

tand
tanggs

fas =1—ag(1— ) (3.1)

Figure 5 depicts the dependency of f,; on the relative aperture size with respect to the soil particle size
(aqs)- The soil types (silt, fine sand, sand, gravel and cobbles) in Figure 5 are just used as example; a;
will depend on both the grain size and the aperture size of the geogrid. For silt, a;; = a,, which means
that the total geogrid surface area is in contact with the soil. In case of a slightly larger particle size than
silt (fine sand and sand), the direct shear resistance is partly mobilised by geogrid-soil interface friction
and partly by soil-soil interface friction. In case of a slightly larger particle size than sand, the soil particle
size turns out to be similar to the grid aperture size. The shear zone is located at a certain distance from
the geogrid, defining the shear resistance by soil-soil interface friction. In case of cobbles, the particle

size has become too large to penetrate the geogrid apertures. The contact between themselves and the

tand

surface grid surface leads to a value of 1 for a,,. The interface shear strength will be a factor o
ds

lower than the soil internal shear strength (Jewell, Milligan, Sarsby and Dubois, 1984).

Sile
Qds= Qs

Fine Sand

Qds< Qs

Sand

Gravel

Cobbles d

Figure 5: Visualisation of the dependency of the interface coefficient of direct sliding on the relative aperture size
of the geogrid with respect to the particle size (Jewell et al, 1984).



3.1.3 Increase of confining pressure

The influence of the geogrids on the confining effect has been demonstrated (Ruiken and Ziegler, 2008)
using a large-scale triaxial test of 1.5-meter height and 0.5 meter diameter. Figure 6 shows the effect
that geogrids have on the deformation of the specimen in a triaxial test. It can be noticed that the lateral
deformation is reduced due to the reinforcement. Ruiken and Ziegler (2008) found that the effect of the
reinforcements is similar to an additional confining pressure Aoz acting homogeneously over the whole
height of the specimen if the vertical spacing between the geogrids is small enough. The magnitude of

Ao; depends on the degree of activation (Ruiken and Ziegler, 2008).

Figure 6: Confining effect of geogrids. a) unreinforced specimen b)reinforced specimen (Ruiken and Ziegler,
2008).

The vertical force compresses the soil, which wants to deform laterally. Shear stresses are mobilised
due to the relative displacement between the soil and geogrids. The shear stresses result into the
mobilisation of tensile forces in the geogrid due to confined extension. These tensile forces increase the
confining pressure. As a result, the resistance of the soil against shearing is increased. The risk of failure
will be defined by the maximum mobilised tensile force along the geogrid and/or the tensile strength of
the geogrid (CUR198, 2017).

Lees (2014) investigated the confining effect of geogrids by means of large-scale direct shear tests. He
investigated the influence area of one geogrid by varying the vertical distance between the sliding
surface and the geogrid. Direct shear tests were conducted for a one-layer reinforced lightly compacted
well-graded crushed diabase stone with a median diameter (Dso) of 5 mm. The confining effect of the
geogrid was considered as a contribution to the cohesion of the soil. Figure 7 shows the results of the
direct shear tests. It was found that the geogrid did not increase the shear strength of the soil when the
vertical spacing was > 30 cm. For a vertical spacing < 20 cm and = 5 cm, the geogrid increased the
measured cohesion of the soil by 4-5 kPa. At a vertical spacing < 1 cm, an apparent reduction of the

soil shear strength was observed.

This confining effect is absent in pull-out test. Confined extension is restrained by the passive resistance
of the soil and patrticles, which are interlocked between within the apertures by the transverse ribs of the

geogrid (Farrag et al, 1993).
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Figure 7: Direct shear test results (Lees, 2014).

3.2 Influence of geogrid properties and geometry on interaction

Previous research demonstrated the influence of certain properties of the geogrid on the interaction
with the soil and resulting resistance. Section 3.2.1 and 3.2.2. describe the relevance of the spacing
between the transverse ribs (S) and the thickness of the transverse rib (B) respectively. The influence
of the stiffness and extensibility of the geogrid and the length is described in Section 3.2.3 and 3.2.4
respectively.

spacing (S)

I

thickness transverse rib (B) T
--—T - ==

Figure 8: Schematic of side view of geogrid. Modified from Palmeira (2009).



3.2.1 Spacing between transverse ribs
For decreasing spacing between the transverse ribs, the risk that no full bearing resistance can be
mobilised increases. For smaller spacings, larger displacements are required to mobilise a similar

amount of friction and bearing resistance (Wilson-Fahmy et al, 1994).

Palmeira (2009) demonstrated by means of pull-out tests of metal grids at low normal vertical stress (25
kPa) that the passive bearing resistance against the transverse ribs reduces for decreasing spacing
between two consecutive transverse ribs. The passive bearing resistance in front of each transverse rib
cannot exist without a softening region behind the transverse rib. Behind each transverse rib the stress
decreases and forms a disturbed softening region (Cardile et al, 2017). If the spacing between two
consecutive transverse ribs is too small, the softening region behind the transverse rib will affect the
maximum bearing strength developed along the consecutive bearing members (Cardile et al, 2017).

Cardile et al. (2017) found for extruded geogrids that the ratio of the spacing between the bearing
members (S) and the thickness of the transverse ribs (B) must be g > 40 — 50 in order to neglect the

interference phenomena and assume mobilization of maximum pull-out resistance. A lower ratio is

required for smaller particle sizes (Cardile et al, 2017).

3.2.2 Thickness of transverse ribs
The passive bearing resistance will decrease for decreasing thickness of the transverse ribs relative to

the particle size (Di). A ratio Di > 7 — 10 is required to avoid interference phenomena as described in
50 50

section 3.2.1 (Cardile et al, 2017).

3.2.3 Stiffness and Extensibility

The stiffness of the geogrid depends on the strain level and duration of loading. The stiffness-
dependency on the strain depends on the specific geogrid and the material it is made of. The time-
dependent extension under a constant load (creep) makes that the geogrid behaves less stiff over time
(Watts, 1998). The degree of extensibility* depends on the stiffness of the geogrid and the soil. Moraci
et al. (2014) and Farrag et al. (1993) concluded from pull-out tests that the extensibility of the
reinforcement has an influence on the peak pull-out strength. The interaction mechanisms in a pull-out
test are characterized by a non-uniform distribution of the shear stresses along the reinforcement, while
uniformly distributed shear stresses are typical for direct shear tests (in case boundary effects can by
neglected). Research has shown that the extensibility of the geogrid only influences the pull-out strength,
not the shear strength against sliding (Farrag et al., 1993). At residual strength, the influence of the
extensibility on the strength is negligible. The effects become especially dominant at relative long
reinforcements and at high confining stresses (Moraci et al, 2014). The more extensible the geogrid, the

more the extensibility affects the shear stress distribution along the geogrid.

4 Inextensible geogrids are defined as those for which the tensile strain in the geogrid is significantly
less than the horizontal extension required to develop an active plastic state in the soil. Extensible

geogrids are defined as those for which the tensile strain in the geogrid is equal to or larger than the
horizontal extension required to develop an active plastic state in the soil (Bonaparte, 1988). It must

10



Figure 9 shows the load-displacement curves between a relatively extensible geogrid and relatively
inextensible geogrid during a pull-out test. The right figures give the approximated percentage of the
frictional resistance and passive soil resistance (bearing resistance) against the transverse ribs for the
extensible and inextensible geogrid (Wilson-Fahmy et al, 1994). It can be observed that both the friction
and passive soil resistance are immediately mobilised for inextensible geogrids, while an increasing
level of strain is required to mobilise the passive soil resistance for increasing extensibility (Wilson-
Fahmy et al, 1994).
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Figure 9: Comparison load-displacement curves between a relatively extensible geogrid and relatively
inextensible geogrid during a pull-out test. Predicted and measured displacements at different locations along
geogrids for a geogrid length of 0.92 m (Wilson-Fahmy et al, 1994).

3.2.4 Length

Wilson-Fahmy performed pull-out tests for geogrid lengths of 0.31 m, 0.92 m and 1.70 m. For the short
geogrids, the total resistance is more or less uniformly shared by all the transverse ribs. For long
geogrids, the resistance mobilises in a more progressive manner and the shear stress distribution will

become non-uniform (Wilson-Fahmy et al, 1994).

be noted that design guidelines specify the definition of inextensible/extensible geogrids in terms of %
of strains in the reinforcement at the design load (British Standard BS 8006-1, 2010).
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3.3 Global stability
The CUR198 (2017) subdivides the global failure mechanisms in two categories: those which apply to
either the external stability or internal stability of the MSE wall. The external failure mechanisms are

described in Section 3.3.1 and the internal failure mechanisms are described in Section 3.3.2.

3.3.1 External stability
The external failure mechanisms for which an MSE wall must be designed are:

e Exceedance of bearing capacity
e Horizontal translation

e Sliding along deep slip surface

J

a) Exceedance bearing capacity b) Horizontal translation c) Sliding along deep slip plane

Figure 10: External failure mechanisms (CUR198, 2017).

The external failure mechanisms consider the block of reinforced soil as one moving object. In design,

the external stability should proof that:

¢ the minimum required length of the reinforcement layers is satisfied;

e the minimum required embedment depth is satisfied.

The main difference between sheet pile walls and MSE walls is the embedment depth. For this research,
we assume that the geogrid-anchored SPW has been embedded sufficiently deep such that there is no

risk of failure due to the types of failure mechanisms depicted in Figure 10.

3.3.2 Internal stability
The internal failure mechanisms for which an MSE wall must be designed are:

e Pull-out of geogrid
¢ Sliding of soil mass above geogrid layer
e Rupture of geogrid due to exceedance of the tensile strength

e Breakage of the connection of geogrid to facing due to exceedance of the tensile strength.

Geogrids will be pulled out if the driving forces require a tensile force in the geogrid which cannot be
provided by the shear resistance of the soil along the geogrid. Either the length of the geogrid(s) is/are

too small and/or the number of geogrids is too low.
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Soil may slide along the geogrid layer when the resistance provided by the upper geogrid layers is

insufficient to retain the soil mass against sliding. The driving forces are the active horizontal forces
behind the reinforcement.

In practice, when a MSE wall is designed well, exceedance of the tensile strength of the geogrid is

commonly not a limiting factor. This is also concluded from large-scale direct shear tests (Lees, 2014).
Whether and how the geogrid is connected to the facing depends on the type of facing used.

In design, the internal stability check should proof that:

e the minimum required strength of the reinforcement is satisfied;

e the maximum allowable spacing between the reinforcement layer is not exceeded.

Figure 11 gives an overview of the locations within an MSE wall where pull-out failure mechanisms or
sliding mechanisms may occur.
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Figure 11: Internal failure mechanisms of MSE walls and corresponding laboratory tests (Moraci et al, 2014).
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3.4 Influence of geogrids on failure mechanisms

Jacobs, Ruiken and Ziegler (2016) and Ziegler (n.d.) conducted model tests of both unreinforced as
geogrid reinforced soil retaining walls. They studied the development of earth pressures and
distributions, as well as the kinematic behaviour. Tests were conducted for both connected and non-
connected geogrids. A uniformly distributed surcharge load was applied, while the soil was induced to

failure by horizontally pulling the facing away from the soil.

Figure 12 shows the results of the test with 5, 2 and no geogrids. By means of Digital Particle Image

Velocimetry (DPIV) software, the particle rotations have been computed.

Their main findings are:

e The distance between the major failure surfaces and wall facing decreases for increasing
number geogrid layers.

e The lateral earth pressure exerted on the sheet pile wall reduces for increasing number of
geogrid layers.

¢ No substantial difference was observed between the results of a reinforced soil containing
either connected or non-connected geogrids.

e Soil arching was observed between two geogrid layers at very small facing displacements.

5 geogrids
2 geogrids
/ . unreinforced

A L 3

5 geogrids 2 geogrids unreinforced

Figure 12: Shear zone development from particle rotations unreinforced and reinforced specimens (Jacobs,
Ruiken and Ziegler, 2016).
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Figure 13 shows a close up of the geogrid at the facing, in which the left and right figure depict the
horizontal soil displacements and soil particle rotation respectively (Ziegler, n.d.).

The following was observed:

e In contrast to a single slip surface for unreinforced soil, various slip surfaces develop for
reinforced soils.

e Those slip surfaces develop one after the other at the position with the lowest resistance of
the soil.

e The slip surface seems to be orthogonal to the geogrid.

e The soil is confined horizontally at the geogrid.

(b)

(a)

Figure 13: a) horizontal soil displacement b) soil particle rotation (Ziegler, n.d.).
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3.5 Influence load position on failure mechanisms

Ahmadi (2020) analysed 1g physical model tests of reinforced soil. Three different types of
reinforcement were tested, among which geogrids. The soil was induced to failure by a strip footing load,
while the wall was allowed to move horizontally. Figure 14 shows the total shear strain results obtained
from DPIV for the test configuration of four geogrid layers and a rigid facing. With regard to the failure

mechanism, the following was concluded:

e Two slip surfaces are formed, which intersect the rigid facing with an angle 45 — % to the

vertical.
e The shallow slip surface initiates at the inner edge of the loading plate.

e The deeper slip surface initiates at the outer edge of the loading plate.

Figure 14: Total maximum strains obtained from DPIV (Ahmadi, 2020).

Ahmadi (2012) performed small-scale physical model tests to investigate the bearing capacity of strip
footing in reinforced sand backfills and flexible retaining walls. The flexible wall was fixed to the bottom
of the test box, while failure was reached by increasing the surcharge load on the strip footing. The

influence of the load position was analysed for the unreinforced case and reinforced case.

For a strip footing positioned > 16.8 cm from the SPW, two spiral failure zones were observed. The
shallow spiral failure zone initiates at the inner edge of the loading plate, while the deeper spiral failure
zone initiates at the outer edge of the loading plate. A plastic area was observed between the two spiral
slip surfaces. A rigid soil body area was observed between the shallow slip surface and wall. For a strip

footing positioned < 7 cm from the SPW, failure completely moved to the walls side.
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Figure 15: Influence of load position on failure mechanism (Ahmadi and Hajialilue-Bonab, 2012).
a) load positioned 6 cm from SPW b) load position 16.8 cm from SPW c¢) load position 27 cm from SPW

One of their conclusions was that higher bearing capacity was found for load positions further away from
the wall facing. When the strip footing load is far from the wall facing, a deeper and therefore longer
spiral slip surface developed that started from the outer edge of the loading plate. A deeper slip surface
will cross more reinforcement layers and will intersect deeper soil layers with larger pull-out resistance.
Finally, a larger pull-out resistance and larger moment arm resulted to higher bearing capacity (Ahmadi

and Hajialilue-Bonab, 2012).

3.6 Interaction between geogrid layers
CUR198 emphasizes that no full friction can be mobilised along both sides of the geogrid due to the
interaction between the geogrid layers. As a consequence, the friction along only one side of the geogrid

is considered for the calculation of the maximum mobilised tensile forces along the geogrid (CUR198,

2017).

As mentioned in Section 3.4, Jacobs et al. (2016) observed arching of the soil between the geogrid

layers, which enhanced the confining effect of the geogrid layers (Jacobs et al., 2016).
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3.7 CUR198: analytical methods for checking the internal stability

This research focusses on the mobilised tensile forces in the geogrid. The CUR198 (page 84) has
included one analytical design-calculation to compute the maximum mobilised tensile force per unit area
of the reinforcement (R,,;). The analytical design-calculation for geogrids covering an area > 50% per

unit meter facing is given by equation 3.2 and 3.3:

! La,i
Ra;i = (O-v,i “Hyp +c: abc) E (32)

Uy = a'tan(e’)  (3.3)
in which:

o,; = the design value of the vertical effective pressure acting on reinforcement layer i [kPa],

up = the interaction coefficient [-],

¢ = the effective cohesion [kPa],

a,,. = influence factor of the cohesion on the mobilised friction [-]

L,; = effective length or anchorage length, which is the length of reinforcement layer i outside the
active soil wedges [m],

v, = partial factor of the mobilised friction [-],

a' = influence factor of the internal friction angle on the mobilised friction [-]

@' = internal friction angle [°].

The influence factors a;. and a’ have to be determined by laboratory tests (CUR198, 2017). The soil
properties ¢ and ¢’ are commonly determined by means of triaxial tests, direct shear tests, simple

shear tests or biaxial tests. Commonly, pull-out tests or direct shear tests are performed to determine

the apparent interaction coefficient ';—p (Moraci et al, 2014).
u

Figure 16 gives the theoretical maximum tensile force distribution along a reinforcement layer. At the
rear end of the reinforcement, the tensile force is zero. Dependent on the frictional force, which can be
mobilised per unit length of the reinforcement, the tensile force will increase along the reinforcement
layer from the rear end to the intersection with the active soil wedge (R,.;.,). The tensile force will be
cut-off at the tensile strength of the reinforcement (R,;,x). At the connection of the reinforcement layer
with the facing, the mobilised tensile force is reduced to the tensile force in the connection (Teonn.i;k)-
Between the tensile force in the connection (T;ynn.i.x) @nd the maximum tensile force reached, the
tensile force will increase along the reinforcement layer by the frictional force per unit length. The

tensile force in the connection (T,,nn.i.) is €qual to the mobilised tensile forces in case of a rigid facing
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(CUR198, 2017).

Tix

reduction area rear end

Figure 16: Analytical design calculation for the tensile force distribution along a reinforcement layer
(CUR198 (page 131), 2017).

The required length of the geogrid is defined by the required tensile force (T;) and maximum frictional
force per unit area along the geogrid-layer (R,,;). The maximum mobilised tensile forces must not be
exceeded such that either failure due to (1) pull-out of reinforcement layers or (2) sliding along
reinforcements layers can occur. These two failure mechanisms will be discussed in Section 3.7.1 and
3.7.2.

3.7.1 Local internal stability

Culmann’s active wedges method or the Tie Back wedge method can be used for extensible
reinforcements — such as geogrids — for the computation of the required tensile forces along the geogrids
to prevent pull-out failure mechanisms. We refer the reader to CUR198 for more information regarding
the calculation methods for the required tensile force in the geogrid. We will elaborate on the method

proposed by CUR198 to compute the mobilised tensile force distribution along the geogrid.

Figure 17 shows the schematization of the calculation method for the mobilised tensile force in the
geogrid according to the Tie back wedge method. The important difference between the Tie back wedge
method and Culmann’s active wedges method for the calculation of the mobilised tensile forces is the

assumption of the active zone. The Tie back wedge method assumes a critical slip surface, which cuts
the SPW at the toe with an angle 6,.; = 45 — % to the vertical. Culmann’s active wedges method also
assumes a straight critical slip surface, but derives the critical angle of the wedge based on a force
equilibrium analysis. For every possible wedge — i.e. the triangular shaped soil mass enclosed by the
SPW and potential critical slip surface — a force equilibrium calculation is conducted in order to find the

wedge, which exerts the highest lateral active soil pressures against the facing of the reinforced soil
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(specific for horizontal soil surfaces). Note that Culmann’s method can also be applied for non-horizontal

surfaces (more complex geometries).

The total height of the MSE wall is denoted by the capital H and the total length of reinforcement layer i
by the capital Li. It is assumed that reinforcement layer i takes up the active lateral soil pressures of the
soil layer h; acting against the SPW. The tensile force which can be mobilised (Ra;) is equal to the

maximum mobilised friction along the length of the reinforcement outside the active soil wedge (La;).

T oo
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Figure 17: Schematization of the calculation method for the mobilised tensile force in the geogrid according to the
Tie back wedge method (CUR198, 2017).
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3.7.2 Global internal stability

In Section 3.7.1, the required tensile force is calculated for each reinforcement layer separately. Next,

the required tensile force — denoted by T; in Figure 18 — against a sliding soil mass must be determined

for each reinforcement layer i by taking into account the reinforcement layers above the particular

reinforcement layer. Here, i is the number of the relevant reinforcement layer where the bottom

reinforcement layer is i = 1. Figure 18 gives the schematization of the Two-Part Wedge method, which

is proposed in CUR198 as design calculation to check whether the design of the reinforcement delivers

sufficient tensile force against sliding soil masses. The reader is referred to (CUR198, 2017) for more

information. The main assumption for the calculation of the maximum mobilised tensile forces — denoted

by R - along the reinforcement are:

e The front active wedge zone ABCD is located within the reinforced soil zone and intersects the

facing with an angle 9, to the vertical.

e The back active wedge zone DCE exerts active lateral forces against the front active wedge

zone. The back active wedge zone is defined by the angle 9,.

e Tensile force can be transferred to the soil along the part of the reinforcement outside the active

wedge zones.

In case of strip footing loading, the most critical wedges have to be found by iteratively changing both

6, and 9,.
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Figure 18: Two Part Wedge method to check the mobilised anchor forces against a sliding soil mass driven by the
active lateral forces behind the reinforcement. Modified from (CUR198, 2017).
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4 Soil-anchor interaction in sheet piling

Since geogrids have not been included in CUR166 as type of anchorage, and the use of geogrids as
anchors is relatively new, few research is available with regard to the mechanisms involved in the soil-
geogrid behaviour specific for geogrid-anchored SPWs. This fact emphasizes the relevance of this
research. (Detert et al, 2019) and (van Duijnen et al, 2021) are — as far as the author is aware — the first
research studying this type of SPW-anchorage. Section 4.1 describes the interaction between soil and
(geogrid) -anchor. Section 4.2 gives an overview of the failure mechanisms for which an anchored SPW
must be designed for. Section 4.3 describes the analytical design calculation, which is proposed in
CURL166 for the calculation of the required anchor length for conventional anchors. This analytical design

calculation, known as Kranz's method, was already mentioned in Chapter 1.

4.1 Interaction soil-anchor

4.1.1 Membrane effect

The downdrag forces that arise from soil settlement relative to the retaining wall have been studied for
steel-reinforced soil walls (Damians et al, 2013). Because the backfill soil settled more than the concrete
facing, frictional forces developed at the interface soil-wall. Additionally, vertical pressure is transferred
to the concrete facing — which is build up out of stacked concrete panels - because of backfill soil that

hangs-up on the connections between the panel units and reinforcement (Damians et al, 2013).

Similar behaviour can be expected at the connection of the geogrid to the SPW. Due to the surcharge
load, soil is pushed downward and will likely drag along the geogrid-anchor. As a result, vertical soil
pressures may reduce due to the friction between the geogrid-soil. The friction mobilises tensile forces

in the geogrid. The vertical components will be transferred via the connection to the SPW.
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Figure 19: Transfer of vertical soil pressures to the retaining wall (Damians et al, 2013).
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4.1.2 Interaction between geogrid-anchors
Van Duijnen et al. (2021) presented and simulated one of the geogrid-anchored SPWs of Windpark
Krammer (see Chapter 2), using a 2D Finite Element Method (FEM) program (Plaxis bv., 2019).
One of the interesting findings concerned the interaction between the three geogrid-anchors. It was
found that the upper two anchors only transfer their load along their part that is located behind the
rear end of the underlying anchors. The bottom anchor transfers its force to the soil outside the

active wedge alike the analytical design calculations for reinforced soils.

Widening

A

Anchor 3
High Water Table

Effective anchorage length

Figure 20: Proposed for design of geogrid-anchorage: the effective length of an geogrid-anchor as a function of
the underlying anchor lengths (van Duijnen et al, 2021).

4.1.3 Soil-geogrid interaction for double layered anchor
As depicted in Figure 3 of Chapter 2, the anchors consisted of a geogrid, which was wrapped around a
hinged connection. Van Duijnen et al. (2021) studied the tensile force distribution and mobilised frictional

forces along the top and bottom geogrid layer of one anchor. The following was found:

e The largest share of the anchor force was mobilised by the friction along the bottom of the
bottom geogrid, around 80%.

e The bottom of the top geogrid and top of the bottom geogrid show equal frictional force
distributions along the geogrid. A very small share of the anchor force was provided by these
two inner interfaces.

e Part of the total friction was mobilised in the active zone, i.e. the zone enclosed by the SPW and
the critical slip surface. Hereby, the critical slip surface is assumed to cut the SPW at the point

of zero shear forces with an angle equal to 45 — % according to Mohr Coulomb’s theorem.
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4.2 Global mechanisms
Since we want to simulate failure due to exceedance of the anchor forces in our experiments, other
failure mechanisms for which an SPW must be designed are prevented from happening. The following

failure mechanisms are prevented:

e Loss of stability due to shearing along a circular slide surface
e Plastic failure of the SPW

e Exceedance of the vertical bearing capacity

e Piping

e Tensile failure of the geogrid anchorage

These failure mechanisms were prevented by (1) testing dry soil, (2) only modelling the upper part of
the SPW, (3) using a very rigid SPW and (4) a geogrid with sufficient high tensile strength.

The only failure mechanisms considered are:

e Failure due to shearing along a deep straight slide surface,

e Exceedance of the passive earth pressure.
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Figure 21: Failure mechanisms which must be checked for the design of a sheet pile wall (CUR166, 2008).

a) Kranz’s deep sliding surface b) Bishop’s deep circular sliding surface c) instability due to piping
Since the free length of the SPW is generally a fixed parameter, exceedance of the passive earth
pressure will be linked to exceedance of the anchor forces. The geogrid-anchorage can increase the
resistance against bending and translation by increasing the number of anchor points and length of the

geogrids.

The analytical calculation method used to verify whether the length of the anchors is sufficient in order

to prevent this type of failure is described in the next section.
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4.3 CUR166: analytical methods to determine the required length of
conventional anchors

Since no analytical design method exists for the required length of the geogrid-anchorage, the analytical
method used to calculate the required length of conventional anchors is described shortly. Kranz's
method is the analytical method which describes the deep failure mechanism as a consequence of a

too short anchorage design.

Kranz’s method is based on a force equilibrium calculation. Active soil forces according to Rankine are
assumed to act along the SPW and the active zone is defined by the slip surface as defined by Mohr

Coulomb. Accordingly, the active soil wedge ABA'’ in Figure 22a intersects the SPW at an angle 45 —%

to the vertical. A deep sliding surface is assumed between the point of zero shear forces in the SPW
and the tip of the anchor wall. Additional active soil forces will act behind the anchor wall for which also
wedge — as defined by Mohr Coulomb -is considered. The sliding surface and active soil wedges

surround the zone of soil from which the anchor acquires soil support.

For an anchor wall, the mobilised anchor force is defined by the passive bearing resistance of the soil
in between the active soil wedge and the anchor wall. The required length can be directly derived from
Kranz's method. In case of grout anchors, the mobilised tensile force is based on empirical relations.
The deep sliding surface intersects the SPW at the point of zero shear forces and cuts the grout anchor
halfway (line BC in Figure 22b). The shear stress distribution of grout anchors is approximately known
(Figure 22c). However, no analytical design calculation has been formulated yet. The length of the grout
body must be sufficient such that no failure along Kranz’s deep sliding surface will occur. The friction
along the second half of the grout anchor and the soil resistance along the deep sliding surface must

not be exceeded by the active earth forces against the SPW.
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Figure 22: Kranz’s stability method to calculate the required length of (a) an anchor wall and (b) a grout anchor in
order to prevent failure along a deep sliding surface. ¢) shear stress distribution along a mono or duplex grout
anchor (CUR166, 2008).
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5 Comparison numerical modelling of geogrids and

measurements in literature

This chapter evaluates the similarities between numerical and field/experimental measurements of
previous studies in Section 5.1. Accordingly, it is evaluated to what extent the geogrid modelling method
influences the numerical results and what factors must be considered for the choice of geogrid modelling
method in the numerical model of the 1g small-scale experiment of the geogrid-anchored SPW. The
conventional method models the geogrid as a tensile membrane with either a strain-dependent or
constant tensile stiffness. In Section 5.2, a new geogrid modelling method is proposed to include the
confining effect. Section 5.3 evaluates the findings from literature and their relevance in the numerical

modelling of a geogrid-anchored SPW.

5.1 Comparison numerical results and experimental-field measurements
Several studies validate results of numerical models of geogrid-reinforced soils with field or experimental
measurements. Hatami and Bathurst (2005) and Ahmadi (2020) analysed numerical models of MSE
walls and compared the results with measurements during large-scale and small-scale test. The
outcome is summarized shortly in Section 5.1.1. Other studies analysed numerical models of MSE walls
and compared the results with measurements during and after construction of full-scale MSE walls
(Aradjo, Palmeira and Macédo, 2012) (van Duijnen, Linthof, Brok and van Eekelen, 2012). These

findings are described in Section 5.1.2.

5.1.1 Simulation of large and small-scale 1g physical models of MSE walls

Hatami and Bathurst (2005) performed three well-instrumented, large-scale 3.6 m high test walls. The
wall had a modular block (segmental) facing and a back fill reinforced by either four or six polypropylene
(PP) geogrids or polyester (PET) geogrids. The length of the geogrids were 0.7 times the height of the
wall (in agreement with the design guideline of the National Concrete Masonry Association (NCMA) and
American Association of State Highway and Transportation (AASHTO, 2002 version). The backfill sand
was uniformly sized and had a median diameter (Dso) of 0.34 mm. A 2D numerical model for the
reinforced soil test walls was developed and validated against measurements of, among others, the
deformation of the modular block facing. Measurements were performed up to the end of construction
i.e. the operational condition or serviceability limit state. For the numerical model, the finite-difference-
based program FLAC was utilized. In this numerical model, the geogrid was modelled by two-noded
elastic-plastic cable elements with a strain-dependent tangent stiffness and a tensile yield strength and
no compressive strength. The geogrids were rigidly connected to the back of the facing blocks through
beam elements with a large axial stiffness value. The program FLAC includes a pre-defined cable grout
utility to model the geogrid-soil interaction. Since no pull-out behaviour was observed in the test, Hatami
and Bathurst (2005) did not activate this feature and consequently modelled the interface as fully rough
i.e. geogrid and soil displace as one object. The numerical results during and at the end of construction

were shown to be in good agreement generally with, among others, the wall deformation and
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reinforcement strains. Since this types of geogrid are known for its non-linear stress-strain response
with time and strain level, the magnitude of the stiffness of CRS® tests was reduced, to match the
stiffness for longer duration constant load (creep) tests in order to take into account of the duration of
the construction stage. Moreover, the CRS tests were carried out at low strain rates in accordance with
strain rates in the field. The shape of the load-strain curve was used to determine the initial stiffness and

strain-softening coefficient of the strain-dependent tensile stiffness function of the geogrid.

Ahmadi (2020) conducted small-scale 1g physical model experiments for a MSE wall, which was
subjected to strip footing loading. Experiments were performed with either a rigid (concrete) or flexible
(wood) wall facing. A poorly graded dry sand with no fines and a median diameter (Dso) of ~1.64 mm
and a relative density of 88% was used as backfill. For both types of wall, an experiment was conducted
with either four or eight reinforcement layers, which were connected to the facing. Different types of
reinforcement were used including a polypropylene (PP) biaxial geogrid. The finite-element program 2D
PLAXIS (Brinkgreve et al, 2004) was used to model the MSE wall. The geogrid was modelled as a 1D
tensile element with stiffness equal to the short-term stiffness (<4% strain) of 150 kN/m. The geogrid-
soil interaction was modelled by an interface with a reduction factor of 1, which means that the interface

was not activated and a fully rough interface was assumed.

Ahmadi (2020) found around 10% difference in lateral wall deflection between the experimental and

numerical results. The numerical and test result were considered to agree well.

Besides the small-scale 1g physical model experiments of an MSE wall, Ahmadi (2020) analysed large-
scale 1g physical model experiments of an MSE wall also. A poorly graded sand with a median diameter
(Dso) of ~1.2 mm and relative density of 95.8% was used as backfill. The moisture content was 12.4%.
A polyester (PET) geogrid was used as reinforcement. The reinforcement consisted of eight layers of
geogrids. The experimental results were compared with a 2D PLAXIS model in which the geogrids were
modelled as 1D tensile elements with a stiffness equal to the long term (100 hours) stiffness of (<0.5%
strain level) of 670 kN/m. The soil-geogrid interaction was modelled by a reduction factor on the soil
shear strength equal to 1. A strip footing load of 300 kPa was applied to the soil. This loading plate was

free to move horizontally.

Figure 23 shows the results of the measured and numerically computed maximum tensile force in each
geogrid layer for the rigid facing and flexible facing after applying a strip footing load of 300 kPa.
Numerical results were computed for a model in which the loading plate was restricted to move laterally
(PLAXIS 2D-Restricted) and free to move laterally (PLAXIS 2D -Free). The latter corresponds better

with the experiment as the footing was not restricted during testing.

5 CRS tests are Constant Rate of Strain tests
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Figure 23: Measured and numerically computed maximum tensile force in each reinforcement layer after applying
the strip footing load of 300 kPa. The upper figure (a) gives the test measurements and numerical results (PLAXIS)
for the test configuration with a rigid facing and the lower figure (b) gives the results for the test configuration with
flexible facing (Ahmadi, 2020).

Comparison of the test results and numerical results of Figure 23 showed a difference of 52% to 62%
for the sum of the maximum tensile forces in the reinforcement layers and the maximum wall deflection
(Ahmadi, 2020). However, good agreement between the numerical and test results was achieved when
the compaction process of the preparation procedure of the experiment was simulated in the numerical
model by including the dynamic compaction load. Figure 24 and Figure 25 show the results of the lateral
wall deflection and tensile force distribution along the second geogrid layer after simulating the dynamic
compaction load first, and secondly applying a strip footing load of 300 kPa. The maximum tensile force
is located under the center of the loading plate in the test results, while the maximum tensile force is
located close to the wall face in the numerical results. The magnitude of the maximum tensile force
agrees well between the test and numerical results. It was found that the movement of the wall at that
location will be the same, when the area under the tensile force distribution curve for the test and

numerical results are the same.
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Figure 24: Lateral wall deflection after applying the strip footing load of 300 kPa. The dynamic compaction load was
simulated prior to strip footing loading (Ahmadi, 2020).
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Figure 25: Tensile force distribution along the second geogrid layer, which is located at a vertical distance of 0.75
m from surface level (3/16™ the height of the wall). The strain gauges measurements were converted to a tensile
force by considering the long-term stiffness of 670 kN/m at 0.5% strain (Ahmadi, 2020).
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5.1.2 Simulation of full-scale MSE walls

(Perkins, 1999). Araudjo, Palmeira and Macédo (2012) analysed and compared the numerical results
with the measured excess pore pressures, vertical and horizontal displacements during the construction
of one of the MSE walls including an abutment on soft soils for the duplication of a highway in Brazil.
Figure 26 shows a cross-section of one of the abutments studied along its longitudinal direction.
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Figure 26: Schematisation of reinforced abutment on soft soils for the duplication of a highway in Brazil (Araujo et
al, 2012).

Eight layers of uniaxial geogrid were used to strengthen the abutment. The reinforced abutment
consisted of a soil body of coarse sand. The finite-element program PLAXIS was used for the 2D
numerical modelling of the reinforced embankment. 1D tensile elements were used to model the
geogrids and the soil-geogrid interaction is modelled by using a reduction factor, Riy: of 0.9 to the friction
shear strength of the soil. Aradjo et al. (2012) found that the vertical displacements and maximum
excess pore pressures computed by the numerical model agreed well with the measured values in the
field. However, the horizontal displacements were significantly overestimated by the numerical model.
Araujo et al. (2012) gave several possible explanations, such as the influences of 3D conditions which
were not simulated and the rate of dissipation of excess pore pressures was faster in the numerical

model.

Similar significant deviations in lateral displacements were also found in other studies, that analysed
reinforced retaining walls or embankments on soft soils numerically. An example is simulated of a 10 m
high MSE wall reported by van Duijnen et al. (2012). The numerical model had overestimated the
deformations of the wall, because the reinforced fill and the interaction between the geogrid and soll

behaved stiffer in reality (van Duijnen et al. 2012).
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5.2 Alternative 2D modelling of geogrid

Lees and Clausen (2019) proposed a new method, called the ‘c’ profile method’, to model the geogrid
for reinforced soils. They argued that the mechanism called ‘stabilisation’, which we refer to as the
confining effect, is not captured in conventional methods of geogrid modelling. Based on large scale
triaxial compression tests results and plate load tests, the discrepancy between the measured and
modelled stress-strain response has been captured (Lees, 2014). The conventional geogrid modelling
method describes the geogrid by a 1D tensile element (2D) and assigns a tensile stiffness (either strain
dependent or not) to the element, which is generally determined from CRS testing. When the geogrid is
modelled according to the conventional method (1D tensile element), the increase in soil strength of the
soil at a larger distance from the geogrid is not taken into account (Lees, 2014). The ¢’ profile method
includes a non-linear failure envelope as depicted in Figure 27. The maximum of the failure envelope is
found at the elevation of the horizontal geogrid surface and the minimum is found outside the zone of
influence. The slope k represents the inter-particle frictional components of strength. The zone of
influence depends on the degree of inter-particle interlock, which is likely to increase for increasing grain
size. The ¢’ profile method was implemented in PLAXIS 2D within a constitutive model called ‘Stabilised
Soil (8S) model’. This SS model is a linear elastic and perfect plastic (LEPP) model having associated
plasticity in non-stabilised soil while increasing non-associativity in stabilized soil (Lees and Clausen,
2019).
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Figure 27: Non-linear failure envelope of ¢’ profile method (Lees and Clausen, 2019).

Figure 28a and b show the results of triaxial compression tests and plate load test results for the
measured (laboratory) and numerically calculated deformation using either the conventional method
(modelling the geogrid as 1D tensile element) or the newly proposed method (¢’ profile method). The
former method is labelled as ‘FEA geogrid element’ and the latter method is labelled as ‘FEA ¢’ profile’
in Figure 28a and b. For the triaxial compression test, a well-graded sandy gravel compacted to 98%
proctor density was used (Lees, 2014). One polypropylene welded geogrid was incorporated in the soil.
For the plate load tests a 0.3 m thick granular sub-base stabilized with geogrid overlying a 0.9 m thick
sand subgrade was prepared. Two layers of Tensar TX180 geogrids were placed; one at 0.15 m depth
and one at the top of the subgrade. The results of the finite element analyses (FEA) correspond well

with the measured strains in Figure 28a and the load-displacement curve in Figure 28b for the
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unreinforced case. For the reinforced case, the results of the conventional modelling method (FEA

geogrid element) significantly overestimate the radial strains in Figure 28a and vertical displacements

in Figure 28b. Much better agreement is found between the measurements and numerical results if the

¢’ profile method is used.
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Figure 28: (a) Triaxial compression test results and numerical results (PLAXIS, denoted as ‘FEA’) (b) Plate load
test results and numerical results (PLAXIS, denoted as ‘FEA’). Results are given for the reinforced and
unreinforced case. FEA ¢’ profile represents the numerical results obtained from the SS model. FEA geogrid
element are the results obtained from the Hardening Soil model and the geogrid modelled as a tensile membrane

(conventional geogrid modelling method) (Lees, 2014).

Additionally, Lees and Clausen (2019) conducted full-scale granular platform loading tests on a soft clay

subgrade. Figure 29a shows the full-scale stabilized platform loading test. Three layers of multi-axial
polypropylene (PP) geogrid were placed in a 1.1m thick well-graded sand and gravel of crushed rock.
The measurements were compared with the results of the SS model and the LEPP Mohr-Coulomb

model with the geogrid modelled according to the conventional method. Figure 29b shows the load as
a function of the settlement for the field measurements (‘Measured’), the results of the 2D PLAXIS model
using the SS model (‘FEA SS model’) and the results of the 2D PLAXIS model using the conventional

method (‘FEA memb.el.’). For clarity, the FEA SS model is a soil model based on the ¢’ profile method.

The FEA mem. el. model includes the geogrids as 1D tensile elements. The SS model predicts the

failure load well, while the LEPP Mohr-Coulomb model with membrane elements (conventional method)

underestimates the failure load.
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Figure 29: a) Schematisation of platform loading test b) Applied pressure against measured and numerically
computed settlement. Numerical results are given for the SS model and the Soil Hardening model with a tensile
membrane incorporated (conventional method) (Lees and Clausen, 2019).

5.3 Limitations of the 2D geogrid modelling in this study

In our study, the small-scale 1g physical model has been simulated using a 2D finite element model for
which the finite-element program PLAXIS 2D is utilized. In a plane strain (2D) finite element model, the
typical grid-structured geometry of the geogrid cannot be modelled. PLAXIS 2D (Plaxis bv., 2019)
models the geogrid with a special geogrid tensile line (1D) element. The behaviour of these geogrid
elements is described by an elastic normal axial stiffness (EA) and optional a maximum tensile force at
which rupture occurs i.e. the tensile strength. The bending stiffness and compression stiffness are zero.
Interfaces has been used along the geogrid in order to simulate the shear band between the soil and
geogrid. Through interface friction the geogrid can transmit load to the surrounding soil or vice versa.
This shear band can be described by a reduction factor, R;,;, which has been applied to the soil shear

strength. Another option is to define a dummy soil material for this interface.

Referring to Chapter 3 in which the soil-geogrid interaction is described, the following limitations can be

listed when modelling the geogrid as a 1D tensile element with an elastic axial tensile stiffness:

1. Strain level dependency of geogrid stiffness is not included.
The time dependency of geogrid stiffness (creep) is not taken into account.
The effect of particle interlocking on the vertical distance above and below the geogrid (zone of
influence) at which the confining effect increases the soil shear strength.

4. The non-linear increase of pull-out resistance at increasing pull-out displacement due to the
extensibility of the geogrid.

5. 3D conditions are not incorporated in the numerical model such as possible tensile strains along

the geogrid in in-plane direction.

The first point would become relevant to include in the numerical model if tensile strain levels in the
geogrid larger than the elastic range are reached. Generally, the tensile stiffness reduces non-linearly

for increasing strain level.
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The second point needs to be included in the numerical model if the numerical model must simulate the

duration of the construction stage in practice correctly.

The third point is of interest in the numerical model if confining effects play a dominant role. Some of the
previous studies (Hatami and Bathurst, 2005) (Ahmadi, 2020) showed that the numerical results of the
MSE walls agreed reasonable well, whereas others (Araujo, Palmeira and Macédo, 2012) (van Duijnen,
Linthof, Brok and van Eekelen, 2012) found that the deformations were overestimated by the numerical
calculations. In these models, the geogrids were modelled using the conventional method i.e. as a
tensile membrane. Lees and Clausen (2019) showed that the exclusion of the confining effect in the
numerical model result to underestimated performance of the geogrids when used for stabilized
platforms. The numerical model might under-predict the performance of geogrid reinforcement. When
inter-particle interlock plays a significant role, the use of the conventional geogrid modelling method
must be reconsidered.

The fourth point would become relevant if significant pull-out displacements must be simulated by the
numerical model.

The fifth point is not relevant in this research as only the behaviour of the geogrid-anchor normal to the
SPW is relevant. Modelling the geogrid-anchored SPW under plane strain conditions is allowed,

because identical behaviour can be assumed in in-plane direction.

Concludingly, the first and fourth point will very likely play a role and must be considered carefully when
analysing the numerical results. Experimental results must confirm that the confining effect does not
play a significant role when geogrids are used as anchorage for SPWs. If the confining effect is a
dominant interaction mechanism, point 3 becomes relevant and the way the geogrid is modelled must
be reconsidered.
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6 Small-scale 1g physical model

This chapter describes the purpose of the small-scale 1g experiments and explains the test set-up in
detail in Section 6.1. Furthermore, it describes how the experiments have been conducted in Section

6.2. Finally, Section 6.3 lists the preparation procedure for each test.

6.1 Experimental set-up
Small-scale 1g experiments have been carried out to measure the soil displacements, sheet pile wall
displacement and corresponding surface loads. The soil displacements and strain in the geogrid were

computed by means of Digital Particle Image Velocimetry (DPIV).
6.1.1 General test set-up

This research focusses on failure of the SPW due to a poor design of the geogrid-anchorage.

Therefore, the only failure mechanisms that are considered is failure due to:

e Pull-out of the anchorage.

e Exceedance of the passive bearing capacity of the soil.

While the free length of the SPW - and accordingly the passive bearing capacity of the soil - is considered
as a constant parameter, the second failure mechanism can be considered as exceedance of the anchor

forces against bending of the SPW.

Figure 30 shows the test set-up of the small-scale 1g model of a geogrid-anchored sheet pile wall. The
test box is made of acrylate and the width, height and length of the box are 10 cm, 30 cm and 52.5 cm.
Plane strain conditions, i.e. ¢,, = 0 (in-plane direction), are pursued. The sidewalls are lubricated and a
silicone sheet is placed between the lubricated sidewalls and sand in order to reduce the sidewall
friction. For the lubrication a water-based lubricant® turned out to be the best option after examining the

friction coefficient and transparency of several substances as explained in Appendix A.1

& The water-based lubricant consists of a water content of 85%. Additionally, glycerin (CsHgOs) and other chemical additives
among which hydroxyethylcellulose, citric acid, sodium benzoate, potassium sorbate, pentylene glycol, sorbitol, sodium lactate,
urea, lactic acid, serine sodium hydroxide, sodium chloride and allantoin.
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Figure 30: Experimental set-up

Modelling only the upper part of the SPW in the small-scale physical model was considered sufficient to
investigate these failure mechanisms. Only the top 5 cm of the total embedment is modelled. As a result,
the second failure mechanism will be simulated by the sliding of the SPW along the bottom of the test
box.

The SPW was brought to failure by a surface load. A surcharge load was preferred above a pulling force
— as was applied in the experiments of Kranz (1953) to study the required length of a grout anchor —

because a more realistic failure mechanism could be simulated.

As a matter of perspective, the physical model is related to the shortest SPW installed for Krammer
park. Relating the physical model to the shortest SPW installed for Krammer park, a scale factor of 1:21
is determined based on the free length of the SPW. The SPW in Krammer park had a total length of
8.7 m of which the embedment depth and the free length is around 3.6 m and 5.1 m respectively. Hence,
30% of the total embedment depth is modelled. The SPW type installed was a AZ13-700 with a flexural
rigidity (El) of 43134 kNm?m- (Spingher, 2018). When comparing the depth of the geogrid layers
between the model and the ‘prototype’, the top and third geogrid layer of the thee layered geogrid-
anchorage are incorporated in the 1g physical model. The top and third geogrid layer are ~17.5 meter
and ~7 meter. Accordingly only 22% of the top geogrid and 33% of the third geogrid layer is modelled.
The length of the geogrid-anchorage is reduced in the model as failure must be reached at the maximum
surcharge load which can be applied in the test set-up. The flexural rigidity of the SPW in the physical
model is over-dimensioned” by a factor of ~6.5 if we assume that the soil (more specifically the stiffness

of the soil) is identical.

7 When one pursues a correct scaled version of the SPW bending deformations, the flexural rigidity of the SPW in the physical
model (El,,qe;) Must be equal to: El g0 = AsﬁElpmotypg (Wood, 2004) Here, 1 is the scaling factor of the length which is
equal to 21, and m is a power law coefficient which describes the stress-dependency of the stiffness of the soil. From triaxial
tests, the value for m is determined to be 0.54.
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6.1.2 Geogrid properties

The geogrids used in the experiment were of the category ‘coated yarn’, textiles of polypropylene
polymers of which the grid structure is formed by intertwining the transverse (weft) and longitudinal
(warp) bundles of fibres. In Figure 31, the geogrid is depicted. The thickness of the transverse ribs is
approximately 0.3 mm and the aperture size is approximately 3-4 mm. The stiffness and strength
properties are derived from grid-tensile tests (Kloster, 2016). The tensile strength is 16.18 kN/m at a
maximum strain of 13.48%. The short-term stiffness at 2%, 3% and 5% axial strain is 191 kN/m, 161

kN/m and 126 kN/m respectively.

subaSaN3

Figure 31: Geogrid connected to SPW (left) and close-up of geogrid

6.1.3 Soil properties

Because geogrid-anchored SPWs are applied for sand fills behind an SPW, the logical choice is to use
sand in the experiment as backfill. It was tried to get an interaction between geogrid and soil which is
not influenced by incorrect scaling of the geometrical parameters. According to Cardile et al. (2017),
who analysed the influence of the geometrical relations between sand particle diameters and extruded

geogrids on the interaction mechanisms, the following conditions must be met (Cardile et al, 2017):

e aminimum ratio of the aperture size relative to the thickness of the transverse rib (%) of 40 - 50,
e a minimum ratio of the thickness of the transverse rib relative to the particle diameter (Di) of
50
7-10.

Here, the spacing between the transverse ribs and the thickness of the transverse ribs is denoted by S
and B respectively (see also Figure 4). Figure 32 shows the grain particle size distribution of the four
types of sand, which were readily available at the Deltares laboratory facilities. Assuming that Cardile’s

findings also hold for the geogrids used here, the sand with the smallest sand particles available was

chosen to increase the ratio of the transverse rib thickness to the particle diameter (DL) up to
50

approximately 2.2. The sand used for the experiment was Baskarp B15. Baskarp B15 is a poorly graded
sand with a median particle diameter (Dso) of 0.137 mm. During the experiment, the sand was densified

to a relative density of around 70%. Preparation inaccuracies are estimated to lead to an error marge of

37



+ 10%. In practice the sand is densified to a relative density of approximately 100%. Because the sheet
pile wall movement and soil deformation were negligible for a two geogrid-anchorage of an 18 and 11
cm grid at 100% relative density, it was decided to perform tests for a sand with a relative density around
70%. More parameters are given in Table 1.
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Figure 32: Particle size distribution Baskarp B15 sand (Dijkstra et al, 2008).

The relative density is determined based on the weight before and after filling the test box of known
volume with sand. Inaccuracies in the relative density of around 5% are very likely due to sand loss

during filling and not perfectly flattening of the top surface level.

6.1.4 Silicone block properties

Because of the limited space (10 cm) between the SPW and front-wall of the test box, the use of sand
would result into too high passive forces. A material with a lower stiffness is used to reduce the passive
forces.

The passive earth pressure is simulated by a silicone block of 10 cm length and 5 cm height. The width
of the silicone block was slightly smaller than the width of the test box in order to prevent friction with
the sidewalls. The friction between the silicone block and bottom of the test box is minimized by taping
that area of the box with Teflon.

The stiffness was determined by loading the silicone block up to 13 kPa under zero confining pressure.
Because of the small gap between the block and sidewalls, it can be assumed that the block can deform
freely in the other directions i.e. no confinement. Figure 33 shows the loading and unloading results of
the silicone block. The loading is applied on the side of the block which is compressed by the SPW
during the experiment. A trend line is plotted for the loading curve. Linear elastic behaviour can be

observed. The stiffness of the silicone block, derived from the loading curve, is 159 kPa. Because no
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hysteresis is observed from the loading-unloading curve, it is assumed that the stiffness remains

unchanged after successive tests.
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Figure 33: Test data of displacement controlled unconfined loading of the silicone block.

6.1.5 SPW properties

An aluminium plate of 1 cm thickness was chosen in order to realize a stiff plate, for which deformation
by bending can be neglected. The sides of the SPW are covered with a sealing strip to minimize friction
with the sidewalls, while keeping the sand out. The bottom of the SPW and the area of the test box

under the SPW are taped with Teflon to minimize friction.
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6.1.6 Footing of surface load

Figure 34 gives a close-up of the footing and surcharge load. The square footing is 10 cm x 9 cm long
x wide and the thickness is 1.5 cm. The footing is made from acrylate. An additional identical footing
plate was placed on top of the bottom footing and a rod was placed in between in order to allow for
horizontal movement of the surcharge load under soil movement. A guidance frame is used to ensure
that a vertical force is transferred to the lower footing plate. A bucket is placed on top of the guidance
frame in which water is pumped to increase the load. The maximum load the test box can sustain is 65-
70 kg. Since we assume plane strain conditions and compare the experimental results with a 2D PLAXIS
model, the load levels are expressed in a force per unit meter. Accordingly, a surcharge load of 70 kg

applied on a footing of 9 cm width is equal to ~7.6 kN/m.

Figure 34: Close-up of top load
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6.1.7 Summary of properties used
Table 1-5 summarizes all relevant properties of the sand, sheet pile wall, geogrid, footing plate and

silicone block respectively.

Table 1: Soil properties

Parameter Symbol Value
Relative Density [%0] Ip 63 — 83
Median particle diameter [mm] Dso 0.137
Coefficient of uniformity [-] Deo/D1o 1.6
Peak internal friction angle [°] Ppeak 508
Residual internal friction angle [°] | @res 34
Internal friction angle at confining | ¢ 45
pressure of 20 - 50 kPa

Dilatancy angle [°] P 14°
Cohesion [kPa] C 0.6
Secant Young’s modulus at Eso 72.4
confining pressure of 100 kPa

[MPa]

Power in power law material m 0.54
stiffness [-]

Poisson ratio [-] ) 0.25

8 A peak internal friction angle equal to 45° was determined with triaxial tests. To correct for surface-strain conditions, the

theorem of Matsuoka-Nakai was applied to estimate a plane strain internal friction angle of ~ 50°.

® The dilatancy angle corresponding to the plane strain internal friction angle is accordingly determined using the Rowe'’s

equation: simp = 208w Roywe 1962).

1-sin@singcy,
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Table 2: Geogrid properties

Parameter Symbol Value
Aperture size [mm] S 3-4
Thickness of transverse rib [mm] | B 0.3
Short-term axial stiffness at 2% | Jau 191
strain [KN/m]
Short-term axial stiffness at 3% | Js% 161
strain [KN/m]
Short-term axial stiffness at 5% | Jsu 126
strain [KN/m]
Tensile force at rupture [KN/m] Fmax 16.18
Maximum axial strain [%] Emax 13.48
Table 3: Sheet Pile Wall properties
Parameter Symbol Value
Thickness [mm] dspw 10
Height [mm] H 300
Axial stiffness [MN/m] EA 700
Bending stiffness [KNm2/m] El 5.83
Table 4: Properties of footing plate
Parameter Symbol Value
Thickness [mm] rooting 30 (double footing plate)
Axial stiffness [MN/m] EA 73.5
Bending stiffness [kNm?2/m] El 5.6
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Table 5: Properties of silicone block

Parameter Symbol Value
Height [mm] Hisilicone block 50
Young’s modulus [MPa] E 159

6.2 Measurement set up

DPIV requires as input data photos in which the development of soil deformation is captured during the
test. A Canon EOS 750D camera with a resolution of 24 megapixels (6000 x 4000) is positioned on a
tripod in front of the test box as depicted in Figure 35a. Two artificial light sources were used to illuminate
the test box. Variation in illumination due to daylight and shadows of moving objects was prevented by
placing a large white plate behind the test box and a large plate in front of the camera (with a hole in it
for the camera). The area captured on the photo is limited to the test box. Every five seconds a photo is
taken from the start to the end of the test. Also, the deformation of the SPW is tracked on the basis of
the photos. A black line was drawn on the white sealing strip at the side of the SPW (see Figure 35b),
which could subsequently be tracked due to the colour difference. The magnitude of the surcharge load
at each photo was derived from the known time and water flow rate (the weight of the inflowing water
was measured in time). Soil deformations that were calculated from the difference between subsequent
photos were used to assess the influence of the geogrid-anchorage on the total stability of the SPW-
retained soil mass. Besides variations in length and number of geogrids, the position of the surface load
has been varied in order to investigate the relation between the position of the load and the mobilised

anchor force.

Black stripe on white sealing strip

4

camera

€) (®)

Figure 35: a) Camera set-up b) SPW with black line on white sealing strip.
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6.3 Test preparation procedure
Each test was set-up according to the following steps:

1.

10.

11.

12.

13.

14.

The sidewalls of the test box were lubricated and a silicone sheet was placed against both
sidewalls.

The silicone block and sheet pile wall were placed in the test box.

The geogrids were connected to the SPW by clamping the front part between a small metal
plate and the SPW (see Figure 36). By clamping the forces will be equally distributed
along the width of the geogrid.

The sheet pile wall was prevented to deform by placing a clamp between the top of the sheet
pile wall and the front wall.

Dry Baskarp B15 sand was gradually poured in the test box and simultaneously densified by
means of tamping.

When the sand body was at the height of the geogrid, the surface of the sand body was first
flattened before unfolding and placing the geogrid on top.

The geogrid was stretched tight while pouring sand on top of it.

When the sand preparation was completed, the top surface was flattened, and the acrylate
footing plate was placed at the desired location on top of the sand.

A second footing plate was placed on top, with in between the two footing plates a rod to allow
the lower footing to deform under the soil movement.

The bucket was placed on a guidance frame on top of the upper footing plate.

The artificial light sources were switched on, the camera positioned, and camera settings were
checked.

Just before the test started, the clamp was removed to make free movement of the SPW
possible.

The first photo was taken at the start of the test i.e. at zero water volume in the bucket. The
initial load was equal to 4.4558 kg, which is the total weight of the double footing, rod, guidance
frame and empty bucket.

The moment the first photo was taken, the pump was switched on and the time was tracked
double by a timer and the time was recorded at each saved photo.

The water was pumped out of a tank, which was placed on a balance, into the bucket.
Accordingly, the weight of the water in the tank was noted during the test. Based on the
measured weight and time, the flow rate was checked and the load level was determined during
the test. During the tests, the constant flow rate was equal to a flow rate in the range of 0.02-
0.04 kg/s. A maximum applied load of around 65 kg (65 kPa for the 10 cm by 10 cm footing)

was reached if no failure occurred at an earlier stage.
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Figure 36: Geogrid-SPW connection
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7 Boundary effects

In this chapter, we investigate to what degree the stresses and strains in the soil are affected by
boundary effects in the small-scale experiment. Since the test box is very narrow (0.1 m), the influence
of the sidewall friction on the stresses in the soil is expected to be large. The surcharge load will be
transferred partly to the sidewalls, which affects the soil stresses and strains in the soil. Knowledge of
the magnitude of the frictional force is of importance to know to what degree the stresses in the soil
deviate from the stresses under true plane strain conditions. The theory behind the interaction of soil,
surcharge load and sidewalls is shortly discussed in Section 7.1. Section 7.2 gives the results of two
test set-ups, by which the interface friction angle between sand and sidewall is determined. Additionally,
the results are discussed of a third test set-up, which is devised to measure the total vertical force
transferred to the sidewalls. In Section 7.4 and 7.5, we substantiate why the influence of the back-wall

and the silicone sheet on the sliding of the active soil body can be neglected.

7.1 Frictional forces & the arching effect

The surface area of acrylate sidewalls has a certain roughness. Movement of the granular soil along the
sidewall will consequently induce friction. Due to these shear stresses between the walls and soil,
vertical pressures are transferred to the sidewalls. The maximum frictional force which can develop
before the soil starts to slide along the sidewall is determined by the normal force exerted by the soil
onto the sidewalls and the friction angle between the soil and sidewall. The normal force is described
by the vertical pressure in the soil and the horizontal to vertical soil stress ratio, Ksw. The value of Ksw

depends on the internal friction angle, stress history and current stress state.

Friction between sand and walls does not only affect the shear band of the soil adjacent to the walls.
Studies on the pressure development of the soil within a constrained space originate from the late 19t
century. Commonly known and still widely applied is Janssen’s arching theory. He investigated the

pressure of silos filled with grain or corn (Janssen, 1895).
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/
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Figure 37: Silo effect according to Janssen’s theory (Khosravi, Kargar and Pipatpongsa, 2018).

46



Figure 37 shows the effect of the induced friction between the bulk solid and walls on the pressure
distribution with depth. The frictionless interface between the fluid at rest and the walls show a linear
pressure distribution, i.e. hydrostatic conditions. Friction between the granular soil and walls is induced
due to settlement of the soil. In our experiment, the test box was gradually filled with sand.
Simultaneously, the sand was densified by means of tamping. Soil self-weight settlement is therefore
expected to be small. Tamping close to the walls may induce friction, however most friction is expected

to develop when the surcharge load is applied.

The shear stresses generated between the sidewall-sand interface cause a re-orientation of the principal
stresses as depicted in Figure 38 (Khosravi et al, 2018). Since the test box is narrow, a full ‘arch’ in the

soil is expected to develop. Consequently, vertical pressures will be reduced over the entire soil area.

-~ Outward movement

L

1
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Figure 38: Soil arching principle (Khosravi et al, 2018).
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7.2 Measuring Sidewall Friction

In our experiments, the friction between sand and the acrylate sidewalls was reduced by lubricating the
sidewalls with a low friction substance and placing a highly adhesive, transparent silicone sheet between
the lubricated sidewalls and sand. It was opted to create full adhesion between the silicone sheet and
sand, while creating a frictionless interface between the silicone sheet and the acrylate sidewalls of the
test box. For a couple of tests, the silicone sheet was marked with black dots in the area with large soil
deformation. The relative displacement between the silicone sheet and sand is subsequently examined
by manually tracking the black markers on the silicone sheet from the digital photos taken during the
test. The relative displacement between the black markers and the soil is determined to be smaller than
0.3 mm. Considering the small relative displacement, we assume that the sand and silicone sheet
deform as a unity i.e. a fully rough interface. Consequently, the friction between the sand and sidewall
is equal to the friction between the silicone sheet and sidewall. This also means that the derived sidewall
friction angle (sigewansana) 1S €qual to the interface friction angle between the silicone sheet and
acrylate sidewall (8s;qewau siic)- Therefore, we can refer to the interface friction angle between the sand

and acrylate sidewalls with one symbol §.

Two different test set-ups were used to measure &, namely the ‘Spring Suspension test’ and ‘the Pull-
up test’. Besides the water-based lubricant, which has finally been used for the small-scale experiments,
three other substances and a combination of two substances were also tested in the Spring Suspension
test. The friction coefficient for the water-based lubricant was considered sufficiently low, although up to
~45% lower friction coefficients were found for some of the other substances. The overriding factor in
choosing the water-based lubricant above the other substances was the high transparency of this fluid.
High transparency is very important for the DPIV analysis, which requires high resolution images of the
sand behind the sidewall. The two tests and the measured interface friction angle are explained briefly
below. A more detailed description can be found in Appendix Al and Appendix A.2. A third test, the
‘Stress-transducer test’, was conducted to measure the loss of vertical pressure in the soil at the bottom
of the test box due to sidewall friction as a function of applied surface load. These measurements are
conducted during a small-scale experiment without geogrids, such that the influence of the geogrids is
removed. The combination of tests leads to a reliable estimation of the influence of the sidewall friction

on the soil stresses and strains at a particular surface load in the small-scale experiment.
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7.2.1 Spring suspension test
Figure 39 depicts the test set-up of the Spring-Suspension test. The test consists of a 5 kg weight, spring
balance and electromotor. The interface between the lubricated acrylate sidewall with a silicone sheet
placed against it, is mimicked in this test by gluing the silicone sheet on the bottom of the weight and
placing the weight on top of the lubricated acrylate plate. The spring balance is on one side connected
to the weight and on the other side to the electromotor.
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Figure 39: Spring suspension test
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The static friction coefficient between the acrylate wall and silicone sheet is defined as the horizontal
force required to get the weight into motion relative to the normal force. The dynamic friction coefficient
is defined as the horizontal force required to maintain the weight in constant motion relative to the normal
force. We defined the dynamic friction coefficient by the force required to pull the weight forward at a
travelled distance of 5 cm. Figure 40 shows the results of the static friction coefficient for all substances,
which have been tested. The results are represented as a boxplot where the dots are extreme values in
the data. The median of the static friction coefficient and dynamic friction coefficient of the water-based
lubricant is 0.09 and 0.08 respectively. The maximum frictional force which can develop between the
sand and sidewall, or actually the silicone sheet and sidewall, is determined by the highest friction

coefficient. The interface friction angle is derived from the friction coefficient according to equation 7.1:

F,
Hstatic = tan(d) = F_f =009 (7.1)
N

in which Fy is the normal force exerted by the weight on the acrylate plate, F; is the frictional shear force
acting between the bottom surface area of the weight and the acrylate plate, Fy is equal to the measured
horizontal force as the inclination between the sliding direction of the weight and the horizontal pulling

force is zero.
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According to the results of the spring suspension test, the mean value of interface friction angle §
between the sand and sidewalls in the small-scale experiment is equal to 4.8° with a standard deviation

of 0.014°.
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Figure 40: Results of static friction coefficient from spring suspension test. The substances that have been tested
are Driehoek hand soap (A), water-based lubricant (B), Petroleum Jelly (C ), a combination of Petroleum Jelly on
the acrylate and water-based lubricant on the silicone (D), silicone oil (E), and Dreft dishwashing liquid (F).
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7.2.2 Pull-up test
Another test-set up, named the “pull-up test’, was devised to measure the total sidewall force. The test
set-up is depicted in Figure 41.

Overhead Crane
Load Cell

Top Load
Test Container

Displacement Sensor

Figure 41: Photo of test set-up of box without bottom

The concept of the pull-up test is to determine the vertical force transferred to the sidewalls by measuring
the difference between the force required to pull up the test box (without bottom) only and to pull-up the
test box (without bottom) prepared with sand in combination with or without an additional known
surcharge. An overhead crane enables measuring the total weight of the test box, which is connected
to the test box and lifts it up vertically. By incorporating a load cell within the connection of the overhead
crane and the test box, the required force to lift the test box is measured. A duplicate test box, but with
an open bottom, is filled with sand. The preparation procedure of densifying the sand is identical to the
small-scale experiment with relative densities in the same range of 70% + 12%. Both sidewalls and the
front-and back wall of the test box were lubricated and covered with a thin silicone sheet in accordance

with the preparation procedure of the sidewalls in the small-scale experiment.

The relations proposed by Bathurst and Benjamin (1987) between the total sidewall frictional force,
geometry of the test box, surcharge load, volumetric weight of the sand, horizontal earth pressure
coefficient and interface friction angle are implemented to derive § from the measured total sidewall
frictional force X,,cqsureq- The analytical solution is included in Appendix A.2. Here, we will only discuss
the results.
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Figure 42 gives the results of the pull-up test for the test without silicone sheets on the sidewalls and
the test with silicone sheets on the sidewalls. From the test with silicone sheets on the sidewalls,
denoted by the red line, we conclude that the total vertical force transferred to the soil is 52%. Hence,
48% of the total load is transferred to the sidewalls.
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Figure 42: Test results of pull-up test.

Figure 43 gives the difference between the measured sidewall frictional force and analytical solution for
different interface friction angles (§) and an internal friction angle (¢) equal to:

e 34°, which is the interal friction angle at critical volume (¢,).

e 45° which is the secant internal friction angle derived from triaxial tests at a confining pressure
of 40 kPa. The confining pressure ranged between 5 kPa — 65 kPa in the small-scale
experiment.

e 50° which is the peak internal friction angle (¢,).

The lateral earth pressure coefficient against the sidewalls, K, is estimated within the range of 0.3 —
0.5 for an internal friction angle of 45°. The analytical solution proposed by Bathurst and Benjamin (1987)
agrees with the measured value for an interface friction angle, §, of 12.7° (for ¢ = 45°).
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Figure 43: Difference between the measured sidewall frictional force and analytical solution for different interface
friction angles (6) and an internal friction angle (¢).

This test was for comparison reasons also performed without silicone sheets on the sidewalls such that
the sand is in direct contact with the acrylate sidewall. For the lower bound and upper bound value of
K, and an internal friction angle of 45°, values of 18.7° and 16.2° were determined for the interface
friction angle. Previous studies determined an interface friction coefficient of 15° between sand and
glass sidewalls (Jacobs et al, 2016). Assuming that the friction coefficient between sand and acrylate is

similar to sand and glass, it can be stated that the results are reliable within an error margin of several
degrees.

The pull up tests indicated that the added lubricant is effective in reducing the friction from 16°-18° to
12.7°. The spring suspension tests resulted in lower values.

The interface friction angle between sand and sidewall determined with the pull-up test is 2.5 times
larger than the one determined with the spring-suspension test. Both tests have their inaccuracies and
deviating conditions from the small-scale experiment. The precision of the Spring Suspension test turned
out to be high as the standard deviation is only 0.3% from the mean friction angle. The precision of the
Pull-up test is difficult to determine as only one test has been performed. The accuracy depends on the
assumptions made for determining the interface friction angle and whether those are plausible. The

advantage of this test is that the sand-silicone sheet-acrylate sidewall interface is identical to the small-
scale experiment.
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Potential differences in the test conditions between the pull up and spring suspension test with the small-
scale experiments could lead to a different interface friction angle in practice. These are the duration of
test, thickness of the layer of lubricant on acrylate plate, temperature and normal pressure. The duration
of the small-scale experiments varied between 10 minutes and 35 minutes, depending on the length
and number of layers of the geogrid-anchorage. Over time, the film of lubricant may dry out as a
consequence of the artificial light sources which exert heat. Also, the film of lubricant may become
thinner over time as the lubricant is squeezed out due to the pressure of the soil or absorbed by the
silicone sheet. Furthermore, the temperature and normal pressure could be of influence because the
viscosity of the lubricant may be influenced by temperature differences and pressure differences
between the spring-suspension test and small-scale experiment. Literature has been used to get an
indication to what degree the interface friction angle could deviate between these two tests - in which
the friction angle is derived - and the small-scale experiment due to temperature and pressure
differences. Based on literature, it is concluded that pressure and temperature differences between the

tests and the small-scale experiment play no role. This conclusion is elaborated in Appendix A.3.

7.2.3 Stress-transducer test

In order to obtain more certainty with regard to the sidewall frictional forces, a third test set-up, called
the Stress-transducer test, is conducted. The total sidewall frictional force measured with the Pull-up
test will not be equal to the total sidewall frictional force in the small-scale experiment. Since both
sidewalls and the front-and back wall were lubricated and covered with silicone sheets, only the friction
coefficient of the interface lubricated acrylate wall - silicone sheet — sand is present. However, different
friction coefficients are present in the small-scale experiment as the front wall is ‘replaced’ by the SPW
and the back wall is in direct contact with the sand. Moreover, the soil in the Pull up test is subjected to
a uniform surcharge, while the soil in the small-scale experiment is subjected to a strip footing load.
Since the interfaces and loading type of this test is identical to the small-scale experiment, a better

insight will be obtained into the magnitude of the total sidewall frictional force.

Since pressure cells did not proof to be reliable at the low range of soil pressures in our test set-up, an
alternative method based on the measurement of water level differences in stand-pipes is adopted.

Details about the measurement can be found in Appendix A.4.

In order to measure the weight loss due to friction with the sidewalls, the footing of the surcharge load
was placed in the middle of the test box to avoid influence of the sheet pile wall. No geogrids were

connected to the SPW, which could transfer vertical stresses to the SPW.
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Figure 44 shows the percentage of the total weight, i.e. the self-weight of the soil and the surcharge
load, which is transferred to the bottom of the box as the test proceeded. The horizontal axis gives the
applied load at the bottom of the box, i.e. the force acting on the whole bottom area of the box which
would be measured without sidewall friction. Accordingly, the applied load includes the weight of the
soil and the surcharge load. The preparation of the test box is completed at a load of approximately 20
kg. This is the weight of sand only. Then, the surcharge load is increased up to a maximum of
approximately 65 kg which gives a total weight of approximately 80 kg. The results show that the
percentage of weight loss at the bottom of the box stays more or less 33% at an applied load larger than
30 kg. Hence, 33% of the vertical stresses are transferred to the sidewalls due to the friction between
sand and sidewall and the resulting arching effect in the soil.
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Figure 44: Test results of stress-transducer test for test set-up with and without silicone sheets on the sidewalls.

As previously mentioned, the advantage of this measurement is that the boundary conditions, the loaded
surface area, the loading rate and magnitude are identical to the small-scale experiment. Hence, the
measured loss in vertical load accounts for the time-dependency of the interface friction angle. The only
variable is the distance of the footing from the SPW. The smaller the distance, the higher the loss of

vertical pressure is expected due to friction with the SPW.

If we compare the results of the Pull-up test and Stress transducer test, 15% more load was transferred
to the sidewalls in the Pull-up test. On one hand, higher frictional forces would be expected in the Stress
transducer test, because the back-wall and SPW are more rough surfaces than the lubricated back- and
front wall with silicone sheet. On the other hand, lower frictional forces would be expected because the

surcharge load is centred more in the middle.
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Finally, we consider the results of the Stress tranducer test as most representative for the sidewall
friction developing in the small-scale experiment. Therefore, we assume that 33% of the total weight is
transferred to the sidewalls in the small-scale experiment. The same analytical relations proposed by
Bathurst and Benjamin (1987) as were used for the derivation of the sidewall friction angle 6 from the
Pull up test are modified and used to find out how either the small-scale experiment or plane strain
numerical model can be best adjusted in order to correct the results for sidewall friction (see Chapter
10.2). By means of these relations, it is determined which sidewall friction angle, the one derived from
the Spring suspension test or the Pull-up test, best fit the measured frictional force derived from the

Stress-transducer test. The value of the sidewall friction angle will lie between 4.8° and 12.7°.

7.3 Effect back wall on earth pressures against SPW

Since the spacing between the SPW and back wall is four times larger than the spacing between the
sidewalls, the arching effect induced by the interaction of the soil with the sidewalls is dominant. The
arching between the back and front wall only contributed minimally to the total frictional forces in the
pull-up test. Yang and Liu (2007) showed that the arching effect is negligible for a ratio of the spacing
between the walls to the height of the wall larger than 0.7. In the small-scale experiment, the distance
between the back wall and SPW is 0.415 m and the height of the SPW is 0.3 m. This gives a ratio of

1.38, which indicates no influence of the back wall on the earth pressures in the soil.

7.4 Influence silicone sheet on sliding of active zone
Sliding of the active soil body behind the SPW causes tensile stresses in the silicone sheet. The silicone
sheet on the sidewall moves together with the active soil body, while it is kept in place by the soll

pressures behind the active zone.

Whether soil displacements are significantly reduced by the tensile resistance of the silicone sheet, is
deduced from the difference in tensile stiffness of the silicone sheet and the shear modulus of the

Baskarp B15 sand.

The tensile stiffness of the silicone sheet is determined by means of three simple extension tests.

Appendix A.5 describes the test set-up, results and calculation of the tensile stiffness.

The average tensile stiffness E; of the silicone sheet is determined to be 0.3 MPa at a strain of 3%. For
comparison, 3% strain corresponds to approximately 1 cm extension of the silicone sheet along the
critical slip surface. The shear modulus of Baskarp B15 sand is derived from Drained Compression
Triaxial tests for a relative density of around 80%. Triaxial tests were performed for confining pressures
ranging between 5 kPa and 320 kPa (Ibsen, 2009). The relation between the confining pressure and

Young’s modulus is defined by the parameter m in equation 7.2.
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Here, E¢/is the Young’s modulus at a confining pressure o3¢/ of 100 kPa. The power m has been
determined to be equal to 0.54. Slipping of the soil body occurred at a surcharge load of 2-3.5 kN//m.
According to the 2V:1H approximate method, the average confining pressure is estimated to be
approximately 3 - 4 kPa for a strip footing load, which corresponds to a Young’s modulus of 7-9 MPa.

The Shear modulus can be derived according to Hooke’s law:

Here, E is the Young’'s modulus equal to 8 MPa, 9 is Poisson’s ratio equal to 0.25 and G is the Shear

modulus, which is calculated to be 3.2 MPa.

Concludingly, the shear modulus of the soil is around 10 times larger than the tensile stiffness of the
silicone sheet. Assuming again the elastic stress-strain relationship of Hooke’s law such that the shear

stress is described by the shear modulus and the shear strain according to equation 7.4.
Tyy = Gy (7.4)

Then, the resisting tensile stress of the silicone sheet against sliding of the active soil body is around 10
times lower with respect to the magnitude of the shear stresses required to develop the critical slip
surface in the soil. No correction of the soil displacements for the resisting forces of the silicone sheet

are deemed necessary.
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8 Digital Particle Image Velocimetry (DPIV)

In our small-scale tests, Digital Particle Image Velocimetry (DPIV) techniques were used to determine
the deformations of the sand body and the sheet pile wall. DPIV techniques have been widely employed
for the computation of full-field soil displacements in experimental set-ups. For our tests, a digital
photograph (image-) sequence with an interval of five seconds is assembled during the tests, which is

used as input data for the algorithms and analysis techniques that underpin DPIV.

Section 8.1 describes the factors which are decisive for the achieved precision and accuracy of the soil
displacements. In Section 8.2, three different DPIV software; OpenPIV (Liberzon, Gurka and Taylor,
2020), GeoPIV-RG (Stanier et al, 2015b) and PIVlab (Thielicke, 2019), are utilized in order to investigate
the influence of computational details of the DPIV software on the accuracy of the soil displacements.
Based on these results, we decide which of the three DPIV software will be used for the analyses of the
test results. Furthermore, the results obtained for different sets of input values of the user-defined DPIV
parameters have been analysed and compared. This analysis is worked out in Section 8.2. Lastly, in
Section 8.3, we explain the procedure to calculate the axial strains in the geogrid by means of the soll

displacement results from DPIV in Section 8.3.

8.1 Factors influencing the accuracy of DPIV

To calculate the soil displacements, DPIV uses digital image correlation (DIC) algorithms that finds
correspondences between the pixels of a grey-scale image pair A-B. Image A is subdivided into smaller
interrogation areas and the particle pattern of each interrogation area is traced back in image B by
means of cross-correlation. The peak value of the correlation matrix is assumed to be the new location
of the interrogation window in image B (Thielicke, 2014). The displacement is the distance between the
location of the interrogation window in image A and the new location in mage B. If the new locations of
all interrogation areas of the reference image can be detected in subsequent images, the displacement

of every interrogation area can be computed.

Previous studies, such as (Stanier, Blaber, Take and White, 2016), (Wood, 2012), (Dijkstra et al., 2008),
(Thielicke, 2014), (Teng, Stanier and Gourvenec, 2016), (Chen, Omidvar and Iskander, 2016) suggest

that several factors may influence the accuracy of the soil displacements derived with DPIV, like

e the resolution of the image,

e the photogrammetric correction,

e the sand particle size to pixel ratio,

e the image texture quality,

e computational details such as the cross-correlation algorithm,

e order of shape functions,

e subpixel peak estimator and

e the choice of the values for the user-defined input parameters may unwittingly lead to

inaccuracies due to spurious numerical artefacts (Stanier et al, 2016).
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Hence, thorough consideration must be taken for the choice of the input parameters. The following
paragraphs discuss each of these factors.

8.1.1 Resolution of the image

A Canon EOS 750D camera with a resolution of 24 megapixels (6000 x 4000) was positioned on a tripod
in front of the test box, approximately 1 m spacing in between. Although the exposure settings slightly
varied between the tests, the general settings used were a 1ISO-speed of 100, relative aperture of /6.3
and shutter speed of 1/125 sec. The area captured on the photo was limited to the test box. Full use of
the 6000 x 4000 pixels was not possible due to:

o differences in aspect ratio between the box and the camera image

e restraints with respect to positioning the camera.

Therefore, the effective area of the region of interest was 4000 to 2800 pixels. The area slightly varied
per test due to camera positioning (about 200 pixels horizontal and/or vertical). The exposure settings
of relative aperture (the focal length with respect to the absolute aperture size), shutter speed and ISO
speed were chosen such that:

e noise is minimalized

e the contrast in pixel intensity is optimized.

The latter indicates that the most frequent intensities of the image histogram are spread out as much as
possible to the full range of the data, i.e., from 0 to 255 in 8-bit images. Intensity histograms with a
uniform distribution were obtained. Figure 45 shows the normalized histogram of the pixel intensity
distribution of one of the tests with values between 38 and 243. A range of values between 20 and 255

is considered as a high-quality image (Stanier et al, 2016).

It is concluded that our digital photographs are of sufficient quality in order to derive the soil
displacements using DPIV.
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Figure 45: Histogram of pixel intensity values for which the soil domain only is included (right).
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8.1.2 Photogrammetric correction

A photogrammetric correction aims to solve camera lens distortions and relative movements between
the camera and the test model, which would lead to errors in the conversion of image space units (pixels)
to object space units (mm) (Teng et al, 2016). For the calibration to object space units, the mathematical
models incorporated in the DPIV software in order to correct for photogrammetric distortion were not
utilized as we expect the photogrammetric distortion to be minimal. There is no rotational or translational
movement between the camera and test model during the test. Furthermore, ArUco markers were
placed on the test box at the corners of the soil domain as depicted in Figure 46. These markers serve
as a fiducial marker system, which can be used for camera pose estimation (Garrido-Jurado et al, 2014).
Subsequently, a mathematical correction could be applied to offset the in-plain misalignment of the test
box relative to the camera. Prescribed functions were implemented to detect the four ArUco markers
and calculate the transformation matrix to transform the image coordinates of the center of the ArUco
markers to the corrected image coordinates such that the ArUco markers form a surface parallel to the

camera surface (OpenCV team, n.d.).

AruCo
marker

mm/pixel in hor. direction

mm/pixel in vert. direction

(a) (b)

Figure 46: Example image of image sequence during one of the experiments. Figure 10a shows the original
photo. Figure 10b shows the image after a perspective transformation. Note that the three dots on the right sight
of the soil domain were for some tests additionally applied on the silicone sheet in order to determine the relative
displacement between the silicone sheet and sand (see the chapter ‘Boundary effects’ for more information).

Lens distortion is expected to be of minimal influence on the computed soil displacements because of
three reasons. First, we expect that the camera-lens-induced distortions do not change during the
experiment, because (a) the lens is not subjected to stress changes in a 1g experiment and (b) the
incidence of light is controlled by artificial light sources and by simultaneously blocking daylight.

Accordingly, erroneous displacement computations can only occur due to:

1. adifference in calibration factor (from pixels to metric units) between the area of the image
frame where the soil displacements take place and the area of the image frame where the
calibration factor is determined actually, and

2. ‘local lens distortion.
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With ‘local’ lens distortion, lens distortion on the scale of the soil displacements is meant. Due to local
lens distortion, DPIV will compute ‘lens-distorted’ displacements which may deviate from the true
displacements. Second, the lens distortion is investigated by comparing the original image with the
image, which is corrected for lens distortion. In order to investigate to what degree the image is distorted,
a picture was taken from a chessboard of which the distance between the corners of all squares are
known. By means of prescribed functions, the tangential and radial lens distortion has been determined
(OpenCV Team, 2019). A mean total lens distortion of 0.15% has been computed.
The horizontal — and vertical calibration factor is determined by the known distance in metric units
between the black stripes on the sidewall and the measuring tape glued on the inside of the sidewall
(see Figure 46). The error in the calibration factor will be close to the mean lens distortion of 0.15%.
In the area close to the SPW, where most soil deformation takes place, the ‘local’ lens distortion is
smaller than 1 pixel (i.e. difference between coordinates of corrected and non-corrected image).
Therefore, it can be stated that the error of the displacements will be close to 1 pixel (approximately 0.1
mm). Third, the image is corrected for tangential lens distortion because the pixel values have been
interpolated (bilinear interpolation) between the corrected image coordinates in order to perform the
perspective transformation of the image (OpenCV team, n.d.). Therefore, the total lens distortion will be

smaller than the lens distortion determined with the images of the chessboard.

Concludingly, the benefit of a photogrammetric correction does not outweigh the negative consequence
of obscuring to a larger extent the zone of interest because of the need of more calibration points. Figure
46 shows an example image of one of our experiments in the small-scale test box. The horizontal — and
vertical calibration factor is determined by the known distance in metric units between the black stripes

on the sidewall and the measuring tape glued on the inside of the sidewall.

8.1.3 Cross-correlation algorithm

Thielicke (2014) gives two approaches to solve the discrete cross-correlation function for two discretely
sampled images. The first approach is to solve the discrete cross-correlation function in the spatial
domain, which is commonly known as Direct Cross-Correlation (DCC). The second approach solves the
discrete cross-correlation function in the frequency domain by fast Fourier transformations. This
approach is known as Discrete Fourier Transform (DFT) (Thielicke, 2014) (Pust, 2006). The DFT was
introduced as a cross-correlation function solver to reduce the computation time (Pust, 2006). However,
this advantage out weights the reduced accuracy as demonstrated by the analysis of (Thielicke, 2014),
who compared the results obtained with DCC and DFT. The reduced accuracy is a consequence of the
requirement that the search area in image B must be of identical size as the interrogation window in
image A for the DFT to work properly. As a result, soil displacement will be lost as every translation or
rotation can never be fully captured (Thielicke, 2014). Additionally, erroneous correlation matrices can
be computed when soil displacements are large relative to the size of the interrogation window. The
underlying Fast Fourier transform (FFT) converts the intensity values enclosed by each spatial
interrogation window to a representation in the frequency domain. The intensity values are described

by a periodic function as a result. The intensity peak value, corresponding to the new location of the
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interrogation window, will be folded back if the displacements are larger than half the size of the
interrogation window (Thielicke, 2014). Because DCC is well defined for finite regions and can cope with
different interrogation window and search area sizes in contrast to DFT, these risks do not apply for
DCC. The accuracy and precision of the DFT approach was improved by introducing multiple passes
(Thielicke, 2014). The displacement is computed by running several passes of the DFT, whereby the
size of the interrogation window is relatively large for the first pass and smallest for the last pass
(Thielicke, 2014). The results of the first pass are used to optimize the location of the search area of the
second pass. The drawback of the improved accuracy of this method is that the computational time will

be increased

8.1.4 Shape functions

Shape functions are used to deform the interrogation window such that the correlation of the image pair
is optimized. The order of deformation of each interrogation window which can be computed depends
on the order of the shape function. When zero-order shape functions are used to relate image
coordinates in image A to coordinates in image B, only pure translation of the interrogation window can
be computed. First-order shape functions allow the interrogation window to deform by translation,
rotation, shear and normal strains (Schreier and Sutton, n.d.). More complicated deformations can again
be computed with higher-order deformations. If the soil deformations are of higher order, higher
precision and accuracy will be achieved with higher order shape functions. Also, ‘random walk errors’
will be reduced (Stanier et al, 2016). These errors have to do with the computation scheme of all images
captured during the test. We will elaborate on the random walk errors when we discuss the computation

scheme

8.1.5 Subpixel peak estimator

When the cross-correlation matrix of an image pair is calculated by means of one of the correlation
algorithms, the peak value can be found at integer pixel precision. Because displacements are
continuous functions, a subpixel estimation of the displacements is required in order to prevent large
inaccuracies. The DPIV software makes use of interpolants in order to estimate the peak value at
subpixel precision. A function is chosen which is assumed to best describe the distribution of the cross-
correlation matrix. This function is fitted to the correlation values at integer pixel precision. Accordingly,

the peak estimated by this interpolated function gives the estimated displacement at subpixel precision.
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Figure 47: Principle of the subpixel peak estimator technique. The Gaussian 2-3-point fit is employed
(Thielicke, 2014).

Figure 47 shows the principle. Here, a Gaussian distribution is assumed as interpolant (Thielicke, 2014).
The DPIV software differ greatly in the way they estimate the subpixel peak value of the correlation
matrix. But all software uses a form of interpolation. The need to interpolate between the values at
integer pixel precision lead to accuracy errors. These errors will be very small for advanced DPIV

software under the assumption that the image quality is high.

8.1.6 Computation scheme

The displacement is computed between two images. There are different ways to calculate the total
displacement from the first to the last image of the entire images sequence. The firstimage can be taken
as reference for every image, such that we get the scheme ‘1-2, 1-3, 1-4,..1-N’. Here ‘1’ represents the
first image at the start of the test and N is the last image at the end of the test. This scheme will lead to
accuracy errors when the soil deformations are large (Stanier et al, 2016). DPIV software with first or
higher order shape functions will not suffer from this accuracy loss as the interrogation window can
adapt to the deformed shape. Another option is to update the reference image after every computation
such that the scheme becomes ‘1-2, 2-3, 3-4,..(N-1)-N’. This computation scheme is sensitive for
random walk errors (Stanier et al., 2016). If the updated location of the interrogation window contains
an error, and this location is taken as reference for the computation of the successive image pair, the
errors will add up. In particular, this error will be significant for strains in low deformation zones and small
spacing between the interrogation windows (Stanier et al, 2016). Since strains are the derivatives of the
displacement fields, the errors will amplify. They will amplify even more if the computed displacement

vectors per area increases.
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8.1.7 Particle diameter to pixel ratio
The spatial resolution is discrete, because the image data is stored as a pixel array. Every pixel has an
RGB value, which is in de DPIV software converted to one intensity value. On one hand, every grain
must be presented by sufficient pixels such that the displacement of each grain can be computed.
D
i

Previous studies recommended a particle diameter to pixel ratio (p%) > 4 to avoid accuracy errors of

el
the type ‘peak-locking’ (Stanier et al, 2016). The peak-locking effect has to do with the peak finding
calculation procedure. These accuracy errors can become significant if the particle diameter to pixel

ratio is unfavourable.

One can imagine that the correlation values close to the peak value are relatively low if the grains are

. . . . . D .
not overlapping multiple pixels, which is the case for low values of pTSZz . As a consequence, there is

bias in the computed displacements towards the integer pixel value closest to the correlation peak
(Stanier et al, 2016). This bias is generally defined as the ‘peak-locking’ effect. Basically, if the true
displacement is a non-integer pixel value, the interpolation process will fail to correctly calculate the new

location of the interrogation window.

On the other hand, Stanier et al. (2016) and Thielicke (2014) demonstrated that also large accuracy

errors will occur for large Sixel in case the grains lack contrast (Stanier et al, 2016) (Thielicke, 2014). If

Dso
i
a grain is described by multiple pixels and all pixels give similar intensity values as they are of uniform

colour, spurious peaks will develop leading to correlation noise (Stanier et al, 2016).

Analysis of the optimal particle diameter to pixel size ratio in PIVIab showed a local minimum of the error
at a particle diameter equal to 1.8-2 pixels for DCC correlation technique and 3.5-4 pixels for more
advanced window deformation algorithms (DFT correlation technigue with multiple passes) (Thielicke,
2014) . A similar analysis in GeoPIV-RG demonstrated that peak-locking is only present for particle
diameters smaller than 2 pixels (Stanier et al, 2016). The latter analysis studied image particle

diameters up to 8 pixels.

The particle size diameter in pixels is not the only cause for potential peak-locking effect. The quality of

the image texture can be a second cause of this effect.
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8.1.8 Image texture quality — contrast resolution

In particular, the computational precision of the cross-correlation function used to derive the
displacement of each interrogation window between an image pair is greatly influenced by the image
texture (Stanier et al, 2016). Sufficient contrasting pixel values must be present within each interrogation
window such that sufficient information is provided to derive precise correlation. Hence, not only the
resolution in terms of pixels per area is relevant, but also the contrast resolution in terms of intensity
differences between the sand particles. In our situation, the density of the soil is very high and the grains
are relatively small (Dso = 0.137 mm). Since the density is high, very little contrast in terms of light
reflection will be obtained between voids-grains. The contrast resolution relies mainly on the difference
in colour (grey-scale) between the grains. Most contrast was observed between sand grains and the low

share of organic matter in the sand. Figure 48 shows a close up of the soil domain

Figure 48: : Close-up of soil domain.

A measure of the contrast resolution is the standard deviation of the interrogation window intensities o
(Stanier et al, 2016). The standard deviation is computed for an interrogation window size of 100-100,
50-50 and 10-10 pixels in the area below the footing where most deformation is expected.
This resulted in standard deviations of

g, ~ 6.1, 0, 5.2, and g, ~ 5.8 respectively. According to (Stanier et al, 2016), these are low standard
deviations which results in low precision of the soil displacements as the cross-correlation coefficients

are low.

(A 6.1 oy, & 5.2 O & 58
Mean ~ 139 Mean =~ 141 Mean ~ 141
Min val =~ 94 Min val =~ 121 Min val ~ 126

Max val =~ 160 Max val =~ 156 Max val =~ 152

Figure 49: Different size of interrogation window (from left to right a size of 100-100 pixels, 50-50 pixels and 10-10
pixels) and corresponding standard deviation.
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8.1.9 User-defined parameters
The parameters which need to be defined by the user is slightly different between the DPIV software.
Here, we will discuss the considerations that must be made when choosing the size of the interrogation

window and spacing between the interrogation windows.

As described above with regard to the contrast resolution, precision of the measurement deteriorates if
the contrast within an interrogation area is too low. The lower bound of the interrogation window size is
defined by the area of the required minimum number of contrasting particles. Stanier et al. (2016)

recommends a minimum of 10 contrasting particles in each direction. This means at least 100 particles

Dso _ 0.137mm
pixel 0.108 mm

per interrogation window size. For our digital images, = 1.3. Accordingly, 1 grain is

presented by 1.3 pixels. Therefore, the lower bound of the interrogation area is 13-13 pixels, which
corresponds with 1.4 mm-1.4 mm. However, we should take note of the fact that not all individual grains
are visible in the image as can be observed in Figure 48. The assumption that each individual grain
provides sufficient contrast is likely not valid. Analyses between different size interrogation windows
must confirm whether larger interrogation areas are required in order to obtain high value correlation
matrices. Figure 49 shows that the contrast did not increase when the size increased from 10-10 pixels
to 100-100 pixels. Therefore, it is expected that the accuracy will not be improved when taking a larger
interrogation window. Meanwhile, a larger interrogation window will have a negative impact on the
accurate computation of the displacements of the shear band along the geogrid. Since this shear band
is expected to be thin, only an interrogation area of similar or smaller thickness can track the

displacement of this shear band properly.

Teng et al. (2016) mentions that the upper bound of the interrogation area is generally defined by the
scale of the local soil deformations (Teng et al, 2016). The soil within each interrogation window is
treated by DPIV as a small portion of soil that deforms continuously. Accuracy errors increase if the local
deformations within the interrogation window becomes significant. These local soil deformations have
been estimated to be of the order of approximately 10Dso (Wood, 2012). Because we use a relatively
small sand particle with a Dso of 0.137 mm, the size of the upper bound of the interrogation window is

similar to the lower bound of the size of the interrogation window. Teng et al. (2016) adds that resolution

Dsg

images in terms of, —
pixel

even higher than 4 are likely to be required in order to measure the local

deformations in granular soils (Teng et al, 2016).

Another parameter which must be defined is the spacing between the interrogation windows. Since the
strains are the derivatives of the displacements fields, large overlapping ratio (spacing relative to the
size of the interrogation window) will amplify the accuracy errors of the computed displacement in the
strain results (Stanier et al, 2016). When the overlapping ratio is taken too small, there is a risk that
details will be lost (Stanier et al, 2016). Hence, the accuracy error of the computed displacements must

be evaluated in order to determine for which spacing the error becomes too large.
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The final interrogation window size is chosen by comparing the soil displacement results for different
interrogation window sizes. Hereby, the accuracy of the soil displacements is balanced out against the
computation time. According to literature, either the sand particle size or the pixels per area must be
increased in order to obtain a particle diameter to pixel size ratio of at least 2 and preferably around a
value of 4. The soil displacement results have been checked on potential accuracy errors in order to

justify the decision of the particle diameter which will be used for the experiments.

8.2 Calculating soil displacements and strains

In Section 8.2.1., the soil displacement results of the three different DPIV programs are compared.
Based on these results, it is decided which DPIV program will be used for further analysis. In Section
8.2.2., it is investigated which value of the input parameters (resolution of image, interrogation window

size and overlapping ratio) can be used with regard to accuracy and computational time best.

8.2.1 Comparison of three DPIV software programs
Three different DPIV software programs have been used to compare the computed soil displacements

for different computational approaches:

e PIViab
e GeoPIV-RG
e OpenPIlV

These programs differ in their computation procedure, including the implemented cross-correlation
function solver, subpixel peak estimator and accuracy optimization of the entire field of displacement
vectors of all images. PIVlab has implemented several calculation procedures. The calculation
procedure using DFT with multiple passes, that showed highest accuracy of all methods, is available in
PIViab (Thielicke, 2014), and will be compared with the calculation procedure in GeoPIV-RG. Because
OpenPlV uses zero order shape functions, higher accuracy is expected to be obtained with PIVIab and
GeoPIV-RG that use first order shape functions. However, because of significantly higher computation
speed, the results of the OpenPIV software are also inspected. Table 6 gives an overview of some of

the computational details of the programs.

In order to investigate which software and what user-defined input parameters lead to an accurate
prediction of the soil displacements, the results of the DPIV software have been compared with the
displacement results of manually tracked grains. The plugin MTrackJ of ImageJ (Meijering, n.d.) has
been used to track several grains in the soil with an interval of 20 images. Figure 50 shows all manually
tracked grains in the soil. The black particles, identified as organic matter, were tracked as these were
best visible with the naked-eye. Additionally, points on the geogrid are tracked in order to investigate
whether the soil displacements can be used to compute the displacement of the geogrid and strain in

the geogrid. This is further investigated in chapter 7.5.
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Figure 50: Location of manually tracked points in reference image.

First photo Last photo

Figure 51: Tracking procedure
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The correlation method, order of shape function and computation scheme of the three DPIV methods,
which have been analysed, are summarized in Table 6. For all methods, the interrogation window and
spacing were set to 40 pixels (=10.8 mm) and 20 pixels (5.4 mm) respectively for an image resolution
of 0.27 mm/pix1°. The resolution was reduced by replacing the pixels by 2.5 times larger pixels, which
values were determined by means of bilinear interpolation. Because a bilinear interpolation was applied,
it can be argued that the information of the higher resolution images is inherently included, while taking
into account bias from the interpolation method. Because of a reduction in computational time of
1 -2 days for a resolution of 0.108 mm/pix to a couple of hours for 0.27 mm/pix, the difference between
the three DPIV methods has been examined with the lower resolution.

Table 6: Computational details of the three analysed DPIV methods.

Software DIC method Order of shape Computation Size Spacing
function scheme of image . .
; interrogation between
pairs h
window . .
interrogation
iX
[pix] window
[pix]
OpenPIVit DFT Zero 1-2, 2-3, 3-4,..(N-1)-N | 40 20
GeoPIV-RG Normalized DCC First Pre-conditioned 40 20
optimization*?
PIViab DFT with multiple First 1-2, 2-3, 3-4,..(N-1)-N | Pass 1: 160 Pass 1:80
passes Pass 2: 80 Pass 2: 40
Pass 3: 40
Pass 3: 20

10 As a result of the bilinear interpolation method (see Section 8.1.2), the scale factor (mm/pix) is more or less equal in horizontal
and vertical direction.

1 For the OpenPIV software, the user need to define the size of the search zone in the ‘target’ image with which the
interrogation window in the ‘reference’ image is correlated. The size of the search zone was set to 80 pixels (square).

12 GeoPIV-RG uses automatic reference image updating schemes (Stanier et al, 2015a)
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Figure 52: Total soil displacement against applied load for track 1, located close to the SPW just above the upper

geogrid (see Figure 50). The black line, labelled ‘Track 1, is the result from the manual tracking.
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Figure 53: Total soil displacement against applied load for track 4, located ~3 cm below the centre of the loading

plate (see Figure 50). The black line, labelled ‘Track 4’, is the result from the manual tracking.
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Figure 54: Total soil displacement against applied load for track 9, located close to the SPW just above the
bottom geogrid (see Figure 50). The black line, labelled ‘Track 9’, is the result from the manual tracking.

It can be noticed that the results of OpenPIV overestimate the soil displacements. Because we value
the higher accuracy more than the computational speed, the use of OpenPIV is ruled out. Both the
PIVilab and GeoPIV-RG results correspond very well with the manually tracked particles. The deviation
is well within the error of approximately 1 pixel (= 0.27 mm/pix) which arises from the manual tracking.
Because GeoPIV-RG is originally designed for geotechnical engineering research applications, and the
results correspond slightly better to the manual tracked point, it was decided to continue with

GeoPIV-RG for the computation of the soil displacement in the experiments.
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8.2.2 Comparison input parameters
The following values of the input parameters were used in previous subsection for the soil displacement
results of GeoPIV-RG:

e animage resolution of 0.27 mm/pix;
e an interrogation window size of 40 pixels;

e an overlapping ratio of 20%, i.e. a spacing of 20 pixels.

In this section, it is first examined whether peak-locking effects are present in the results obtained with

previously used values of the input parameters.
Second, it is examined whether:

1. the original resolution of 0.108 mm/pix leads to higher accuracy;
2. asmaller interrogation window reveals more soil deformation information;

3. the overlapping ratio of 50% leads to bias in the computed strains.

In order to investigate point 1, the GeoPIV-RG soil displacements results for an image resolution of
0.27 mm/pix were compared with an image resolution of 0.108 mm/pix for a similar interrogation window
size in metric units, namely a size of = 10.8 mm-10.8 mm and a spacing of = 5.4 mm. Figure 55 to

Figure 57 compare the resulting soil displacements for point 1, 2 and 4 respectively.

In order to investigate point 2, we compare Figure 59a and Figure 59b. Figure 59a shows the strain
plots obtained with a resolution of 0.108 mm/pix, an interrogation window size of 30 pixels (=3.2 mm)
and an overlap of 15 pixels. Figure 59b shows the strain plots with a resolution of 0.27 mm/pix, an

interrogation window size of 40 pixels (= 10.8 mm-10.8 mm) and a spacing of 20 pixels.

In order to investigate point 3, we compare Figure 59b and Figure 59c. Figure 59b shows the strain plots
obtained with an interrogation window size of 40 pixels and an overlapping ratio of 50% (20 pixels) and

Figure 59¢ shows a similar window size but a smaller overlapping ratio of 20% (8 pixels).

Initially, it was intended to compare the results with the larger interrogation window size with the results
obtained with a resolution of 0.108 mm/pix and an interrogation window size of 14 mm-14 mm for the
investigation of point 2. This upper limit was required in order to capture the local soil deformations as
explained in Section 8.1.9. However, this analysis turned out to lead to extremely low cross-correlation
coefficients in the order of 10 on a scale of -1 to 1, where 0 means no correlation. At larger window

sizes, the information of local deformations would be lost.

The strains are computed according to the definition of ‘linear strains’ also named ‘engineering strains’.
See Appendix B for the calculation procedure of the soil strains in accordance with White and Bolton
(2004).
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Figure 55: Comparison of total soil displacements obtained from the GeoPIV-RG results with digital test photos as
input data with either a resolution of ~0.27 mm/pix or ~0.108 mm/pix. The results are plotted for track 1 (see Figure
50), which location is denoted by the red square in the schematisation of the test set-up included at the bottom right
of this figure.
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Figure 56: Comparison of total soil displacements obtained from the GeoPIV-RG results with digital test photos as
input data with either a resolution of ~0.27 mm/pix or ~0.108 mm/pix. The results are plotted for track 4 (see
Figure 50), which location is denoted by the red square in the schematisation of the test set-up included at the
bottom right of this figure.
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Figure 57: Comparison of total soil displacements obtained from the GeoPIV-RG results with digital test photos as
input data with either a resolution of ~0.27 mm/pix or ~0.108 mm/pix. The results are plotted for track 9 (see
Figure 50), which location is denoted by the red square in the schematisation of the test set-up included at the
bottom right of this figure.

Figure 58 shows the normalized histograms of the displacement magnitudes for an interrogation window
size of 40-40 pixels and an overlap of 20 pixels. In case peak-locking is evidently present, a saw-toothed
histogram would be observed with high frequencies at the integer pixel coordinates (Stanier et al, 2016).
The histograms show no obvious peak-locking effect, which confirms accurate predictions at subpixel
scale.
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Figure 58: Normalised displacement histogram at an applied load of ~0.48 kN (i.e. 48 kg).
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Figure 59 shows the total horizontal strain (left), total vertical strain (middle) and total shear strain (right).
The upper row shows the results obtained with a resolution of 0.108 mm/pix, an interrogation window of
30 pixels and overlapping ratio of 50%. The middle row shows the results obtained with a resolution of
0.27 mm/pix, an interrogation window of 40 pixels and overlapping ratio of 50%. The bottom row shows
the results obtained with a resolution of 0.27 mm/pix, an interrogation window of 40 pixels and
overlapping ratio of 20%.
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Figure 59: Strain plots (horizontal, vertical and shear strain) generated with different interrogation window size
and/or spacing. The upper row (a) shows the results obtained with a resolution of 0.108 mm/pix, an interrogation
window of 30 pixels and overlapping ratio of 50%. The middle row (b) shows the results obtained with a resolution
of 0.27 mm/pix, an interrogation window of 40 pixels and overlapping ratio of 50%. The bottom row (c) shows the
results obtained with a resolution of 0.27 mm/pix, an interrogation window of 40 pixels and overlapping ratio of
20%.
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The following was noticed from the comparison of (Figure 59a) and (Figure 59b):

There is no substantial difference between the strain results obtained with the smallest
interrogation window size (3.2 mm) possible compared to the results obtained with an
interrogation window size of 10.8 mm.

The shear band is less sharp for the results obtained with an interrogation window size of
10.8 mm.

The following was noticed from the comparison of (Figure 59b) and (Figure 59c):

8.2.3

There is no substantial difference between the strain results obtained with either an overlapping
ratio of 50% or 20%.
The shear band is less sharp for the results obtained for an overlapping ratio of 20% compared

to the results obtained for an overlapping ratio of 50%.

Conclusions regarding DPIV program and input parameters

From the comparison of the load-displacement curves in section 8.2.1, it is decided to use the DPIV

program GeoPIV-RG for further analyses of the small-scale experiments. The soil displacements agreed

very well with the manually tracked results. The deviation is < 1 pixel (= 0.27 mm/pix). Since we assume

high accuracy for the manually tracked points, we also trust the GeoPIV-RG results.

Since no peak-locking effect was observed for the results obtained with an interrogation window size of

40 pixels and a spacing of 20 pixels in Figure 58, the reliability of the results obtained with these input

parameters is ensured.

The following conclusions are drawn concerning the input parameters:

Since there is no substantial difference between the displacement results obtained with a
resolution of 0.108 mm/pix and the images with 0.27 mm/pix, it was decided to compute the
displacements of the experiments with the 0.27 mm/pix image resolution.

Also, the benefit of reducing the interrogation window to a size smaller than 40 pixels does not
outweigh the negative effect on the computation time. A drawback is that the slip surface(s) in
the strain plots are less sharp. However, because no more information, i.e. local deformations,
can be retrieved from the figures derived with the smallest interrogation window, we decide to
continue with the reduced size images with an interrogation window of 40 pixels (= 10.8
mm-10.8 mm).

There are no indications of increased accuracy errors due to the use of a too high overlapping
ratio. Therefore, an overlapping ratio of 50% is used to enhance the displacement vector field

and so the sharpness of the slip surface.
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Attention must be paid to the computation of the strains in the geogrid. It is crucial that the displacement
of the shear band along the geogrid is computed accurately in order to derive reliable strains in the
geogrid. From Figure 59, it can be observed that there were more outliers in the results of the analysis
with a 40 pixels interrogation window size and a resolution of 0.27 mm/pix (Figure 59b) than with the
analysis with the reduced window size and higher resolution (Figure 59a). Since the results with smaller
interrogation window (Figure 59a) did not reduce the amount of outliers compared to (Figure 59b), we
suppose it is a negative consequence of the reduced resolution. In particular close to the SPW, the
accuracy decreased. For the calculation of the strains in the geogrid close to the SPW, it is likely that
an improvement can be obtained with the higher resolution images. Therefore, the images with higher

resolution are used for the derivation of the tensile strain in the geogrid.

8.3 Calculation procedure of the strain in the geogrid

The axial strain in the geogrid is derived in two ways:
1. by making use of the soil displacements obtained with GeoPIV-RG (Stanier et al., 2015);
2. by manually tracking the transverse ribs which were visible on the photos using MTrackJ

(Meijering, n.d.).

8.3.1 Strain in geogrid derived from GeoPIV-RG

In order to derive the strains in the geogrid from the computed soil displacements, we assumed that the
geogrid displacements are equal to the soil displacements close to the geogrid. The underlying
assumption is that we assume a fully rough interface between the geogrid and the grains, such that

)

grid-soit = - Here §g.1q_50i is the friction angle between soil and geogrid and ¢ = the internal friction

angle. In this way, a shear band of soil would develop around the geogrid which displacements can be

computed by means of DPIV.

shear band

geogrid

Figure 60: Assumption for calculation procedure of the strain in the geogrid
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The axial strain in the geogrid is calculated according to the following calculation procedure:

The initial location of the geogrid in the reference image is determined manually.

2. The location of the geogrid is subsequently described by a set of points on the geogrid (every
5 mm along the geogrid a point). Accordingly, the length of the geogrid is subdivided by intervals
of 5 mm, which corresponds to the average distance of 5 mm between two transverse ribs.

3. The new location of each point on the geogrid is calculated by adding the horizontal and vertical
displacement between the subsequent image and the reference image.

4. For each length increment of originally 5 mm, the new length is calculated using the
Pythagorean theorem.

5. The axial strain is calculated as the change in length of the length increment relative to the

original length of 5 mm.

Step 2-6 was repeated for consecutives images until the end of the test.

8.3.2 Strain in geogrid derived from manual tracking transverse ribs on the
test photos

This calculation procedure has been used to validate the computed strains in the geogrid by making use
of the soil displacements computed with GeoPIV-RG. Test 22 was chosen as validation test as the top
geogrid was fairly good visible on the photos. Figure 61 shows all manually tracked transverse ribs.
Again, Pythagorean theorem has been applied to calculate the length increment between adjacent
transverse ribs. The difference in length between two adjacent ribs between the first photo and
subsequent photos gives the strain in the grid. Alike the calculation procedure described above, the
strain can be computed as the strain between two ribs relative to the initial distance between the ribs on
the first photo. For most tests, the transverse ribs of the geogrid are not or very poorly visible on the
photos due to sand covering the geogrid. Also for test 22, the front part of the geogrid and the part
behind the critical slip surface are poorly visible when soil has displaced in these areas. Figure 62 and
Figure 63 show a close up of a manually tracked transverse rib below the footing plate and a transverse
rib located behind the active zone respectively. The transverse rib in the active zone, below the footing,
is at the end of the test still distinguishable from the surrounding soil. However, the transverse rib behind
the active zone has been covered by soil during the test and is already halfway the test almost not
distinguishable from the surrounding soil. Since one pixel corresponds to ~0.1 mm, a maximum
accuracy error of the displacement of 0.1 mm is expected for the tracked transverse ribs within the active
zone and more than ~10 mm distance away from the SPW. Close to the SPW, the transverse ribs are
also covered by soil and therefore difficult to track. For the tracked transverse ribs inside and behind the
critical slip surface, an accuracy error of the displacement of the transverse rib is estimated to be in the
range of 0.5-1 mm. Then, the maximum accuracy error in the computed length increment between two

adjacent transverse ribs is 0.28 mm?*2 and 2.8 mm for the area within the active zone and the area behind

13 The length increment between two tracked adjacent points i and i+1 is calculated according to Pythagorean theorem:
Lincremene = Ax? + Ay? where Ax = Ax;,, — Ax; and Ay = Ay;,, — Ay;. The maximum accuracy error of the horizontal and
vertical distance between two adjacent transverse ribs, Ax and Ay, is twice the maximum accuracy error of the newly
determined location of each transverse rib. For an accuracy error of the displacement of 0.1 mm, the maximum accuracy error

of the length increment between two transverse ribs is Licremen: = /Ax% + Ay2 = J(0.2mm)? + (0.2 mm)? = 0.28 mm.
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the active zone respectively. Translating the accuracy error of the length increment for a initial length

between two ribs of 5 mm to an accuracy error for the computed strains in the geogrid, a maximum

0.28mm _

accuracy error of ( — —) 0.056 and 222 =) 0.56 is estimated.

5 s5mm

Figure 61: All tracked transverse ribs in order to compute the difference in length between the adjacent ribs and
calculate the axial strain. The transverse ribs are ~5 mm apart from each other.

First test photo Middle test photo Last test photo

Figure 62: Close up of a transverse rib inside the active zone, which has been tracked.

First test photo Middle test photo Last test photo

Figure 63: Close-up of the tracked rear end of the geogrid, which is located outside the active zone.
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8.3.3 Use of interpolated data to smooth the apparent spiky deformation of the
geogrid.

Numerical difference functions are especially sensitive to small variations in the discrete spatial
coordinates describing the location of the geogrid. The displacement of the geogrid is a continuous
function. However, this displacement is described by discrete pixel values. Using a numerical difference

eogrid by AXgeogrid and Aygeogrid
dy Ax Ay

. . . dx i dy . .
function to estimate the gradients 9219”" and —£ respectively gives an

error. From the horizontal- and vertical spatial coordinates describing the geogrid location, a new set of
cubic spline interpolated coordinates are generated according to (The MathWorks Inc., 2020b). From
the interpolated spatial coordinates, a less spiky, ‘smoothed’, shape of the geogrid is expected. This
shape is ought to be more in accordance with the real deformation of the geogrid. The deformed and
displaced geogrid computed with the raw data is compared and evaluated with the one obtained with

the smoothed data in chapter 7, as well as the results of the axial strains in the geogrid.
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9 Experimental results and analysis

Chapter 6 gave a description of the test set-up and the test procedure. In addition, Chapter 7 described
boundary effects and Chapter 8 looked at the digital particle image velocimetry that was used to analyse
the results of the experiments. This chapter looks at and analyses the test results. Section 9.1 gives an
overview of the test program. Section 9.2 evaluates the reproducibility of the experiment. Section 9.3
analyses the global failure mechanisms found and looks at the influence of geogrid length, load position
and the number of geogrids on the slip surfaces and deformations. Section 9.4 looks at the influence of
the same aspects on the load-displacement behaviour. Section 9.5 analyses the tensile strain and force
distribution along the geogrid. Hereby, the validity of the four considered PIV-calculation methods has
been investigated. Section 9.6 gives a final analysis of the results out of which conclusions have been

drawn.

9.1 Test program
Table 7 gives an overview of all tests that have been carried out. The tests are sorted per test

configuration.
The following parameters have been investigated:

¢ length of the geogrid: 6 cm, 11 cm, 13 cm and 18 cm;
e number of geogrids: one or two;
e position of the load: 3 cm, 6 cm, 8.4 cm and 13 cm;

e connection geogrid-SPW: connected or not connected for all tested geogrid lengths.

In total 41 tests have been performed. From these, 28 tests were ‘standard tests’; all with one or two
geogrid anchors while varying the parameters listed above. In addition, some different tests were
performed for comparison reasons. Two of these tests (number 47 and 48) were conducted without any
geogrid anchorage. In nine tests (number 31, 32, 35, 36, 41, 42, 43, 44 and 51), the geogrid was not
connected to the SPW. Finally, a set of five tests was performed to investigate to what extent the part
of the geogrid within the active zone contributes to the total resistance of the geogrid-anchor. For this
purpose, the part of the geogrid within the active zone was removed from an 18 cm geogrid-anchor,
such that only the end part of the geogrid was left. Figure 64 shows a close-up of the ‘half’ geogrid-
anchor. Two steel wires were used to connect the geogrid to the SPW. A 0.5 mm thick brass strip hooks
the geogrid, while the steel wire was pulled through the hook. Three different ratios of the length of the

grid and the wire have been manufactured and tested:

e a ‘half geogrid-anchor of which the first 10 cm is a steel wire and the last 8 cm is a geogrid;
e a ‘half geogrid-anchor of which the first 13 cm is a steel wire and the last 5 cm is a geogrid;
e a ‘half geogrid-anchor of which the first 13 cm is a steel wire and only the brass strip is

attached to it.
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Itis very likely that the brass strip contributes to the total resistance. The last of the three ‘half’ geogrid-

anchor types is included in the test program in order to determine the influence of the brass strip.

geogrid brass strip steel wires SPW

Figure 64: 'Half' geogrid-anchor of which the first 10 cm is a steel wire and the last 8 cm geogrid. Note that the
geogrid was straightened by pulling a PVD plate across the geogrid before pouring the sand on top.
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Table 7: Overview of tests

Test Number of geogrids, length of geogrid | Vertical distance Distance between Relative
geogrid load plate'* and density Ip
[em from top sheet pile wall [%]
SPW] [cm]
12/13 One; 11 cm 5 3 67 /71
14/15/26 One; 11 cm 5 6 73/ 74/ 109
16/17/45 One; 18 cm 5 3 68 /74/76
18/19 One; 18 cm 5 13 74173
20/21 Two; 18 (top layer) and 11 cm 5and 12 13 71/64
22/23 Two; 18 (top layer) and 11 cm 5and 12 3 74 /78
24725 97 /105
33/34 66 /67
27/28 One; 6 cm 5 3 92 /81
29/30 One; 6 cm 5 8.4 91/78
31/32 One; 6 cm; non-connected 5 3 68 /83
35/36 One; 6 cm; non-connected 5 8.4 81 /77
37* No geogrid - 3 67
38/39/40 One; first 10 cm free space + 8 cm grid 5 3 72/75/79
(‘half’ geogrid-anchor)
41/42 One; 18 cm; non-connected 5 3 75/76
43/44 One; 11 cm; non-connected 5 3 69/76
46 One; 6 cm; 5 3 68
47 No geogrid - 8.4 75
48 No geogrid - 3 71
49 One; first 13 cm free space + 5 cm grid 5 3 72
(‘half’ geogrid-anchor)
50 One; first 13 cm free space + 0 cm grid. 5 3 69
(‘half’ geogrid-anchor)
51 One; 13 cm; non-connected 5 3 67
52 One; 13 cm 5 65

* This test was not used for further analysis

1 The bottom load plate has a thickness of 1.5 ¢cm, a length of 10 cm and a width (in-plane direction of digital test photos) of 9
cm.
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9.2 Reproducibility of the tests

The reproducibility of the experiment has been investigated by comparing the (1) critical slip surface, (2)
soil displacement-load curves and (3) the SPW deformation for tests with one geogrid at 1/6% of the
height of the SPW and the 10 cm loading plate of the load at 3 cm from the SPW:

o three duplicate tests (test 16, 17 and 45) with one geogrid-anchor with a length of 18 cm.

e two duplicate tests (test 12 and 13) with one geogrid-anchor with a length of 11 cm.

9.2.1 Critical slip surface
Figure 65 shows the critical slip surface of the test configuration with one-geogrid anchor of either a

length of 18 cm (left figure) or 11 cm (right figure). The loading plate is positioned 3 cm from the SPW.
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Figure 65: Critical slip surfaces (‘planes’) of the test configuration with one geogrid-anchor of either a length of 18
cm (left figure) or 11 cm (right figure).

Figure 65b shows that tests 12 and 13 develop the same 25° straight slip surface. The agreement
between the results of test 16, 17 and 45 in Figure 65a is less, but still reasonable. This figure also
shows the development of the slip surfaces (denoted by ‘1t plane’) during the test, by showing two slip
surfaces for Test 16 and Test 45. First, the development of this straight slip surface was observed. At
continuous displacement of the soil and SPW, a curved slip surface turned out to be dominant. For the
‘1stplane’ an angle of 25° to the vertical is measured. The angle of the critical slip surfaces for Test 12
and Test 13 is equal to 25° also. The ‘straight’ slip surfaces, among which are the 1stslip surfaces?> of
Test 15 and Test 45 and the critical slip surfaces of Test 12 and Test 13 are identical. The critical slip
surfaces of Test 16, Test 17 and Test 45 differ. Test 16 and Test 45 show a more curved slip surface

compared to Test 17.

15 The author uses both ‘plane’ and ‘surface’ to denote the shear bands in the soil.
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9.2.2 Relation between soil displacement and applied load

Figure 66 gives the total soil displacement as a function of the applied load for three duplicate tests. The
test configuration consists of an 18 cm geogrid-anchor at a depth of 5 cm from the top of the SPW
(1/6™ the height of the SPW). The loading plate of the load is positioned 3 cm from the SPW. The
location of the plotted soil displacements is denoted by the red square in the schematization of the
general test-set up. This point in the soil domain is located 13 mm away from the SPW at a depth of
40 mm below ground surface level (50 mm below top SPW). The orange dots indicate the point in time
—and corresponding applied load - at which the full development of the 15t slip surface was observed in
the shear strain colour plots obtained from the DPIV results. It must be noted that the legend chosen of
the shear strain for the output colour plots determines at what point in time the slip surface becomes
clearly visible. The blue dots indicate the point in time when the critical curves slip surface is fully
developed.

10 T T T T ral T

——18 cm geogrid, load at 3 cm, ID = 68% (test 16) ‘

- --18 cm geogrid, load at 3 cm, ID =74% (test 17) ‘

--+--18 cm geogrid, load at 3 cm, ID = 76% (test 45)

total displacement point [mm]
T

3 4
applied load [kN/m]

Figure 66: Total soil displacement as a function of the applied load for three duplicate tests. The orange dots
indicate the magnitude of the applied load at which the full development of the 15 slip surface is observed. The
blue dots denote the magnitude of the applied load at which the critical slip surface is fully developed.

The following is observed from Figure 66:

e Ataload level <~3 kN/m, the total displacements between the three tests correspond very well.

e Ataload level > 3 kN/m, the total displacements between the three tests deviate significantly.
The maximum difference in soil displacements increases with load level.

e Test 16 and Test 17 show an abrupt increase in displacements at approximately a similar load
level of ~ 3.6 kN/m. However, the displacement continues to increase with a same rate for Test
17, while this rate reduces for Test 16.
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e Test 16 and Test 45 show most similarity. Between a load level of 3.5 kN/m and 4.5 kN/m, a
maximum difference in total displacement of approximately 3 mm is observed. At load levels

> 4.5 kN/m, the curves approach each other again.

The difference between Test 16 and Test 45 can be explained by the ‘stick-slip” mechanism in the soll
mass. After an equal amount of displacement of ~6 mm, both tests show that additional resistance is
mobilised. This increase in bearing capacity of the system after significant soil displacement can be

explained by:

e Additional passive resistance, which is mobilised in the silicone block due to the compressive
force of the laterally displaced SPW.

e Additional tensile force, which is mobilised in the geogrid at the intersection of the critical slip
plane. The actively sliding soil mass drags along the geogrid downward in the active zone, while

the part of the geogrid outside the active zone is hold in place by the soil.

Test 17 also shows this mobilisation of additional resistance for ~6 mm to 7 mm, but this occurs at a

much lower surcharge load (4 kN/m). The reason is not fully understood.

Figure 67 gives the soil displacement as a function of the applied load for two duplicate tests. The test
configuration consists of an 11 cm geogrid-anchor at a depth of 5 cm from the top of the SPW
(1/6™ the height of the SPW). The footing plate of the load is positioned 3 cm from the SPW. The location
of the plotted soil displacements is denoted by the red square in the schematization of the general test-
set up. This point in the soil domain is located 13 mm away from the SPW at a depth of 40 mm. The soill

displacement-load curves correspond very well.
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Figure 67: Measured soil displacement as a function of the applied load for two duplicate tests with one 11 cm
geogrid.
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9.2.3 SPW displacement

Figure 68 shows the SPW displacement for three duplicate tests at an applied load of 5 kN/m. The SPW
is anchored by a geogrid-anchor of 18 cm length at a depth of 1/6™ the height of the SPW. The loading
plate is positioned 3 cm from the SPW. The SPW displacement is derived by automatically tracking
points along the SPW based on the colour contrast of (a black line on) the sealing strip and the

surroundings.
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Figure 68: SPW displacement at an applied load of 5.0 kN/m for three duplicate tests (Test 16, 17 and 45) with
one 18 cm geogrid.

From Figure 68, the following is found:

¢ A maximum difference of ~2 mm displacement between the three tests is observed at the toe
of the SPW.

e Similar SPW displacements are found for Test 17 and Test 45 at the depth of 50 mm, which is
the depth of the point for which the total soil displacement-load curve is plotted in Figure 66.

e The difference in horizontal displacement between the tests reduces towards the top of the
SPW.

The largest lateral SPW displacements are found for Test 17, which corresponds with the test which
shows the largest soil displacements at an applied load of 5 kN/m in Figure 66. However, the similar
SPW displacements for Test 17 and Test 45 at a depth of 50 mm conflicts with the significantly larger
soil displacements at a load level of 5 kN/m in Figure 66. It must be noted that the automatically tracking
calculation procedure does not always result in very accurate SPW displacement results, the results of
the soil displacements are more accurate. This inaccuracy can (partly) explain the unexpected
differences between soil and the SPW displacements.
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Figure 69 shows the SPW displacement at different load levels for the three duplicate tests.
An abrupt large horizontal displacement of the SPW along the bottom of the box is observed between a
load level of 3 kN/m and 4 kN/m for Test 16 and Test 17, while for Test 45 the sliding is yet to start at a
load level of 4 KN/m. These observations correspond with the load level at which an abrupt increase in
total soil displacement is observed in Figure 66.
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Figure 69: SPW displacement at different load levels for three duplicate tests (Test 16, 17 and 45) with one 18 cm
geogrid.

Figure 70 shows the SPW displacement for the duplicate tests, Test 12 and Test 13, at a load level of
3.3 kN/m. The SPW is anchored by a geogrid-anchor of 11 cm length at a depth of 1/6!" the height of

the SPW. The loading plate is positioned 3 cm from the SPW. The SPW displacement of the duplicate
tests corresponds very well.

Figure 70: SPW displacement at an applied load of 3.3 kN/m for two duplicate tests (Test 12 and Test 13).
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Figure 71 shows the SPW displacement at different load levels for the duplicate tests Test 12 and Test

13. At all load levels, the SPW displacement agrees very well.
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Figure 71: SPW displacement at different load levels for two duplicate tests (Test 12 and Test 13).

9.2.4 Concluding remarks on the reproducibility
Based on the results of the two test configurations, we conclude:

e High reproducibility is achieved with geogrid-anchors having a length < distance between the
SPW and the critical slip surface.
e The reproducibility decreases with increasing displacement of the SPW along the bottom of

the box.

For the test configurations with a geogrid-anchor of 18 cm length, the failure mechanism can be
characterized by a ‘stick-slip’ mechanism. This mechanism is thought to cause most variation between

the duplicate tests. Three factors may contribute to this ‘stick-slip’ mechanism:

e The interaction between geogrid and critical slip surface (shear band) in the soil.
e The friction of the toe of the SPW and silicone block along the bottom of the test box.

e The loading rate may effect the load level at which this stick-slip mechanism occurs.

In Figure 66, a sharp increase in soil displacements is observed at a load between 3.5-4.5 kKN/m. In
Figure 69, it can be observed that the SPW abruptly displaces ~5 mm along the bottom of the box at
these load levels. Firstly, the intersection of the critical slip surface with the 18 cm geogrid activates the
part of the geogrid behind the critical surface at a load of ~ 3.9 kN/m and 4.4 kN/m for Test 16 and Test
45 respectively. The additional resistance impedes the sliding of the active soil body. The moment the
driving forces exceed the frictional resisting forces, the geogrid is pulled out. The sharp increase in soil
displacements observed along the curves in Figure 66 at a load between 3.5-4.5 kN/m can be clarified

by this pull-out mechanism at which the soil body starts to slide. Secondly, the reproducibility is largely
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influenced by the friction of the SPW and silicone block along the bottom of the test box. The larger the
displacement of the SPW along the bottom of the box, the more the friction between the bottom of the
box and SPW plays a role. Although Teflon was installed at the interface SPW-bottom box and silicone
block-bottom box with the purpose of reducing the frictional forces, friction will still be present. Thirdly,
the loading rate may cause the difference in load level at which significant sliding of the soil starts. The
rate at which water was pumped in the bucket, i.e. loading rate, is equal to 0.021 kg/s, 0.020 kg/s and
0.033 kg/s for Test 16, Test 17 and Test 45 respectively. The loading rate affects the strain rate in the
soil. Although strain rate effects for dry soil are found to be negligible at confining pressures < 100 kPa
(Suescun-Florez, Iskander and Bless, 2015), it would explain the similar load level at which slipping
occurs for Test 16 and Test 17 and the higher load level at which slipping occurs for Test 45. Therefore,

it is a parameter which must considered.

Additionally, variations in displacement results are very likely caused by a difference in relative density

between duplicate tests.

9.3 Global failure mechanism
We are interested in the global failure mechanism that develops when the driving forces exceed the

resistance of the geogrid-anchorage.
The aim of this section is to investigate:

e which slip surfaces develop;
e the influence of the position of the surcharge load;

¢ the influence of the length and number of geogrids.

9.3.1 Development of shear bands: critical and secondary slip surfaces

Initial development of first slip surface and critical slip surface
Figure 72 shows the total shear strain for the test configuration, which consists of an 18 cm geogrid-

anchor. The load plate is positioned 3 cm from the SPW. The shear strain colour plot ranges from a
shear strain of -0.5 (blue), 0 (green) up to 0.5 (red). Two slip surfaces are detected. The number zero
denotes the slip surface, which developed first. The number 1 denotes the critical slip surface which

develops later at a relatively large displacement of the SPW.
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Figure 72: Total shear strains in Test 16; the test configuration with an 18 cm geogrid-anchor and the loading
plate positioned 3 cm from the SPW.

Newly developed critical slip surface at significant overturning of SPW
Figure 73 shows the total shear strain at significant overturning of the SPW. Label ‘OA’ denotes the slip

surface, which developed first. Label ‘1A’ denotes the primary critical slip surface which develops from
the outer edge of the footing plate to the toe of the SPW at relatively large SPW displacement. Label
‘1B’ denotes the secondary slip surface, which initiates at the inner edge of the footing plate and intersect
the SPW — depending on the position of the load - at a depth between 2/5" and 1/2% of the height of
the SPW for a load positioned 3 cm and 13 cm from the SPW respectively. Label ‘2’ denotes the slip
surface, which develops at significant overturning of the SPW. This slip surface develops at the outer

edge of the footing plate and intersects the SPW at the same depth as the secondary slip surface (1B).

1A 2 1B 1A OA 2 1B

(@) “ (b)

Figure 73:
a) Total shear strains for test with 18 cm geogrid-anchor at load positioned 13 cm from the SPW (Test 18)
b) Total shear strains for test with 11 cm geogrid-anchor and load positioned 6 cm from the SPW (Test 14)
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Prandtl failure slip surfaces
Figure 74 shows the total shear strain for four different test configurations. The left two figures give the

shear strain field of the test without geogrid-anchorage and the load positioned either 3 cm (upper left)
or 8.4 cm (lower left) from the SPW. The two figures on the right side give the shear strain field of the
test with a geogrid anchor of 6 cm and the load positioned either 3 cm (upper right) or 8.4 cm
(lower right) from the SPW. In case the load is positioned 8.4 cm from the SPW, the load is entirely
behind the geogrid-anchor. Hence, the normal stress above the geogrid will barely increase due to the

position of the surcharge load.
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Figure 74: Total shear strains in Test 28 (upper left figure), Test 48 (lower left figure), Test 30 (upper right figure)
and Test 47 (lower right figure).

For all tests in Figure 74, a V-shaped failure mechanism is observed due to the slip surfaces developing
at the inner and outer edge of the loading plate. The slip surface, which initiates at the outer edge of the
loading plate, continues as critical slip surface to the toe of the SPW. The slip surface, which initiates at
the inner edge of the footing, intersects with the critical slip surface or is impeded by the intersection

with the 6 cm geogrid-anchor in Test 30.
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9.3.2 Influence of the geogrid length
Figure 75 shows the critical slip surfaces for test configurations, which consists of a different length of
geogrid-anchor. The loading plate of 10 cm length is positioned 3 cm from the SPW, such that the outer

edge of the loading plate is 13 cm distance from the SPW.

horizontal distance from SPW [mm]
-300 -250 -200 -150 -100 -50 0

100

«=@=no geogrid (test 48) 150

depth [mm]

6 cm geogrid (test 28)
11 cm geogrid (test 12) 1 200
——13 cm (test 52)

—e—18 cm geogrid (test 45) %5

--#--18 cm geogrid (test 45) - 1st slip surface

300

Figure 75: Comparison between the critical slip surface and the length of the geogrid-anchor. The loading plate is
positioned 3 to 13 cm from the SPW (width of loading plate is 10 cm).

The following is observed from Figure 75:

e All slip surfaces initiate at the outer edge of the loading plate at 13 cm from the SPW.

e A straight slip surface, which intersect the SPW with an angle of 25° to the vertical, is found for
all test configurations.

e The straight slip surface is the critical slip surface for tests without anchorage or a geogrid-
anchor with a length < 18 cm.

e For the test configurations, which consists of a geogrid-anchor with a length of 18 cm (Test 45),
the critical slip surface is curved and wider with respect to the first slip surface.

e All test configurations show a critical slip surface which intersects the SPW at its toe, i.e. at the
bottom of the test box, except for the test without anchorage (Test 48) and the test with the
13 cm geogrid-anchor (Test 52). For these two tests, the critical slip surface intersects the SPW
at ~ 1 cm above its toe. Note that the accuracy of manually tracking the slip surface from the

shear strain results is limited.
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Figure 76 gives the SPW displacement at different load levels for Test 48 (no anchorage), Test
28 (6 cm geogrid-anchor), Test 12 (11 cm geogrid-anchor), Test 52 (13 cm geogrid-anchor) and

Test 45 (18 cm geogrid-anchor).
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Figure 76: SPW displacements at different load levels.

The following can be observed from Figure 76:
For increasing geogrid length (from Test 48 to Test 45), a reduction in SPW displacement is

observed at similar load level. Test 52 (13 cm geogrid-anchor) is an exception for some load

levels.

e Larger SPW displacements are observed for Test 52 (13 cm geogrid-anchor) compared to
Test 12 (11 cm geogrid-anchor) for some load levels.

e The SPW fails by overturning for Test 48 (no anchorage) and Test 28 (6 cm geogrid-anchor).
Sliding of the SPW along the bottom of the box is absent.

e Test12 (11 cm geogrid-anchor) shows a translational failure mode, but will fail by overturning
at a load level > 2.0 kN/m alike Test 52 (13 cm geogrid-anchor).

e Sliding along the bottom of the box is the dominant deformation of the SPW for Test 45 (18 cm

geogrid-anchor).
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9.3.3 Influence of the load position

Figure 77 shows the critical slip surface of a test configuration with either the load positioned 3 to 13 cm
from the SPW or 13 to 23 cm from the SPW. Both tests include an 18 cm geogrid-anchor. It can be
observed that the critical slip surface initiates at the outer edge of the footing plate for both tests. Both
slip surfaces are slightly curved. The test configuration with the load positioned 3 cm from the SPW
shows a slip surface which intersects the SPW at its toe, while the test configuration with the load
positioned 13 cm from the SPW shows that the slip surface first intersects the bottom of the box before.

horizontal distance from SPW [mm]

-300 -250 -200 -150 -100 -50 0
Load Test 18 Load Test 16
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)
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200
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—e—Load at 130 mm from SPW (test 18)
300

Figure 77: Relation between the critical slip surface and the position of the load for Test 16 and Test 18.
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Figure 78 shows the total displacements (left figures) and total shear strain (right figures) for the same
length geogrid-anchor, but varying horizontal position of the load. The total displacement colour plot
ranges from O (blue) to 15 mm (red). The shear strain colour plot ranges from a shear strain of -0.5
(blue), 0 (green) up to 0.5 (red). For both load positions, a critical slip surface can be observed, which
develops at the outer edge of the footing plate and intersects the toe of the SPW. Additionally, a
secondary slip surface is observed starting at the inner edge of the footing plate and intersects the SPW
at a depth equal to 1/3 and 1/2t the height of the SPW for a load 3 cm and 13 cm away from the SPW

respectively.
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Figure 78: Total displacement (left figures) and total shear strain (right figures) for Test 16 (upper row) and Test
18 (bottom row).
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Figure 79 depicts the angles of the intersection of the critical and secondary slip surface to the vertical
for a test configuration with the load positioned 13 to 23 cm from the SPW. The test configurations
included an 18 cm geogrid-anchor. It can be observed that the secondary slip surface intersects the
SPW at 1/2™ its height, while the critical slip surface intersects the SPW at its toe. The secondary and
critical slip surface initiates at 13 cm and 23 cm from the SPW respectively. The slip surfaces do not
intersect the SPW at equal angle. The intersection angle of the secondary slip surface is larger than the

one for the critical slip surface.
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Figure 79: Measured angles of the slip surfaces intersecting with the SPW for Test 19.
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9.3.4 Influence of the number of geogrids

Figure 80 shows the critical slip surface for the test configuration with double geogrid-anchorage and
single geogrid-anchorage. The top geogrid-anchor has a length of 18 cm and is connected at 1/6'" of
the height of the SPW. Test 22 has a second geogrid of 11 cm length connected at 2/5™ of the height
of the SPW. For both tests, the load is positioned at 3 cm from the SPW. Two slip surfaces are given
for test 16. The dashed black line is the more or less straight slip surface, which initially developed at
small displacements and corresponds to the slip surface labelled as ‘zero’ in Figure 72. The continuous
black line denotes the critical surface, which corresponds with the slip surface labelled as ‘one’ Figure
72. It can be observed that the critical slip surface is slightly wider for the double geogrid-anchorage
compared to the single geogrid-anchor. The critical slip surface for the double geogrid-anchorage
circumvents the bottom geogrid-anchor.
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Figure 80: Relation between number of geogrids and developed slip surfaces for Test 16 and Test 22.
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9.4 Relation between soil displacement and applied load

9.4.1 Influence of the geogrid length
Figure 81 gives the total soil displacements as a function of the applied load for test configurations with

varying length of the geogrid-anchor. For all tests, the load is positioned at 3 cm from the SPW and the

connection of the geogrid-anchor is at 5 cm from the top of the SPW. The results of a test without

geogrid-anchor is included for comparison. The location of the plotted soil displacement is denoted by

the red square in the schematization of the test set-up. Note that the red line, which corresponds to the

results of an SPW without geogrid-anchorage, failed at an applied load of ~1 kN/m.

total displacement point [mm]

s —u— N0 geogrid, |D = 71% (test 48)
6 cm geogrid, |, = 81% (test 28)
—e— 11 cm geogrid, |, = 71% (test 13)
13 cm geogrid, |, = 65% (test 52)
_____ 18 cm geogrid, |, = 76% (test 43)

@ b

5

applied load [kN/m]

Figure 81: Relation between the total soil displacement and applied load for tests with varying length of the
geogrid-anchor. The location of the plotted soil displacement is denoted by the red square in the schematization
of the test set-up.

The following can be observed from Figure 81:

The soil displacement decreases for increasing geogrid length. Between the test configuration
with an 11 cm geogrid-anchor and a 13 cm geogrid-anchor, no clear difference is observed in
the soil-displacement. It must be noted that the relative density of the sand for the test
configuration with the 11 cm geogrid-anchor is 6% higher than the relative density of the sand
for the test configuration with the 13 cm geogrid-anchor.

A large difference is observed between the test configuration with the 13 cm geogrid-anchor
(Test 52) and the test configuration with the 18 cm geogrid-anchor (Test 45). At a load level of
3 kN/m, the total soil displacement is ~1.1 mm and ~6.5 mm for the test with 18 cm geogrid
anchor and 13 cm geogrid-anchor respectively.

The difference between the load-displacement curves of the test without anchorage and the
test with a 6 cm geogrid-anchor is also large. At a load level of 1 kN/m, the total displacement
is ~0.4 mm and ~3 mm for the test with the 6 cm geogrid-anchor and the test without geogrid-

anchorage respectively.
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9.4.2 Influence of the load position
Figure 82 relates the total soil displacement and applied load for tests with a loading plate positioned at

different distances from the SPW, while keeping the length of the geogrid constant.

Tests without geogrid and with a 6 cm geogrid-anchor are compared with a load positioned either 3 cm
or 8.4 cm from the SPW (top left and top right figure respectively). Tests with an 11 cm geogrid-anchor
are compared with a load positioned either 3 cm or 6 cm form the SPW (bottom left figure). Tests with
an 18 cm geogrid-anchor are compared with a load positioned either 3 cm or 13 cm form the SPW
(bottom right figure). Location of the plotted soil displacement is denoted by the red square in the

schematization of the test set-up.
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Figure 82: Relation between total soil displacement and applied load for tests with a loading plate positioned at

different distances from the SPW. The location of the plotted soil displacement is denoted by the red square in the
schematization of the test set-up.
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The following can be observed from Figure 82:

e For the tests without anchorage, the failure load is ~25% lower in case the load is positioned
5.3 cm closer to the SPW.

e For the tests with a 6 cm geogrid-anchor, the failure load is 30% lower in case the load is
positioned 5.3 cm closer to the SPW.

e For the tests with an 11 cm geogrid-anchor, a difference of 1 mm to 2 mm in total displacement
at similar load level is observed. A slightly stiffer response is observed when the load is
positioned 3 cm further away from the SPW.

e For the tests with an 18 cm geogrid-anchor, the difference in soil displacement — load curves
due to a different load position is smallest compared to the tests with shorter geogrid-anchorage.

The difference is smallest even if the distance between the load positions is largest.

9.4.3 Influence of the number of geogrids

Figure 83 relates the soil displacement-load curves to the number of geogrid-anchors. The ‘two grids’
results are derived from Test 22, which consists of an 18 cm geogrid-anchor connected at 1/6™ of the
height of the SPW and a second geogrid of 11 cm length connected at 2/5™ of the height of the SPW.
Test 45 consists of an 18 cm geogrid-anchor connected at 1/6'™ of the height of the SPW. The location

of the plotted soil displacement is denoted by the red square in the schematization of the test set-up.

18 cm grid, ID =76% (test 45)
- - =two grids, I, = 74% (test 22)

total displacement point [mm]
total displacement point [mm]

3 4 5 3 4 5
applied load [kN/m] applied load [KN/m]

Figure 83: Relation between total soil displacement and applied load for tests with a single or double-geogrid
anchorage. The location of the plotted soil displacement is denoted by the red square in the schematization of the
test set-up.
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The following is observed from Figure 83:

Similar load-displacement response is observed at a load level < ~3.2 kN/m.
An abrupt increase in soil displacement is observed at a load level of ~3.2 kN/m and ~ 4.2 kN/m
for the test with a double geogrid-anchorage (Test 22) and single geogrid-anchorage (Test 45)

respectively.

At load levels > 4.2 kN/m, a stiffer soil response is observed for the test with double geogrid-anchorage

compared to the test with single geogrid-anchorage.

944

Influence of the geogrid-SPW connection

Figure 84 shows the total soil displacement as a function of the applied load for test configurations by

which the influence of the connection between the geogrid-anchor and SPW is analysed. The location

of the plotted soil displacement is denoted by the red square in the schematization of the test set-up.
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Figure 84: Relation between total soil displacement and the influence of the connection between the geogrid-anchor
and SPW. The location of the plotted soil displacement is denoted by the red square in the schematization of the
test set-up.

The following is observed from Figure 84:

The soil displacement-load curves for non-connected geogrids with a length < 18 cm are
identical to the soil displacement-load curve for the test without anchorage.

Lower soil displacements at similar load level are observed for the test configuration with a non-
connected 18 cm geogrid compared to the smaller length non-connected geogrid. Contrary to
the smaller length non-connected geogrids, the non-connected 18 cm geogrid is activated as
the resistance against soil displacement is increased.

The non-connected 18 cm geogrid show a more or less similar soil displacement-load curve as
the connected 6 cm geogrid-anchor.

The connection of the geogrid to the SPW leads to significant smaller soil displacements

compared to the non-connected geogrids of similar length.
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9.4.5 Removal of geogrid in the active zone

Figure 85 relates the total soil displacement-load curves for tests with and without a geogrid in the active
zone in order to investigate the contribution of the geogrid in the active zone to the total resistance. The
location of the plotted soil displacement is denoted by the red square in the schematization of the test
set-up.
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Figure 85: Relation between total soil displacement and applied load for tests with and without a geogrid in the
active zone. The location of the plotted soil displacement is denoted by the red square in the schematization of the
test set-up.

The following can be observed from Figure 85:

e When we compare Test 48 (no anchorage) and Test 50, it can be concluded that the brass strip
significantly influences the stability of the SPW system. The failure load is doubled due to the
brass strip, which is connected by steel wires to the SPW.

e When we compare Test 49 and Test 50, no or very small contribution to the resistance is
provided by the 5 cm geogrid behind the active zone.

e Test 38 shows a soil displacement-load curve similar to Test 45 for load levels < 4.5 kN/m.

e The test which has an SPW anchored by a brass strip only shows a failure load, which is very

similar to the failure load of the test with a non-connected 18 cm geogrid.
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9.5 Tensile force distribution along the geogrid anchorage

The axial strain and tensile force distribution along the geogrid were determined from the measurements
for test 22, which includes a geogrid-anchorage of an 18 cm top geogrid and 11 cm bottom geogrid
connected at 1/6!" and 2/5™" of the height of the SPW respectively. The loading plate of 10 cm length is
positioned at 3 cm from the SPW.

The axial strain distribution in the top 18 cm geogrid has been determined in two ways:

1. By using the soil displacement results obtained from GeoPIV-RG (Stanier et al., 2015) according
to the calculation procedure described in Section 8.3.1. This section compares the axial strain
distribution in the geogrid obtained with (1) the smoothed spatial coordinates, which describe

the location of the geogrid, and (2) the non-smoothed spatial coordinates.

2. By tracking the transverse ribs of the geogrid manually, which were visible on the photos, using
MTrackJ (Meijering, n.d.). See Section 8.3.2 for more information about the manual tracking
procedure. The strain distribution in the geogrid has been computed for the smoothed and non-

smoothed manually tracked data.
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9.5.1 Geogrid strains obtained with GeoPIV-RG soil displacements.
This section gives the geogrid strains that were obtained with GeoPIV-RG soil displacements.

Figure 86 shows the deformed top geogrid-anchor of 18 cm at the end of the test. The upper figures
and lower figures show the results of the non-smoothed data and smoothed GeoPIV-RG data
respectively.
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Figure 86: Comparison of the final geogrid location determined with non-smoothed vertical coordinates (upper row)
and smoothed vertical coordinates (second row). Plots based on results obtained with GeoPIV-RG.

The following can be observed from Figure 86:

e There is no noticeable difference between the geogrid deformation obtained from either the
smoothed or non-smoothed spatial coordinates.

e It can be observed that the geogrid deforms like a kind of hammock. At the front and end part,
the geogrid is held by the SPW and the soil behind the active zone respectively.

e A sharp angle in the deformation is observed at a horizontal position of 0 mm from the original
position of the SPW.

e A maximum vertical displacement of ~10.4 mm is observed at 100 -110 mm from the initial
position of the SPW.
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Figure 87 gives the horizontal displacement of the rear end of the top 18 cm geogrid-anchor obtained
from the GeoPIV-RG results. No substantial difference can be observed between the results obtained
from the either smoothed or non-smoothed data. According to the results of Figure 87, the geogrid is
pulled out maximally ~ 0.32 mm. At an applied load > 3.3 kN/m, the pull-out displacement reduces again.
The ‘back-pulling’ of the geogrid cannot be true and questions the validity of this GeoPIV-RG calculation

procedure.
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Figure 87: Horizontal displacement of rear end of geogrid (pull-out). The result is similar for the smoothed and
non-smoothed data. Plots based on results obtained with GeoPIV-RG.

Figure 88 and Figure 89 give the results of the tensile strain and tensile force along the length of the
geogrid from the (a) non-smoothed spatial coordinates and (b) smoothed spatial coordinates
respectively. The difference between Figure 88 and Figure 89 is the geogrid stiffness (J) of 191 kN/m

(T =] -¢), where T is the tensile force in the geogrid (kN/m) and ¢ is the geogrid strain (-).
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Figure 88: Computed strain in top geogrid-anchor of 18 cm length for (a) non-smoothed data and (b) smoothed
data. Plots based on results obtained with GeoPIV-RG.
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Figure 89: Tensile force along top geogrid-anchor of 18 cm length for (a) non-smoothed data and (b) smoothed
data. Plots based on results obtained with GeoPIV-RG.
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The following can be observed from Figure 88 and Figure 89:

Along the length of the geogrid, highest strains — and tensile forces accordingly — are found
close to the SPW and at a distance ~130 mm from the SPW.

At the rear end of the geogrid, still strain levels of 2% are found, which cannot be accurate.

At 130 mm from the SPW, strain levels > rupture strain level of 13.48% are observed for the
results obtained from the non-smoothed data and a tensile strain of almost 10% is reached for
the results obtained with the smoothed data.

Close to the SPW, strain levels > rupture strain level of 13. 48% are found for both the smoothed
and non-smoothed data.

At a distance of ~30 mm from the SPW, a smaller peak is observed. Tensile strains of ~3.5%
and 4% are observed for the non-smoothed and smoothed data.

Lowest tensile strains are observed between 40 mm and 100 mm from the SPW. Tensile strains
of 0.8%-1% and ~4 % are observed for the non-smoothed data and smoothed data.

9.5.2 Geogrid strain obtained by tracking transverse ribs manually
This section gives the geogrid strains for Test 22 that were obtained by tracking the transverse ribs

manually.

Figure 90 shows the deformed top geogrid-anchor of 18 cm at the end of the test. The deformation is

derived from the manually tracked transverse ribs of the geogrid. Results are given for (a) the non-

smoothed spatial coordinates and (b) smoothed spatial coordinates.
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Figure 90: Final location of geogrid for (a) non-smoothed and (b) smoothed data. Plots based on manually tracked

results.
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The following can be observed from Figure 90:

¢ Indeed, a more smoothed deformed geogrid is observed from the smoothed spatial coordinates

compared to the non-smoothed spatial coordinates. For example, at a distance of 95 mm from

the initial position of the SPW, i.e. a horizontal distance of 0 mm, the geogrid makes a sharp

angle in Figure 90a compared to Figure 90b.

e For both the smoothed and non-smoothed results, a maximum vertical displacement of ~10.4

mm is observed.

Figure 91 gives the horizontal displacement of the rear end of the top 18 cm geogrid-anchor obtained

from the manual tracking results. A similar trend is observed between the results obtained from

either the smoothed or non-smoothed data. Due to the smoothing, the final pull-out displacement

has increased by 0.2 mm. The rear end has been pulled out 5.4 mm to 5.6 mm at the end of the

test.
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Figure 91: Pull-out of geogrid for (a) non-smoothed and (b) smoothed data. Plots based on manually tracked results.

Figure 92 and Figure 93 give the results of the tensile strain and tensile force along the length of the

geogrid from the (a) non-smoothed spatial coordinates and (b) smoothed spatial coordinates

respectively.
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Figure 92: Computed strain in top geogrid-anchor of 18 cm length for (a) non-smoothed data and (b) smoothed
data. Plots based on manually tracked results.
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The following has been observed from Figure 92 and Figure 93:

e The tensile strain and tensile force results of the non-smoothed data is very spiky compared to
the results of the smoothed-data, which shows a similar distribution as the results derived from
GeoPIV-RG.

e Close to the SPW and at ~130 mm distance from the SPW, a tensile strain of 9.5% is observed
from the results of the smoothed data set.

e From the smoothed data set, tensile strains of ~0.4% are observed between 40 mm and 110 mm
from the SPW and again at a distance > ~150 mm from the SPW.

9.5.3 Comparison displacement of geogrid and soil displacement

In order to get more insight into the difference between the displacement of the geogrid and the soll
displacements around the geogrid, the displacement versus applied load have been plotted for a
manually tracked transverse rib and the soil displacements at that location. For the soil displacements,
soil subsets of 5 mm by 5 mm were automatically tracked by means of GeoPIV-RG.
Figure 95 to Figure 98 show the total displacement results for point 3, 5, 8, and 12 (see Figure 94),

which are located on a transverse rib of the upper geogrid from the front to the rear end respectively.

Figure 94: Manually tracked points: both transverse ribs are tracked as well as soil particles just above or below the
transverse rib in order to compare the displacements.
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Figure 95: Total displacement of point 3 in Figure 94, a transverse rib located 1.8 cm from the front-end of the
geogrid, which corresponds to 1/10th of the total length.
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Figure 96: Total displacement of point 5 in Figure 94, a transverse rib located 7 cm from the front-end of the
geogrid, which corresponds to approximately 2/5th of the total length.
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Figure 97: Total displacement of point 8 in Figure 94, a transverse rib located 10.5 cm from the front-end of the
geogrid, which corresponds to 3/5th of the total length.
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Figure 98: Total displacement of point 12 in Figure 94, a transverse rib located 17 cm from the front-end of the
geogrid, which corresponds to 17/18th of the total length.
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The following can be observed from Figure 95 to Figure 98:

For point 8,

transverse rib and GeoPIV-RG soil displacements results.

For point 3, the soil displacements differ less than 0.5 mm between the manually tracked

For point 5, the soil displacements match the displacement of the manually tracked rib very well.

the soil displacements differ less than 1 mm between the manually tracked

transverse rib and GeoPIV-RG soil displacements.

6 mm larger than the nearby soil displacement computed by GeoPIV-RG.

For point 12, the total displacement of the transverse rib differs at the end of the test more than

From those four tracked transverse ribs, the average axial strain between the ribs can be calculated.

Table shows the results at an applied load of 6 KN/m. The average axial strain (¢) has been calculation

according to the following equation:

£=2.100%
lo

(9.1)

Table 8: Average axial strains in 18 cm geogrid.

Point Original distance | Total displacement | Stretch between | Average axial
between ribs (l,) ribs (Al) strain between
[mm] ribs (&)
[mm] [mm]
[%6]
3 - 4.2 -
5 52 7.9 3.7 7.1notel16
8 35 8.4 0.5 1.4noe1?
12 65 5.1 3.3 5rotel8

The manually calculated average strains between the tracked ribs show strains which are smaller than

the strain at rupture. This finding agrees with the observations after the experiments for which no rupture

of the geogrid was noticed. However, we would expect to see plastic deformation of the geogrid at the

end of the experiment if strains of 7.1% would have occurred. In agreement with Figure 92b, higher

average strains are computed close the to the SPW (between point 3 and 5) and along the length which

captures the intersection with the critical slip surface (between point 8 and 12) relative to the average

strain along the length of the geogrid at a distance of 70 to 105 mm from the SPW (between point 5 and

8).

note'® Average strain between point 3 and point 5.
note” Average strain between point 5 and point 8.
note'® Average strain between point 8 and point 12.
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9.6 Analysis of results

9.6.1 Global failure mechanism for different load position and geogrid lengths
From the results, the main findings are summarized below:

The failure mechanism can be defined by three zones (I, Il and Ill), as depicted in Figure 99,
which are separated by the primary critical slip surface and the secondary slip surface.
The critical slip surface initiates at the outer edge of the footing plate to the toe of the SPW.
The secondary slip surface initiates at the inner edge of the footing plate and intersects the
SPW at shallower depth. Zone | can be characterized as a rigid deforming soil mass, which
displaces by the active movement of soil zone Il and the SPW. Zone Il is the active zone which
deforms by the surcharge load. Zone lll is the neutral soil zone behind the critical slip surface.
The position of the load defines the location of the initiation of the critical and secondary slip
surfaces at surface level, namely at the outer edge and inner edge of the footing plate of the
load.

A (first or critical) straight slip surface from the outer edge of the footing plate to the toe of the
SPW is observed for load positions < 6 cm from the SPW.

The geogrid-anchorage alters the shape of the critical slip surface in case of intersection as
shown in Figure 72 and Figure 75. The critical slip surface reorients vertically at the intersection.
The altered critical slip surface is curved and follows a longer path through the soil resulting in
a higher bearing capacity.

The shear bands under the loading plate correspond well to the bearing capacity failure
mechanism described by Prandtl’s failure mechanism (Figure 100), which have been observed
in Figure 74). The shear band, denoted by the red dashed line in Figure 100, becomes the
critical slip surface and transforms to a more vertically and curved shape. The shear band,
denoted by the red continuous line in Figure 100, is impeded at the intersection with the
geogrid-anchorage. The obstruction of the shear band initiating at the inner edge of the footing
is clearly visible in Figure 74 (top right).
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Figure 99: Schematization of slip surfaces by which three soil zones are defined for test with one 18 cm geogrid-

anchor and load at 13 cm from SPW.

Figure 100: Prandtl failure mechanism (Hamalaoui et al, 2015).
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9.6.2 Relation between soil displacement and applied load
The main findings are summarized below:

Based on the results of Figure 81, a clear relation is found between the length of the geogrid-
anchor and the maximum load reached; the longer the geogrid, the higher the bearing capacity.
No increase in load at a particular soil displacement is observed between the results for an
11 cm geogrid-anchor and 13 cm geogrid-anchor. The 2 cm longer geogrid will very likely
counterbalance the lower shear strength due to the 6% lower relative density of the sand.
From Figure 82, it can be found that the benefits of the relatively large distance between the
loading plate and SPW become smaller for increasing geogrid length. Several factors are
influencing the stability of the system:

a) Comparing the results of the tests without anchorage, a stiffer soil response is
observed in case the load is positioned further away from the SPW. When the load is
further away from the SPW, the length of the slip surface increases and accordingly
the soil resistance along the slip surface. In addition, this position gives a favourable
distribution of the load (further away from the SPW).

b) Comparing the results of the 6 cm geogrid-anchorage, a similar relation is found as for
the tests without anchorage. Clearly, the increased length of the critical slip surface is
more beneficiary regarding the total resistance than the increase of normal pressures
above the geogrid-anchorage, which would be the case if the load is positioned close
to the SPW above the 6 cm geogrid.

c) Comparing the results of the tests with an 18 cm geogrid-anchorages, no substantial
difference is observed between the two load positions. When the load is positioned
13 cm from the SPW, there is a benefit of increased length of the slip surface and a
favourable distribution of the load. When the load is positioned 3 cm from the SPW,
the 18 cm geogrid will increase the soil resistance at the intersection with the critical
slip surface and will benefit from the resistance of the part of the geogrid outside the
active zone. Apparently, these factors counterbalance each other, which results into
the same soil response at a given load.

From Figure 83, the soil response between one 18 cm geogrid-anchor and the two-geogrid
anchorage is similar at small soil displacements (<1 mm). At larger soil displacements, the two-
geogrid-anchorage system shows a stiffer soil response. Probably, additional tensile force is
mobilised in the geogrids at the intersection with the critical slip surface, when the soil in the
active zone starts to slide as one mass along the slip surface. In case of two geogrids, both
intersecting the slip surface, more resistance against sliding will be delivered.

From Figure 84, it can be concluded that the part of the geogrid inside the active zone does not
provide any resistance when there is no connection with the SPW.

From Figure 84, it can be concluded that the total bearing capacity of the system is increased
by 50-65% due to the connection of the geogrid with the SPW. This contribution is determined

for total soil displacements < 3 mm, which is before significant sliding of the active soil body.
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e From Figure 85, it is observed that equal resistance is provide by the 18 cm geogrid-anchor
(Test 45) and the half geogrid-anchor of which the first 10 cm is a steel wire and the last 8 cm
is a geogrid (Test 38) for load levels < ~4.5 kN/m. After the abrupt large soil displacements,
which represent the sliding soil body in the active zone (zone Il in Figure 99), additional
resistance is mobilised by the 18 cm geogrid-anchor. Apparently, the part of the geogrid in the
active zone close to the SPW is activated and provides the additional resistance. Since no
additional resistance is mobilised after large soil displacements for the test configuration with
a non-connected 18 cm geogrid (Test 42), it can be concluded that the connection of the
geogrid to the SPW is required for the mobilisation of additional resistance by the geogrid in

the active zone.

9.6.3 Tensile force distribution along the geogrid anchorage

Before analysing the results of the strain and tensile force in the geogrid, the influence of smoothing the
data is discussed first. From Figure 86 and Figure 90, it can be concluded that smoothing the spatial
coordinates do not affect the total vertical displacement of the geogrid. It does also not result into a
substantial different deformation pattern. Only the spikes in the deformation are smoothed out, which
was our intention of this post-processing technique, as explained in Section 8.3.3. Concludingly,
‘smoothing’ the spatial coordinates does not substantially change the deformation pattern of the geogrid,

but significantly affects the computed strain in the geogrid.

The results of the strain and tensile force in the geogrid show spurious high values at the front and end
part of the geogrid. Axial strains of 13.48% are computed, which is larger the maximal strain at rupture
of the geogrid. It is highly unlikely that such high strains developed in the geogrid during the test as no
plastic deformation was measured afterwards. The unrealistic high geogrid strains at the connection
with the SPW is a result of inaccurate DPIV data close to the SPW. Soil particles covering the transverse
ribs close to the SPW, made it also impossible to track the ribs in an accurate way manually.
The strain results in the geogrid obtained with the GeoPIV-RG data also resulted in spurious high strains
in the part of the geogrid that lies outside the active zone. These high strains are clarified by Figure 87
and Figure 96. These figures show that the soil displacements derived with GeoPIV-RG do not
correspond with the displacement of the geogrid. The underestimated geogrid displacements result in

apparent high strains in the geogrid.

The strains and tensile forces derived from the smoothed displacement of the manually tracked ribs of
the geogrid, which are given by Figure 92b and Figure 93b, are considered most reliable. Between the
peaks, a strain of 0.004-0.005 is computed. This corresponds to a tensile force of 0.76-0.95 kN/m for an
axial stiffness of 191 kN/m (Section 6.1.2). Although the two peaks show unrealistic high values, the
build-up of strain at these locations is very plausible considering the deformation of the geogrid shown
in Figure 90. The geogrid-anchor is pushed downward together with the soil in the active zone due to
the surcharge load. Here, the active zone is defined as the zone enclosed by the secondary and critical
slip surface, as denoted by ‘zone II’ in Figure 99. Because the geogrid is connected to the SPW on one

side and hold in place on the other side (partly) by the soil outside the active zone, the geogrid will very
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likely be stretched close to the SPW and at the location of the critical slip surface. This is in accordance

with the deformation pattern of the geogrid shown in Figure 99.

Based on the measured strains and soil displacement-load curves, the dominant interaction

mechanisms seem to be:

e The transfer of vertical soil stresses via the geogrid to the SPW, which is depicted in Figure
101a.

e The increase of resisting shear stresses along the slip surfaces due to shearing between the
soil and geogrid. The mobilised tensile force in the geogrid, acting across the plane of maximum
stress obliquity in the soil, reduces the soil shear force along the slip surface and increases the
normal force in the soil. This mechanism is depicted in Figure 101b. As a result, the slip surface
changed in shape at the intersection with the geogrid layers, resulting in an increase of the

length of the slip surface and an increase in bearing capacity.

Critical slip plane <

(a) (b)

Figure 101: Dominant interaction mechanisms: (a) transfer of vertical soil stresses via the geogrid to the SPW and
(b) increase of resisting shear stresses along the slip surfaces due to shearing between the soil and geogrid.
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10 Numerical model of the small-scale experiments

This chapter presents a numerical model of the small-scale experiment. Section 10.1 describes the
model and gives an overview of the input parameters. Section 10.2 explains how the numerical model
is manipulated such that the influence of the sidewall friction in the small-scale experiment is included
in the plane strain numerical model. The validity of the methodology used is examined using analytical
formulations for the stress reduction due to sidewall friction (Jewell, 1987). Section 10.3 concerns the
bottom boundary conditions of the model. Three models with different bottom boundaries are compared
and the one that fits the small-scale experimental results best is chosen as final model. Chapter 11

presents and analyses the results of the numerical model.

10.1 Description of the model
The small-scale 1g physical experiment is simulated by a 2D (plane strain) finite element numerical
model for which the software PLAXIS 2D 2019 is utilized (Plaxis bv., 2019).

10.1.1 Boundary conditions

The dimensions of the model are identical to the small-scale experiment except for the depth. Due to a
mistake, the surface level of the soil is one centimetre higher (30 cm instead of 29 cm). Since the
reduced weight (see Section 10.2) of the soil is small relative to the surcharge load, no significant

differences in results will be obtained.

The bottom of the test box is modelled in order to include the frictional components between the bottom
of the box and the soil, SPW and silicone block. Section 10.3 looks at the bottom boundary conditions.
At the left and right boundaries of the model, horizontal displacement is restrained. At the top boundary,

free displacement is allowed.

10.1.2 Mesh

A mesh is generated using six-node triangular elements. 6 -Node elements are preferred above
15 node-elements, because sharper shear bands in the soil can be computed. When 6-node elements
are used, four times more elements can be applied at similar computational costs. Since the 6-node
elements will be consequently four times smaller, less distortion of the element shape occurs and
sharper shear bands can be computed with the smaller elements. However, care must be taken. Plaxis
bv. (2019) warns that lower accuracy is obtained with 6-node elements compared to 15-node elements,
because of the lower order of interpolation and lower number of numerical integration points (stress
points). In situations where failure plays a role, failure loads are generally overpredicted using 6-noded

elements (Plaxis bv., 2019).

A medium size mesh is applied with mesh refinement at areas where high strains occur. The model is
built up out of 22195 elements and 45967 nodes.
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10.1.3 Phases

The preparation phase of the small-scale experiment is simulated in the numerical model with 8 phases.
This way, it is tried to obtain an initial stress state which corresponds to the stress state at the start of
the experiment. Figure 102 shows the 8 phases before applying the surcharge load on the footing plate.
The load is simulated by prescribing a vertical displacement pointing downward at the centre of the
footing plate. During these 8 phases, the SPW is fixed with a fixed-end anchor with an axial stiffness
(EA) of 5500 kN that is placed at 1 cm below the top of the SPW. This fixed-end anchor models the
uPVC plate, which is placed between the SPW and front wall of the test box. The uPVC is hold in place
by a clamp. The axial stiffness of the fixed-end anchor is estimated on the axial stiffness of the uPVC
plate and the axial stiffness of the front wall. Phases 7 and 8 are reversed with respect to the preparation
procedure of the small-scale experiment. In the small-scale experiment, the footing plate with the bucket
on top are placed first before the sheet pile is set free. As a result, the small-scale experiment starts
with an initial load of ~5 kg, which corresponds to 0.5 kKN/m. No deviations are expected between the

experimental and numerical soil displacements at loads > 0.5 kN/m due to this phase swap.

—L ol ool BN

— —

" 5 = 6 ' 7 ' 8
Figure 102: Build-up of numerical model. Stage 1 to 6 are the preparation phases. The sheet pile was set free in

phase 7. Phase 8 installs the footing plate. During the phases that follow, a vertical soil displacement is
prescribed at the centre of the footing plate, which pushes the plate downward.

10.1.4 Modelling the soil

The hardening soil (HS) model is applied to model the behaviour of the Baskarp B15 sand behind the
SPW.

Results of drained consolidated triaxial tests for Baskarp B15 with a relative density of ~ 80% (lbsen,
2009) are used to determine the values of the soil strength and stiffness parameters adjusted for (a) the
confining pressure in the small-scale experiment and (b) plane strain conditions. The strength of the soil
is described by the cohesion (c), secant internal friction angle (¢) and dilatancy angle (). The confining
pressure ranges between 5 and <70 kPa. For this range of confining pressures, ¢'" ranges between

42° and 55° and the internal friction angle at critical state ¢, is determined equal to 34°. Correcting for
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plane strain conditions, using equation 10.1 which is derived from Bolton’s large database, a plane

strain internal friction angle ¢?° ranging between 47° and 58° is found (Bolton (1986).

5 2
QP =Z0p — 590 (10.1)

Because the high ¢P* are disputable, it is chosen to use an internal friction angle of 45° for the numerical

model. The corresponding dilatancy angle is determined based on Rowe’s equation (Rowe, 1962):

simp = Sing-singey (10.2)

1-sin@singcy

A dilatancy angle of 14° is determined and used for the numerical model. The cohesion is directly derived
from the triaxial tests and is equal to 0.6 kPa (Deltares, 2019). The stiffness of the soil is described by
the secant Young’s modulus from the triaxial tests E£j, and the Poisson ratio. The stress-dependency of

the stiffness parameters is described by the power index m according to equation 10.3:

Eref

In( —5500

o_ref
In(=2-)

m = (10.3)

From the triaxial tests, Ej¢’ is determined to be 72.4 MPa at a reference confining pressure of 100 kPa

and m = 0.54. The Poisson ratio is determined to be 0.25. In order to take account of the preparation
procedure during which the soil was simultaneously poured in the test box and densified up to surface
level, a higher lateral earth pressure coefficient K|, at initial stress state is used compared to the one that
would be derived from Rankine’s theorem (K, = 1 — sin¢). Accordingly, K, is estimated to be equal to
0.5.

10.1.5 Modelling the geogrid

The geogrid is modelled as a geogrid element with two translational degrees of freedom, namely
horizontal and vertical displacement (Plaxis bv., 2019). The connection of the geogrid with the SPW is
simply described by a mutual node. The behaviour of the geogrid is described by the axial stiffness. It
does not have a bending stiffness. The axial stiffness of the geogrid is derived directly from tensile tests
(Kloster, 2016). The short-term stiffness equal to 191 kN/m (Section 6.1.2) at an axial strain of 2% is
chosen as input parameter, because the test duration is less than an hour and no higher axial strains
than 2% are expected in the small-scale experiment!®. The underlying assumption is that the stiffness
response of the geogrid is similar in the tensile tests as in the small-scale experiment. Whether this

assumption is valid, depends on several factors.

1% Culmann’s method — among others described in CUR198 (2017) is applied to estimate the tensile force in the geogrid at a
maximum load of 6 KN/m. A straight slip surface from the outer edge of the footing plate — positioned 3 cm from the SPW- and
the toe of the SPW is assumed. The area bounded by the SPW and slip surface forms a triangular wedge for which force
equilibrium is assumed. Hereby, the passive force is estimated to be 0.08 kN/m (assuming 1% compression of the silicone
block), the weight of the soil wedge is estimated by the area of the triangular wedge times the volumetric weight of the soil (y =
16.3 %). The direction of the resisting shear forces is described by the angle ¢ with the normal of the slip surface. Then, the

tensile force in the geogrid can be estimated based on horizontal force equilibrium. The tensile force is estimated to be 2.4
kN/m. At tensile forces < 4 kN/m, the axial strain is < 2% (Kloster, 2016).
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Moraci et al. (2014) states that the tensile strength obtained by in air tests in pullout conditions is very
close to the tensile strength obtained in pullout conditions at the same rate of displacement. The rate of
displacement was (21.2%/min of 58.54 mm =) 12.4mm/min during the tensile tests. Farrag et al. (1993)
showed that an order of magnitude increases in the displacement rate from 2 mm/min to 20 mm/min
results in a reduction of 25% in the peak pull-out resistance. Figure 91 gives an indication of the rate of
pull-out displacement during the test with a two-geogrid anchorage. At a load of ~6 kN/m, the geogrid is
pulled out by approximately 4 mm. The load of ~ 6 kN/m was reached after 47 minutes. Accordingly, the
top geogrid was pulled-out with an average displacement rate of 0.09 mm/min. Based on this average
displacement rate, a stiffer response of the geogrid is expected. However, it can also be argued that the
pull-out of the geogrid is described by abrupt ‘pulls’ with a high displacement rate. The increase in
surcharge load does not result to continuous displacement of the SPW and soil, but is a more abrupt

response.

The interaction between the geogrid and the soil is described by an interface along the top and bottom
of the geogrid line element. These interfaces simulate the shear zone at the contact between the geogrid
and the sand. Generally, a strength reduction factor, R;,;, which relates the interface strength to the soil
strength, is applied. The disadvantage of the strength reduction factor is that the dilatancy angle is set
to zero at R;,,; < 1. Since pull-out tests showed that the dilatancy of the soil at the interface has large
influence on the pullout strength and apparent coefficient of friction u,, (Moraci, 2014) (which is similar
to R;y:), it was important to include the dilatancy angle for the shear strength along the interface. In
stead of using a strength reduction factor, R;,;, @ dummy soil material is defined with reduced dilatancy
angle and friction angle. The cohesion is not affected, as would be a fair assumption for the higher share
of apertures relative to the solid material of the geogrid. In this way, it is thought that interface shear
stresses are computed more in agreement with reality. As is common practice for reinforced soils, a

value for ;;_Sy between 0.8-1 is used for sands. When we use the lower bound value of 0.8, the internal
friction angle of the dummy material (corresponding to the interface friction angle &, 4riq) is derived

from equation 10.4.

ps _ T _ ontan(soil-gria) _
SGY  on on = tan(8soi1-gria) (10.4)

This gives a 841 gria Of 38.7°.

For the dilatancy angle (y) a reduction of 35% is applied to account for the share of solid geogrid

material.
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10.1.6 Modelling the SPW
The SPW is modelled by a plate with an axial stiffness (EA) and bending stiffness (El). The surface

inertia moment is calculated according to the general formation for rectangular shapes:
t3b
I=— (10.5)

in which t = the thickness of the SPW and b is the width which is equal to unity for plane strain conditions.
For a 1 cm thick aluminum plate, | is equal to 8.3-10-8 m*. The Young’s modulus for aluminum materials
is approximately 70GPa (ASM International, 1990). Hence an axial stiffness (EA) of 700-103 kN/m and
bending stiffness (El) of 5.83 kNm2/m are used as input parameters. The interaction between the SPW-
soil is modelled by an interface which relates the interface strength (friction between sand-SPW) to the
soil strength by a strength reduction factor R;,; equal to 0.67. The friction between the SPW-silicone
block and SPW-bottom of test box are modelled by interfaces, which reduces the shear strength by a

strength reduction factor R;,,; equal to 0.5.

10.1.7 Modelling the silicone block

The silicone block is modelled as a linear-elastic material with a Young’s modulus (E) of 159 kPa (see
Section 6.1.4). A Poisson ratio (v) of 0.495 was assumed for this type of material. The interface between
the silicone block-SPW and silicone block-bottom of test box is described by a strength reduction factor

R;n; equal to 0.5.

10.1.8 Summary of input parameters used

Table 9: Input parameters of Baskarp B15 sand

Parameter Symbol Value

Unit weight [KN-m3] Yunsat 16.3 * feorr?®
Void ratio [-] €initr €mins Emax 0.579, 0.385, 0.8
Secant Young's modulus [kKN-m?] ELeft 72.4.10°
Oedometer stiffness [kN-m2] E;;’g 85.0-10°
Unloading/reloading stiffness [kN-m] ErS 443-10°
Power m 0.54
Effective cohesion [kN-m?] c’ 0.6
Effective internal friction angle [°] @' 45

Poisson ratio (unloading/reloading) [-] 9 0.2
Dilatancy angle [°] Y 14

Lateral earth pressure coefficient [-] K¢ 0.5

2ef . is the correction factor in order to include sidewall friction. This factor is either 0 or 0.55, depending on the failure load
during the test.” f,,,,.= 0 for a failure load = 3 kN/m in the small-scale experiment, and f,,,,.= 0.55 for a failure load < 3 kN/m in
the small-scale experiment. See section 10.2 for more information.

21 Reference pressure of 100 kPa
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Table 10: Input parameters of geogrid

Parameter Symbol Value
Axial stiffness [KN-m] EA 190
Table 11: Input parameters of SPW
Parameter Symbol Value
Axial stiffness [kN-m™] EA 700-10°
Bending stiffness [KNm?2-m™] EI 5.83
Table 12: Input parameters of loading plate
Parameter Symbol Value
Axial stiffness [kN-m™] EA 73.5-10°
Bending stiffness [kNm?.m™] El 5.6
Table 13: Input parameters of silicone block
Parameter Symbol Value
Unit weight [kN-m™%] Vunsat 10.5
Void ratio [-] Cinit 0.5
Young’s modulus [kN-m2] E' 159
Poisson ratio [-] 9’ 0.495
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10.2 Methodology to correct for sidewall friction for comparison of the
numerical and experimental results

This section describes how a well-founded choice has made based for a methodology to include the
effect of soil-sidewall friction in the Plaxis calculations. The choice was based on well-established
analytical relations and the measured frictional force as described in Chapter 7. First, two methodologies
are proposed to correct either the experimental results or the numerical results for sidewall friction in
Section 10.2.1. Second, the analytical relations are described in Section 10.2.2. Third, it is explained
how these relations were modified to satisfy for the test conditions of the small-scale experiment in
Section 10.2.3. In section 10.2.4, the vertical stress distribution corrected for sidewall friction according
to the proposed methodologies are analysed. Based on this analysis, it is decided which methodology
to use in Section 10.2.5.

10.2.1 Proposed methodologies

In Chapter 7.2, it is concluded that the total sidewall frictional force in the small-scale experiment is
0.33 times the total weight of the soil (W) and surcharge load (Q). Due to the sidewall friction, vertical
soil stresses were reduced. Consequently, the horizontal stresses acting on the SPW and the resulting
forces in the geogrid were also lower compared to the 2D numerical model. In order to compare the
displacements results of the small-scale experiment with the 2D numerical model, a correction of either
the small-scale experiment results or manipulation of the numerical model is required. These two options

to correct for sidewall friction will be called methodology A and B:

Methodology A: Correct the test results by applying a reduction factor to the surcharge load. This way,
the applied surcharge load corresponds to the surcharge load as if there were no sidewall frictional

forces i.e. frictionless conditions as in the 2D numerical model.

Methodology B: Manipulate the numerical model by applying a reduction factor to the volumetric soll
weight in order to simulate the vertical soil stress distribution in the small-scale experiment. It may be
necessary to divide the soil in two or more layers with different reduction factors.

10.2.2 Analytical relations

In order to decide which methodology leads to most similarity between the vertical stress distribution of
the small-scale experiment and numerical model, an analytical approximation is derived of the vertical
stress distribution with and without sidewall friction. Jewell (1987) and Bathurst and Benjamin (1987)
investigated the influence of sidewall forces on the net forces in the soil behind a retaining wall by means
of a limit equilibrium analysis. For the limit equilibrium analysis, they assumed a simple Coulomb wedge

as shown in Figure 103. The inclination of the critical wedge with the horizontal () is equal to 45 + f.
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Figure 103: Coulomb Wedge Analysis including sidewall friction (Bathurst and Benjamin, 1987).

Here, the total sidewall frictional force is described by X, and X,. X,,, denotes the sidewall frictional
force due to the wedge self-weight (the subscript sw refers to self-weight), which acts in the direction
parallel to the critical slip surface. X, is the sidewall force due to arching between the sidewalls as a
consequence of the surcharge qo acting at the soil surface. They ignored arching due to the self-weight

of the soil as it would only be a small contribution. W denotes the soil weight.

In order to approximate the vertical stress distribution in the soil close to the SPW, (1) their relations of
the unit sidewall friction from soil-sidewall interaction (Equation 10.5), and (2) vertical stress reduction
from wall-surcharge loading interaction (Equation 10.9), and (3) their assumption with regard to the

direction of the sidewall frictional forces due to self-weight is adopted.

According to the relations of Jewell (1987) and Bathurst and Benjamin (1987), the unit sidewall friction

fsw generated due to the self-weight of the soil can be expressed as:

fow = Kswq(2)tand = K, yztans  (10.5)
in which:

K,,, = the horizontal-to-vertical earth pressure coefficient acting on the sidewall [-]
y = the dry unit soil weight [kN/m?]
z = the depth from surface level [m]

§ = the interface sidewall friction angle [°]
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The horizontal-to-vertical earth pressure coefficient stress, K, , which describes the relation between
the vertical stress and horizontal stress acting on the sidewall, is calculated according to Equation 10.6.
For the horizontal-to-vertical earth pressure coefficient in the intermediate principal stress direction, K,
values of 0.65 to 0.75 for sand with a friction angle ¢ of 40° to 50° under plane strain-conditions can be
assumed (Jewell, 1987). The active horizontal-to-vertical earth pressure coefficient, K, is approximated

according to Rankine’s theory (Rankine, 1857) as is described in Equation 10.7.

K, (1+K
v = % (10.6)

K, = =@ q0.7)

a 1+sin(¢)

The reduced vertical pressure component from self-weight loading of the soil as a function of depth is

described by Equation 10.8. Note that this equation includes the friction from both sidewalls.

K,(1+K,)

9@ =vz— fo,(2)sin(0) = yz—2 < yztand sin(@)) (10.8)

The rate of change of the net vertical loading by uniform surcharge loading due to sidewall friction is
described by Equation 10.9 (Jewell, 1987):

dq 2
(E) =— Wszq(z)tané'cose (10.9)

in which w is the width of the test box, which is 0.1 meter.

10.2.3 Modification of analytical relations to include strip footing load

Equation 10.9 is based on uniform surcharge loading. Hence, the surcharge load applied at surface
level is constant with depth. Because a strip-footing load was applied in the small-scale experiment, the
vertical stress reduction with depth due to the distribution of the load underneath the footing in both
vertical and horizontal direction must be included. Several equations have been developed to compute
the vertical stresses in the soil on the basis of elastic stress-strain theory. Best known are the
Boussinesq’s and Westergaard’s formula for point loads which describe the stress distribution under a
footing by means of integration of the formula over the area of the footing (Murthy, 2003). More simplified
relations to compute the vertical stress distribution under a strip footing are the empirical Approximate
2V:1H method (Murthy, 2003) and the one proposed by the American Association of State Highway and
Transportation Officials (AASHTO, 2012). Both empirical methods assume that the vertical stress can

be estimated as a function of the strip footing surcharge, footing width and depth according to Equation
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10.10. Contrary to the Approximate 2V:1H method, the AASHTO method specifies this relation for the

upper 2x, meters. Here, x, is the distance between the load and the wall. It assumes a constant vertical

stress equal to g, = % for depths larger than 2x,. Here, B is the length of the footing, which is equal

to 0.1 meter.

q0B
(B+2)

q(z) = (10.10)

The more simplified empirical relations suffice for our purpose, i.e. determine the influence of the
sidewall friction on the vertical stress distribution. The total vertical stress is the summation of the self-
weight of the soil g(z) and the vertical stress due to strip footing loading q(z). Figure 104 compares
the vertical stress distribution estimated by the AASHTO and Approximate 2V:1H method with the
vertical stress distribution of a 2D PLAXIS model. In the 2D PLAXIS model, the geogrids were excluded
and the SPW was considered frictionless in order to isolate only the influence of the strip footing on the
vertical stress distribution.

=—=AASHTO
= Approximate 2V:1H method
005 |==2D PLAXIS model

o
2 o
o Y
~

depth [m]

o
o

15 20 25 30 3.5 40 45 50
total vertical stress a, [kPa]

Figure 104: Vertical stress distribution below the strip footing. Comparison between calculations with the AASHTO
method and the Approximate 2V:1H method and the vertical stress distribution of the 2D PLAXIS model of the
small-scale experiment. The PLAXIS model excludes the friction between soil and SPW and the geogrid-anchorage.

The Approximate 2V:1H method underestimates the vertical stresses for the entire range of depth, while
the AASHTO method overestimates the vertical stresses for depths larger than 0.15 m. The distance
x, between the load and the SPW is only 0.03 m. Therefore, it is expected that the vertical stresses will
be higher underneath the footing for a frictionless SPW due to restrained horizontal soil deformations.
Taking this into consideration, it can be assumed that the empirical methods, which do not take account
of the influence of the SPW, slightly underestimate the vertical stresses. Based on this assumption, we
conclude that the Approximate 2V:1H method estimates the results of the 2D PLAXIS model better.
Therefore, we will continue our analysis by describing the vertical stress reduction due to a strip footing
load in accordance with the Approximate 2V:1H method.
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The rate of change of the net vertical loading by strip loading follows from the derivative of Equation
10.11:

(Z—Z)Z - —% (10.11)

An overview of the known relations and the relation we want to find is given in Figure 105. Since the
rate of change of the net vertical loading due to sidewall friction and strip loading are independent, the
rate of change of the net vertical loading by strip loading due to sidewall friction is the sum of Equation
10.9 and Equation 10.11.

d d d
(@), = (@), ueen * (@) (1012
dz/, dz z,equation 1 dz z,equation 2

The derivative is of the form of q'(z) = —Cq(z) + s(z), which is a non-linear differential equation.
Therefore, the standard ODE solver of MATLAB, ode45, is used to solve Equation 10.12 and derive q(z)
(The MathWorks Inc., 2020a).

surcharge loading no friction with friction
do
q(z) q(z)
H (a) (b)
z
side view q(z=H) = q, q(z = H) = qoe %" (lewell, 1987)
Q
* *o q(z) q(z)
ST B T
| " (c) 2 ()
/,I \\\ *
y \ z
side view . Q
N Ry
strip footing loading no friction with friction

Figure 105: Vertical stress as a function of depth for (a) surcharge loading, (b) surcharge loading including
sidewall friction, (c) strip footing loading and (d) strip footing loading including friction.
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10.2.4 Examination of proposed methodologies

Now the vertical stress distribution of a soil subjected to strip footing loading and sidewall friction is
approximated, it can be examined which methodology, A or B, suits best. Figure 106 depicts the problem
statement, which must be solved. As already mentioned, only the average vertical stress difference
between the small-scale experiment and the imaginary case of the experiment without sidewall friction
is known and equal to 0.67(W+Q).

0,(2)
& >
L ]
V4
v . 1
0.67(W +Q Jmeasured (5)
= n I3)
F\Z = 1) ~

(B+ H)

Figure 106: Problem statement: the influence of sidewall friction on the vertical stress distribution in the soil.

Figure 107 shows the results of the estimated vertical stress distribution under the loading plate at an
applied strip footing load of 0 kN/m, 3 kN/m and 6 kN/m. Here, the red line represents the estimated
vertical stress distribution of the experiment in which sidewall friction takes place. The blue dashed line
represents the estimated vertical stress distribution of the numerical model in which no sidewall friction
takes place , i.e. plane strain conditions. The upper row shows the results in case no correction is applied
for sidewall friction. The middle row shows the results in case methodology A is applied to correct the
experimental results for sidewall friction. Methodology A assumes that the sidewall friction reduces the
vertical stresses at every depth in the soil domain by an equal and constant percentage, namely the
percentage of loss in weight measured at the bottom of the box of 33% (section 7.2.3). For the
experimental results — denoted by the red line- the surcharge load is increased by a factor of 1.33
accordingly. In this way, it is examined to what degree the vertical stress distribution is similar between
the experiment and numerical model if methodology A is applied. The last row shows the results in case
methodology B is applied. Methodology B includes the effect of sidewall friction on the vertical stress
distribution in the numerical model. Methodology B assumes that sidewall friction increases with depth.
As a result, the vertical stresses are non-linearly reduced. Here, methodology B is adopted by reducing

the soil weight to zero over the entire soil domain.
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The interface friction angle (§) is taken 12.7° as derived from the Pull-up test in Chapter 7.2.2.
Considering the upper row of Figure 107 for which the results have not been corrected, the percentage
of the total weight transferred to the bottom of the box is 73% and 70% at 3 kN/m and 6 kN/m surcharge
load respectively. This percentage is close to the measured percentage of 67% of the total weight
transferred to the bottom of the box in Chapter 7.2.3. This observation increases the validity of the pull-
up test used to estimate the interface friction angle () of 12.7° between the sand and sidewalls in the
small-scale experiment. In comparison, considering the interface friction angle of 4.8°, which was
determined with the Spring-suspension test, the percentage of the total weight transferred to the bottom
of the box is estimated to be 88.9% and 87.6% at 3 kN/m and 6 kKN/m respectively.

Examining methodology A, the following can be observed:

e Reducing the surcharge load of the experimental results by 33% will result to a similar vertical
pressure in the soil at the bottom of the box, but will underestimate the vertical pressures at

lower depths. This underestimation will be highest at surface level.
Examining methodology B, the following can be observed:

e The lower figures show that the vertical pressures at every depth become close to the vertical
pressure distribution in the experiment in case of surcharge loads between 3 and 6 kN/m. The
difference in vertical pressure is reduced to less than 1.4 kPa.

e Forloads >> 6 kN/m, the effect of the correction becomes negligible.

e orloads smaller than 3 kN/m, the soil weight induces a correction in the vertical stresses such
that the vertical stresses become smaller than the vertical stresses in the experiment at similar
surcharge load.
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Figure 107: Estimated vertical stress distribution under the loading plate at an applied load of 0 kN/m, 3 kN/m and 6 kN/m. Here,
the red line and blue dashed line represent the estimated vertical stress distribution of the experiment and numerical model
respectively. The upper row shows the results in case no correction is applied for sidewall friction. The middle row shows the
results in case methodology A is applied to correct the experimental results for sidewall friction. The last row shows the results in
case methodology B is applied to include the effect of sidewall friction on the vertical stress distribution in the numerical model.
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10.2.5 Decision on methodology

Our main interest is the comparison of the soil-geogrid interaction and overall stability of the SPW
between the experimental and numerical model at ultimate limit state. Concludingly, methodology A will
not be a good correction as the soil pressures in the upper half of the soil domain will be significantly
underestimated. Methodology B results to acceptable small differences in the vertical stresses at all
depths for surcharge loads between 3-6 kN/m. Hence, the experimental and numerical models are
comparable for test configurations, whereby failure is reached at surcharge loads between 3-6 kN/m.
For experiments where failure is reached at surcharge loads < 3 kN/m, the stresses will be
underestimated if the soil weight is reduced to zero. Considering the experiments where failure is
reached for a surcharge load between 1-2.5 kN/m, the difference in vertical pressures will be minimized
by applying a reduction factor of 0.55 to the soil weight (see Figure 108).
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Figure 108: Vertical stress distribution after applying a reduction factor of 0.55 to the unit soil weight. Figure a and
b show the results at a surcharge load of 1 kN/m and 2.5 kN/m respectively.

Concludingly, the influence of sidewall friction is included in the numerical models according to
Methodology B by:

e Applying a reduction factor of 0 such that the soil weight is reduced to zero for the entire soil
domain for test configurations with a failure load = 3 kN/m in the small-scale experiment.
e Applying a reduction factor of 0.55 such that the soil weight for the entire soil domain is reduced

by 45% for test configurations with a failure load < 3 kN/m geogrid in the small-scale experiment.

134



10.3 Comparison and evaluation of three different bottom boundary
conditions

Assumptions have to be made, because the reality has to be modelled by a finite element method, which
connects the soil, sheet pile wall, footing, silicone block and test box boundaries by means of nodes
with a limited number of degrees of freedom to describe the true behaviour. Three different bottom
boundaries have been compared in order to find the bottom boundary conditions which fit best the
experimental results. In Figure 109, a close-up of the bottom boundary at the intersection of the soil,
SPW, silicone block and bottom of the test box. The yellow and pink elements represent the soil and the
silicone block respectively. The grey elements in Model 3 represents the bottom of the box. The blue
line represents the SPW. The white space between the dotted line and bottom boundary of the silicone
block represents the layer of air in Model 1 and Model 2. The red line connected at the bottom of the

blue line (SPW) in Model 1 represents the node-to-node anchor.

Model 1 Model 2 Model 3

Figure 109: Close up of the connectivity plot visualizing the bottom boundary conditions.

For the bottom of Model 1 and Model 2, it was intended to create a bottom boundary such that the sheet
pile wall and silicone block can slide frictionless along the bottom. Both Model 1 and 2 realized
“frictionless sliding’ by adding a 5 mm layer of air between the bottom boundary and the bottom of the
silicone block. Model 2 extends this layer of air such that as well the silicone block as the toe of the SPW
‘floats’ along the bottom. Vertical displacements are restricted such that the SPW and silicone block will
not ‘fall downward’. For both Model 1 and 2, the SPW is modelled 5 mm shorter and the silicone block
has no strength in the bottom 5 mm of its total height of 50 mm. The difference between Model 1 and
Model 2 is that Model 1 connects the toe of the SPW by a node-to-node anchor to the bottom boundary,
while Model 2 assigns a point displacement at the toe of the SPW, which allows the SPW to move freely
in horizontal direction and which constrains the SPW to move in vertical direction. Both models have
drawbacks. In Model 1, the sliding of the toe of the SPW is controlled by the stiffness chosen for the
node-to-node anchor. Therefore, a low stiffness (EA) of 5.5 MN is assigned to the node-to-node anchor

in order to minimize the resistance against sliding. In Model 2, the layer of air below the SPW results in
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a gap between the sheet pile wall and bottom boundary through which displacement of the sand could
occur. Model 3 also includes the bottom of the test box. The SPW and silicone block are connected to
the bottom layer by means of an interface. Along the entire length of the bottom layer, free horizontal
displacement is prescribed while vertical displacement is not allowed. This way, a spurious failure
mechanism through the bottom layer is avoided. The first version of Model 3 did not implement a
prescribed displacement along the bottom of the test box was, but avoided a failure mechanism through
the bottom of the test box by making the bottom layer very stiff (E = 2.4-10% MPa). Because this model
was too sensitive to numerical instability, the prescribed displacement along the bottom of the box was
added in a second version of Model 3. The main difference between Model 3 and the other models is

therefore that some friction among the sheet pile wall, silicone block and soil has been included.

Based on the failure mechanism, sheet pile wall deformation and soil displacement-load curves the
model which best corresponds to the experimental results is chosen. The experimental results of Test
22, which includes a two-layer-geogrid anchorage, is taken as a validation test. Methodology B is applied
to all three models such that the unit soil weight is zero.

10.3.1 Failure mechanism

Figure 110 shows the output results of PLAXIS from the total soil displacements for Model 1, Model 2
and Model 3 at a load level of ~4 kN/m. The legends deviate between the colour plots for clarity reasons:
the figure is only meant to provide an insight into the soil displacements fields within each model. Dark
blue means zero displacements, while a dark red colour indicates relatively high soil displacements.
Accordingly, soil displacements increase from dark blue-light blue-yellow-orange to dark red. The light
blue soil displacements at surface level behind the loading plate are the result of numerical errors. These
arise from the high gradients at the outer edge of the load plate.

Model 1 Model 2 Model 3

Figure 110: Total soil displacements for model 1, model 2 and model 3 at a load level of ~4 kN/m.

Models 1 and 2 show a similar development of displacement fields in the soil, both on the active and
passive side. The main difference which can be observed between Model 1-2 and Model 3, is that the
soil displacements in the silicone block and just behind the SPW show a more translational mode of
failure in case of Model 1-2 and a combination of a translational and rotational mode of failure in case
of Model 3.
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10.3.2 Relation between soil displacements and applied load

Figure 102 shows the total soil displacements as a function of the applied load for Model 1, Model 2 and
Model 3, which are corrected for sidewall friction. The results of the numerical model are compared with
the experimental results obtained from GeoPIV-RG and the manually tracking. The soil displacements
are given for a point in the soil domain indicated by the red square in the schematization of the test set-
up, which is depicted in the bottom right corner.
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Figure 111: Total soil displacements as a function of the applied load for Model 1, Model 2 and Model
3, which are corrected for sidewall friction. The soil displacements are given for a point in the soil
domain indicated by the red square in the schematization of the test set-up, which is depicted in the
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From the soil displacement-load curves, it can be observed that the soil displacement is significantly
overestimated by Model 1 and Model 2, while Model 3 shows good similarity at applied loads > 3.5
kN/m. Apparently, the combination of translational and rotational mode of failure as described in Section
10.3.1 is more true to the mechanisms occurring in the experiment. Some kind of internal shear
behaviour in the silicone block affects the mobilised passive resistance. The latter agrees with our
observations during testing. We had observed that the silicone block was compressed by the SPW non-
uniformly along its height. The deformation in the silicone block cannot be measured by means of DPIV

as the texture of the silicone block is too low.

10.3.3 Sheet pile wall deformation

Figure 112 shows the SPW displacement for the numerical models and the experimental results. Since
the automatically tracking of the SPW from the photos of the test is not always very accurate, it was
decided to manually track several points along the height of the SPW. Accordingly, some apparent

bending of the SPW seems to occur. This is the consequence of inaccuracies in the manual tracking.
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Figure 112: SPW deformation at an applied load of 3.7 kN/m for the experiment and numerical models corrected
for sidewall friction.

From the results, it can be concluded that including a frictional bottom boundary yields better agreement
with the experimental results. Accordingly, it is decided to model the bottom boundary conditions

according to Model 3.
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11 Numerical results and analysis

This chapter gives the results of the 2D numerical model of the following small-scale test configurations:

e one 18 cm geogrid-anchor and the load positioned 13 cm from the SPW,
e one 18 cm geogrid-anchor and the load positioned 3 cm from the SPW,

e two geogrid-anchors (18 cm top geogrid and 11 cm bottom geogrid) and the load positioned
3 cm from the SPW.

Section 11.1 analyses the failure mechanism and Section 11.2 looks at the development of tensile force
distribution along the geogrid in order to investigate:

1. the influence of the load position on the tensile force distribution and

2. the influence of the bottom geogrid-anchor on the top geogrid-anchor.

The models have been corrected for sidewall friction, which means that the soil weight has been reduced
to zero?2. In reality, some shear stress will be mobilised due to the weight of the soil. However, the shear
stress mobilised due to the weight of the soil is relatively small compared to the shear stress mobilised
due to the surcharge load. Hence, a more or less similar distribution of frictional forces along the

geogrid(s) would be expected if the soil weight had been included in the numerical model.

11.1 Global failure mechanism

11.1.1 Influence of the load position
In order to investigate the influence of the load position on the tensile force distribution in the geogrid,
we first look at the global failure mechanisms for:

e aload plate positioned partly behind the geogrid-anchor, i.e. the distance of the outer edge of
the loading plate from the SPW > length of the geogrid-anchor. The model includes an 18 cm
geogrid-anchor and the load is positioned 13 cm to 23 cm from the SPW.

e aloading plate positioned above the geogrid-anchor, i.e. the distance of the outer edge of the
loading plate from the SPW < length of the geogrid-anchor. The model includes an 18 cm
geogrid-anchor and the loading plate is positioned 3 to 13 cm from the SPW.

22 p|l three tests that were analysed in this chapter failed at a load = 3 kN/m. Therefore, a reduction factor of zero is applied to
the soil weight.
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Distance outer edge of loading plate from SPW < length geogrid

Figure 113 shows the calculated critical and secondary slip surface, which are denoted by the grey lines,
for a two geogrid-anchored SPW. The load is positioned 3 cm from the SPW. The slip surfaces were
derived from the shear strain output of PLAXIS, which is displayed in the bottom left corner. The
deformation of the geogrid at different load levels has been included. The direction of the moving soil
between the critical and secondary slip surface and the SPW are added to clarify the failure mechanism.
The black arrows at the toe of the SPW and top of the SPW indicate the horizontal translation and back-
turning of the SPW respectively. The failure mechanism is driven by the surcharge load, which pushes
the soil under the loading plate downwards and sideways against the SPW. The geogrids seem to act
as a hammock, which is held by the connection with the SPW at one side and (partly) by the soil behind

the critical surface at the other side.
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Figure 113: Development of the critical and secondary slip surfaces for a test configuration with two geogrid anchors
of 18 cm and 11 cm length and the load positioned 3 cm from the SPW.

140



Distance outer edge of loading plate from SPW > length geogrid

Figure 103 shows the critical and secondary slip surface, which are denoted by the grey lines, for a
single-anchored SPW and the load positioned 13 cm from the SPW. The length of the anchor is 18 cm.
The slip surfaces were derived from the shear strain output of PLAXIS, which is displayed in the left
corner. It shows that the critical slip surface now goes from the outer edge of the footing plate at ground
surface level to the toe of the SPW. The secondary slip surface has not fully developed yet. The
deformation of the geogrid at different load levels has been included. The rear part of the geogrid is
pushed downward by the soil in the active zone. Here, the geogrid is hold in place by the connection
with the SPW only. The black arrows at the toe and top of the SPW indicate the horizontal translation

and overturning of the SPW respectively. The failure mechanism is again driven by the surcharge load.
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Figure 114: Development of the critical and secondary slip surfaces for a test configuration with an 18 cm
geogrid and the load positioned 13 to 23 cm from the SPW.
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11.1.2 Influence of the number of geogrids

In Chapter 9, it was observed that the critical slip surface for the double geogrid-anchorage was slightly
more curved at the height of the bottom geogrid-anchor compared to the single geogrid-anchored SPW.
This section compares the numerical models with one and two geogrids. We will successively compare
the following: the total soil displacements at a similar load level, the slip surfaces, and the axial force in
the SPW at similar load level. This way, it is investigated whether the two-geogrid configuration transfers

more force to the SPW than the one grid configuration.

Figure 115 shows the PLAXIS output of the total soil displacements for (a) the model with an 18 cm
geogrid-anchor and (b) the model with two geogrid-anchors (18 cm top geogrid-anchor and 11 cm
bottom geogrid-anchor). The soil displacements are compared at a load level of ~5 kN/m. The total soil
displacement ranges between 0 (dark blue) and 12 (red) mm. The high displacements at ground surface
level left of the loading plate are produced by unstable computation results, which are due to the high
stiffness gradients in the corner of the loading plate. These local peak values should be neglected for
our analysis. The main observation from this figure are the significantly higher soil displacements in
case of a single-anchored SPW. We observe an increase of approximately 30% in the total soil

displacements in the active zone.

(a) (b)

Figure 115: Total soil displacement at a load level of ~5 kN/m for an SPW anchored by (a) one 18 cm geogrid and (b) one top
18 cm geogrid and bottom 11 cm geogrid.
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Figure 116 shows the critical and secondary slip surface of the double geogrid-anchored SPW and the
single anchored SPW for a load positioned 3 cm from the SPW. The locations of both geogrids are
denoted by the dashed grey lines. The critical slip surface initiates at the outer edge of the loading plate
and the secondary slip surface at the inner edge of the loading plate. The critical slip surface and the
secondary slip surface intersect the SPW with an angle of 31° and 16° to the vertical respectively. It can
be observed that the critical slip surface circumvents the bottom geogrid. As a result, a slightly more

curved and wider critical slip surface has developed in the two-geogrids configuration.
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Figure 116: Critical and secondary slip surfaces for geogrid-anchorage of two geogrids (18 cm top geogrid and 11

cm bottom geogrid) or just one top 18 cm geogrid-anchor. The dashed black lines are the critical and secondary

slip surface of the test with one 18 cm geogrid-anchor. The continuous black lines are the critical and secondary
slip surface of the test with two geogrid-anchors.
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Figure 117 shows the axial force in the SPW for the model with a double geogrid-anchorage and the
model with a single geogrid-anchorage. For the double anchored SPW, a sharp increase in axial force
at the depth of the anchor point of the second geogrid is observed. At the toe of the modelled SPW, a

maximum difference of 0.16 kN/m, i.e. an increase of 10%, is found.
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Figure 117: Axial force in SPW for a double geogrid-anchored SPW and a single geogrid-anchored SPW at an
applied surcharge load of 5 kN/m. Compressive forces have a negative sign.

11.2 Tensile force distribution along the geogrid anchorage

Our main interest is the investigation of the tensile force distribution along the geogrid-anchorage. This
is the most direct way to study the resistance that can be provided by a geogrid-anchor. Due to the soill
shear stresses along the top and bottom of the geogrid, a tensile force can develop in the geogrid, which
is the force — provided by the geogrid-anchor - resisting the SPW from failing. Finally, this is the force
which must be — at least — equal to the required anchor force calculated for the design of the SPW. The
advantage of the numerical model is that the stresses in the soil and structures can be inspected, in
contrary to the experiments conducted. Both the frictional forces along the geogrid as well as the tensile
force in the geogrid are analysed. First, the development of the tensile force distribution under an

increasing surcharge load for the following two models is analysed:

e Model consisting of a double geogrid-anchored SPW and the load positioned above the
geogrids, i.e. 3 cm from the SPW. The top geogrid and bottom geogrid have a length of 18 cm
and 11 cm respectively.

e Model consisting of a single geogrid-anchored SPW and the load positioned partly behind the

geogrid, i.e. 13 cm from the SPW. The geogrid has a length of 18 cm.
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Beside the tensile force distribution, we will look at the deformation of the geogrid-anchor in the soil at
different load levels in order to link the development of both the tensile force and the deformation.
Second, the influence of the load position on the tensile force distribution along the geogrid is analysed.

Third, the influence of the bottom geogrid on the top geogrid is analysed.

11.2.1 Development of tensile force distribution in two-geogrids anchorage

Figure 118 shows the deformation of the top 18 cm geogrid-anchor at different load levels. The loading
plate is positioned 3 to 13 cm distance from the SPW. It can be observed that the part of the geogrid
below the footing deforms mainly vertically downward. The deformation looks a bit like a hammock. The
deformed geogrid follows the non-homogenous settlement of the loading plate. The loading plate settles
more on the outer part (with respect to the SPW) due to the sliding soil mass along the critical slip
surface. A more or less equal magnitude of vertical displacement is observed from a load level of 0 KN/m
to 5.0 kN/m as between a load level from 5.0 kN/m to 6.8 KN/m. From a load level of 5.0 kN/m, pull-out

of the geogrid can be observed very clearly. Hence, signs of failure are present.
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Figure 118: Deformed top geogrid-anchor at different load levels (two-geogrid configuration).

Figure 119 shows the tensile force distribution along the 18 cm top geogrid-anchor for different load
levels. A maximum anchor force of 1.6 kN/m is reached at a load level of 5.7 KN/m. The grey lines, which
are numbered A to E separate the curves in zones of very roughly constant tensile force gradients. Since
the gradient of the tensile force is an indication of the amount of friction developed in the soil-geogrid
interface, these zones can be considered as different strain fields. The zones were drawn for the tensile

force distribution at a load level of 5.7 kN/m. Line C and D could be neglected for load levels < 5.0 kN/m.
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Figure 119: Development of tensile force distribution along top 18 cm geogrid. The red lines divide the tensile force
along the geogrid in zones of different soil-geogrid response for later analysis.

Some interesting observations are summarized below:

The highest tensile forces can be found in the front part of the geogrid at a distance < ~30 mm
from the SPW, except for the last load level. The last load level shows a reduction of the tensile
forces at the front part.

For load levels < 5.7 kN/m, the tensile force is reduced by 60% for a load level of 2.0 kN/m and
88 % for a load level of 5.7 kN/m within the zones E to B. In particular, high gradients in the
tensile forces along the geogrid are found in zone BC and DE for a load level of 5.7 kN/m. In
these zones, the friction in the soil-geogrid interface is high.

A maximum reduction of the tensile force behind the critical slip surface of 0.4 kN/m is found.
This corresponds to ~30% of the total tensile force mobilised at a load level of 5.0 kN/m.

At a load level of 6.8 kN/m, a very high gradient in the tensile force distribution is observed
within zone BC. The tensile force reduces from ~1.7 kN/m to 0.4 kN/m, which is a reduction of
76%. Contrary to the load levels < 5.7 kN/m, no reduction in tensile force is observed in zone
CD and zone DE.

No reduction in tensile force is observed in the zone between E and the SPW.

In zone AB the gradients of the tensile force along the geogrid are more or less zero.
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Figure 120 shows the frictional force along the top and bottom interface of the 18 cm geogrid-anchor at
aload level of 5.0 kN/m. Positive frictional forces are directed away from the SPW and negative frictional
forces are directed towards the SPW. The sum of the friction at the top and the bottom interface gives

the tensile force in the geogrid.
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Figure 120: Frictional forces along top and bottom interface between soil and 18 cm top geogrid and resulting
tensile force along 18 cm top geogrid.

From Figure 120, the following is found:

e Most frictional force is delivered by the bottom interface. The maximum mobilised friction along
the bottom of the top geogrid is more than twice the mobilised frictional force along the top
interface of the geogrid.

e Along the top interface, positive frictional force (towards the SPW) is mobilised in the zone
between ~120 mm from the SPW and the connection with the SPW. However, the frictional
force is more or less constant between ~40 mm and ~120 mm from the SPW. The frictional
force increased from ~160 mm to ~120 mm distance from the SPW.

¢ Along the bottom interface, positive friction is mainly mobilised between ~20 mm and ~110 mm
distance from the SPW.

e Integrating the frictional force along the top of the geogrid and bottom of the geogrid and
comparing the total frictional resistance (kNm-m-) for the entire length of the geogrid, it is found
that ~40% of the total frictional resistance is mobilised along the top interface and ~60% along

the bottom interface.
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Figure 121 shows the deformed bottom geogrid-anchor of 11 cm at different load levels. Compared to
the deformation of the top geogrid-anchor, a sharper deformation is observed at the front part. The
hammock shape of the 18 cm geogrid-anchor has been altered as the 11 cm geogrid-anchor has almost
no length outside the critical slip surface. For the 11 cm geogrid-anchor it can be observed that the rear

end is entirely dragged along within the active zone, except for the last loading step of 6.8 kN/m.

horizontal distance from SPW [mm]

-200 -180 -160 -140 -120 -100 -80 -60 -40 -20 4]
-2
E
* E
=
: S
‘D
=]
s B
]
5]
5 ©
=>
©
B =
i1
10 S
.“ﬁ
—No load 2 g
——Load = 2.0 kN/m T
Load = 5.0 kN/m u £
Load = 6.8 kN/m g

16

Figure 121: Deformed bottom geogrid-anchor at different load levels. The load is positioned 3 cm from the SPW.
Accordingly, the inner edge and outer edge of the loading plate are located 30 mm and 130 mm from the SPW.

Figure 122 shows the tensile force distribution of the bottom geogrid-anchor of 11 cm. The intersection

of the geogrid with the critical slip surface is indicated.
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Figure 122: Development of tensile force distribution along bottom 11 cm geogrid-anchor for a double geogrid-
anchored SPW.
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From Figure 122 and Figure 123, the following has been found for the bottom geogrid:

e Ataload level of 6.8 kN/m, the tensile force has reduced at the front part of the SPW.

e Comparing the lower load levels with the higher load level, a shift in the distribution of the tensile
force can be observed. For load levels < 3.3 kN/m, highest tensile force is observed close to the
SPW. For load levels > 3.3 kN/m, the maximum tensile force is located at ~60 mm from the
SPW.

e For load levels < 2.0 kN/m, tensile forces reduce from the connection with the SPW to zero at
the rear end of the geogrid. The gradient is relatively small.

e For load levels = 3.3 kN/m, tensile forces reduce from a maximum value at 60 mm from the
SPW to zero at the rear end. Hence, a steeper gradient is observed compared to gradients of

the tensile force at lower load levels.

Figure 123 shows the frictional force along the top and bottom interface of the 18 cm geogrid-anchor at
aload level of 5.0 kN/m. Positive frictional forces are directed away from the SPW and negative frictional
forces are directed towards the SPW. The sum of the friction at the top and the bottom interface gives
the tensile force in the geogrid.

From Figure 123, the following is found:

¢ Almost all positive friction is mobilised along the bottom interface within the first 200 mm from
the SPW.

e The tensile force is reduced by 50% due to the negative friction along the top interface within
the first 60 mm from the SPW.
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Figure 123: Frictional forces along top and bottom interface between soil and 11 cm bottom geogrid and resulting
tensile force along 11 cm bottom geogrid.
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11.2.2 Development of tensile force distribution for load positioned partly behind
geogrid-anchor

This chapter looks at the load positioned 13 cm to 23 cm from the SPW. Figure 124 shows the
deformation of the 18 cm geogrid-anchor at different load levels. The end part of the geogrid is pushed
downwards. Although the SPW displacements were not very large (~5 mm), no stable solution could be
computed (stiffness parameter CSP < 0.015) for an applied load > 3.0 kN/m. So, the soil failed in the
numerical calculation (Plaxis bv., 2019)
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Figure 124: Deformed 18 cm geogrid-anchor at different load levels. The loading plate is positioned 13 cm to 23 cm
from the SPW.

Figure 125 shows the tensile force distribution along the 18 cm geogrid-anchor at different load levels.

The red line indicates the location of the intersection between the geogrid and the critical slip surface.
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Figure 125: Tensile force distribution along 18 cm geogrid-anchor at different load levels. The loading plate is
positioned 13 cm to 23 cm from the SPW.
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Figure 126 gives the frictional forces along the top and bottom interface of the geogrid and the resulting
tensile force distribution for the surcharge load of 3.0 kN/m. Positive frictional forces are directed away

from the SPW and negative frictional forces are directed towards the SPW.
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Figure 126: Frictional force along top and bottom interface and tensile force along 18 cm geogrid at an applied load
of 3.0 kN/m. The loading plate is positioned 13 cm to 23 cm from the SPW.

The following is observed from Figure 125 and Figure 126:

e The maximum tensile forces increase with increasing load level.

e The tensile forces remain more or less constant from the connection with the SPW to ~140 mm
distance from the SPW. Tensile forces reduce between ~140 mm distance from the SPW and
the rear end of the geogrid.

¢ Nonzero tensile forces are observed at the rear end of the geogrid for load levels = 2.0 kN/m.

¢ Almost all positive friction is mobilised along the bottom interface at a distance > 120 mm from
the SPW.

¢ Negative friction is mobilised between ~80 mm and ~140 mm from the SPW.
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11.2.3 Influence of the load position on the tensile force distribution

The critical slip surface and secondary slip surface initiate at the outer edge and inner edge of the
loading plate respectively. Accordingly, a different position of the load leads to a different location of the
slip surfaces within the soil area. Figure 127 shows the tensile force distribution along an 18 cm geogrid-

anchor with the load positioned either 30 mm or 130 m from the SPW at a similar load level.
The following is observed:

e The force at the anchor point doubles when the load is positioned 30 mm from the SPW instead
of 130 mm.

e When the load is positioned 30 mm from the SPW, a reduction of the tensile force is observed
between 40 mm and 180 mm from the SPW.

e When the load is positioned 130 mm from the SPW, a reduction of the tensile force is observed
between 140 mm and 180 mm from the SPW.

e Atthe rear end, a nonzero tensile force is observed in the geogrid for a load position at 130 mm
from the SPW.
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Figure 127: Tensile force distribution along one 18 cm geogrid-anchor for different surcharge load positions. The
results are plotted at a load level of 3.0 kN/m.
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11.2.4 Influence of the bottom geogrid-anchor on the top geogrid-anchor

Both geogrid-anchors must mobilise tensile force obtained from interaction mechanisms with the
surrounding soil. The soil can only be mobilised ones. When the soil has already been mobilised by the
interaction with the bottom geogrid, this may reduce the mobilised tensile forces in the top geogrid. The
influence of the bottom geogrid on the top geogrid is investigated by comparing the single geogrid-
anchorage system with the double geogrid-anchorage systems, whereby both anchorage systems

contain a top 18 cm geogrid.

Figure 128 shows the deformed top 18 cm geogrid for the double geogrid-anchorage and the single
geogrid-anchor at two load levels. The dashed lines and continuous lines correspond to the single

geogrid-anchorage and double geogrid-anchorage respectively.
The main findings are:

e The single geogrid-anchorage is vertically displaced more than the double geogrid-anchorage.
e The more the geogrid is displaced vertically, the longer the ‘vertical’ parts of the geogrid along
the critical and secondary slip surface located around 130 mm and 30 mm from the SPW.
¢ Due to the larger displacements downward, the part of the geogrid located in the critical slip

surface has moved slightly closer to the SPW.

— —load = 4.8 kN/m (one grid)
= |cad = 5.0 kN/m (two grids)
— —load = 3.8 kN/m (one grid)
~ —|oad = 3.8 kN/m (two gnds)

vertical position - initial vertical position [mm]

-200 -180 -160 -140 -120 -100 -80 -60 -40 -20 4]
horizontal distance from SPW [mm]

Figure 128: The deformed top geogrid of 18 cm at two load levels.
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In Figure 129, the tensile force distribution along the top 18 cm geogrid for the single and double geogrid-
anchorage are compared at a load level of 3.8 kN/m and ~5.0 kN/m. Again, the single geogrid-anchorage
and double geogrid-anchorage are given by a dashed and continuous line respectively. The colour of
the curves denotes the load level. By means of two grey lines, the zone is indicated where deviation is

observed between the results of the single geogrid-anchorage and double geogrid-anchorage.

Between ~115 mm and ~130 mm distance from the SPW, the tensile force in the 18 cm top geogrid of
the double geogrid-anchorage remains more or less constant, while the tensile force reduced along the

18 cm top geogrid for the single geogrid-anchorage. At 160 mm distance from the SPW, the curves
coincide.
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Figure 129: Tensile force distribution along top 18 cm geogrid at two load levels for one and two-geogrid anchorage
system at a load of ~ 5 kN/m (the load level was 4.8 kN/m and 5.0 kN/m for the single geogrid-anchorage system
and the double-anchorage system respectively.
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Figure 130 presents the frictional forces along the bottom and top of the 18 cm geogrid anchor are

included for a surcharge load of ~ 5 kN/m.
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Figure 130: Tensile force in the geogrid and frictional forces along the bottom and top of the 18 cm geogrid-anchor
for the models with one and two geogrids. Surcharge load of 5.0 kN/m at 3 to 13 cm from the SPW.

A similar distribution is observed for the bottom interface friction between a single and double geogrid
anchorage. Also, a similar distribution is observed for the top interface frictional force between a single
and double geogrid anchorage. However, the distribution of the single geogrid-anchorage is slightly
shifted towards the SPW compared to the distribution of the double geogrid-anchorage. The more or
less constant tensile force between roughly 115 mm and 130 mm distance from the SPW for the double
geogrid-anchorage is the net result of the summation of the negative bottom frictional force and positive
top frictional force. For the single geogrid-anchorage, both the top and bottom interface frictional force
and tensile force are higher compared to the interface forces along the top geogrid for the double

geogrid-anchorage.
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11.3 Analysis of results

11.3.1 Global failure mechanism

Influence of load position
In agreement with the experimental results, it has been observed that the load position influences the

developed slip surfaces. The critical and secondary slip surfaces initiate at the outer edge and inner
edge of the loading plate respectively. Accordingly, the active zone is also for the numerical model
enclosed by the critical and secondary slip surface. Similar to the experimental results, a curved critical
slip plane is observed with an intersection normal to the initially horizontal positioned geogrid as shown
in Figure 116. The geogrid in the active zone is dragged downward with the soil. The geogrid deforms
like a hammock due to the connection with the SPW on one side and resistance from the soil outside
the critical slip surface on the other side. When the geogrid only intersects the secondary slip surface,
the geogrid deformations is characterized by a downward displacing rear end, while the geogrid is hold

in place by the connection with the SPW.

Influence of number of geogrids
In agreement with the experimental results, it has been observed that, if a second geogrid anchors is

applied, the bottom geogrid-anchor alters the critical slip surface. Compared to the critical slip surface
for a single 18 cm top geogrid-anchorage, a wider critical slip surface is observed for the double geogrid-

anchored SPW. The critical slip surface circumvents the bottom geogrid-anchor.

11.3.2 Tensile force along the geogrid anchorage
For the analysis we separate the soil in three zones, according to the zones defined in Chapter 7 and

depicted in Figure 99.

First, the general findings regarding the tensile force distribution along the geogrid-anchor are described

for:

e adouble geogrid-anchored SPW with the load positioned above the geogrid.

e an 18 cm geogrid-anchored SPW with the load positioned partly behind the geogrid-anchor.

Second, the tensile force distribution is analysed with regard to the (1) influence of the load position and

(2) the influence of the bottom geogrid on the mobilised tensile force in the top geogrid.
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Mobilised tensile force along the top geogrid for a distance between the outer edge of the
loading plate and the SPW < geogrid length

Top geogrid

Linking the observed critical and secondary slip surfaces from Figure 113 to the tensile force distribution

along the top geogrid, the following can be concluded:

¢ No shear resistance is provided by the soil enclosed by the SPW and the secondary slip surface
(zone | according to Figure 99).

e Tensile force is transferred to the soil in the active zone (zone Il according to Figure 99).

e When the load level increases, relatively more tensile force is transferred to the soil in zone |
compared to zone lll.

e The maximum mobilised friction along the bottom of the top geogrid is more than twice the
maximum mobilised frictional force along the top interface of the top geogrid.

e The friction along the bottom interface is mobilised along the part of the geogrid below the
loading plate as depicted in Figure 131.

e The friction along the top interface is mobilised along the ‘inclined’ parts of the geogrid as
depicted in Figure 131.
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Figure 131: Most important mobilised frictional forces along the top and bottom interface of the top 18 cm geogrid-
anchor. The green arrows indicate the positive friction and the red arrows the negative friction.
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Bottom geogrid

Linking the observed critical and secondary slip surfaces (Figure 113) to the tensile force and frictional
force distribution (Figure 122 - Figure 123) and the deformation of the bottom geogrid (Figure 121), the

following can be concluded for the bottom geogrid-anchor:

e Almost all tensile force is mobilised due to the shear resistance along the bottom interface.

e No contribution to the resistance was provided by the interaction of the geogrid with the soil
above the bottom geogrid. The shearing soil along the top geogrid even caused a reduction of
the tensile force, which is represented by a negative frictional force in Figure 122.

e The frictional forces mobilised along the bottom geogrid-anchor are visualised in Figure 132.
The distribution of the bottom friction is similar to the one of the top geogrid-anchor. The only
difference is the negative friction, which is mobilised between 10 mm and 60 mm from the SPW.
A clarification may be given by the failure points computed by PLAXIS. The output is included
in Figure 132. The slip surface which has developed between the secondary and critical slip

surface may cause the negative frictional forces along the top interface.
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Figure 132: Most important mobilised friction along the top and bottom interface of the 11 cm bottom geogrid-
anchor. The green arrows indicate the positive friction and the red arrows the negative friction.
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Analysis
From the analysis of the mobilised frictional forces in Figure 131 and Figure 132, the following is

hypothesized:

e The positive friction along the top interface is mobilised due to the relative displacement
between soil-geogrid, which is caused by the sliding soil mass in the active zone. Due to the
sliding soil mass, the geogrid is pulled out of the soil behind the critical slip surface. Accordingly,
we believe that the part of the geogrid outside the active zone makes the mobilisation of positive
frictional forces along the top geogrid possible.

e The positive friction along the bottom interface in the active zone does not depend on the part
of the geogrid behind the active zone. However, the connection with the SPW is necessary for
the mobilisation of friction along the bottom of the geogrid. Due to the connection at the anchor
point, the geogrid acts as a kind of barrier net which resists the movement of the soil downward
and towards the SPW. Due to the relative displacement between the rough geogrid-soil
interface, frictional forces can be mobilised.

e It is believed that the development of the shallow slip surface at larger load levels can be
prevented from developing when the spacing between the geogrids is smaller. The shallow slip
surface initiates at the outer edge and travels between the top and bottom geogrid towards the
SPW. If the vertical spacing between the top and bottom geogrid is too large, negative frictional
forces must be taken into account along the top interface of the bottom geogrid-anchor for the

computation of the mobilised tensile forces.

Figure 133 visualises the basic ideas obtained from our analysis. The tensile force in the top and bottom
geogrid are mobilised due to frictional forces along the top of both geogrids behind the critical slip surface
(zone Ill) and frictional forces along the bottom of both geogrids in the active zone (zone Il). The curved
shape of the slip surfaces is assumed to be curved due to the interaction with the geogrids, which
mobilises shear stresses at the intersection. This relation is also found in Figure 116 for the numerical
models and Figure 80 for the experiments. According to minimum energy principles, it can be assumed
that the initial slip surfaces are straight. In the experiments, straight slip surfaces were also observed
for test configurations with short geogrid-anchors, which did not intersect with the critical slip surface.

Accordingly, straight slip surfaces are considered for the division of the three zones.
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1t

Figure 133: Schematization of the basic idea behind the developed frictional forces in the geogrid-anchorage.

Figure 134 shows the tensile forces and frictional forces in and along the top geogrid of the numerical
model, which simulates one of the geogrid-anchored SPWs for the construction of Windpark Krammer
on prototype scale (van Duijnen et al., 2021). Anchor 3 is the top anchor of three anchors, and has been
wrapped around a horizontal steel pipe. The steel pipe was attached to the SPW. As a consequence,
the anchor consists of two layers of geogrid. The bottom layer and top layer are denoted by the number
3.1 and 3.2 respectively. In Figure 120, positive frictional force indicates a force pointing in the direction
away from the SPW, while a negative frictional force indicates a force pointing towards the SPW. The
sum of the forces will give the tensile force. Figure 134 uses an alternative sign convention. Here, the
positive and negative sign are related to the direction relative to the geogrid. Accordingly, a positive
frictional force will act towards the SPW for top interfaces and away from the SPW for bottom interfaces.
The first ~ 3.8 m behind the SPW correspond with the part which has been modelled in the small-scale
experiment by the 18 cm geogrid anchor. This front part is denoted by the white background in Figure
134.
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Figure 134: Calculated tensile force in the geogrid and frictional force in the interfaces along the two geogrids of
anchor 3 of one of the geogrid-anchored SPWs for the construction of the Windpark Krammer (van Duijnen et al.,
2021).
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Figure 135: Geogrid-anchored SPW at Windpark Krammer as presented by van Duijnen et al. (2021). They
designed the length of the geogrids from the bottom to the top, assuming the effective anchorage length (green
segments in the figure) starting from the rear end of the underlying anchor. This picture has been mirrored in
comparison to Figure 134.
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By comparing our results (Figure 130) with the numerical results of van Duijnen et al. (2021) in Figure

134 on prototype scale for the front part of the geogrid-anchorage (white background), the following

(dis)similarities are found:

In both models friction is mobilised within the active zone.

In the numerical model of the prototype, the frictional force provided by the top interface of the
top geogrid is ~30% lower than the frictional force provided by the bottom interface of the bottom
geogrid at the anchor point. In the numerical model of the small-scale experiment, the frictional
force provided by the top interface is 88% lower than the frictional force provided by the bottom
interface at the anchor point.

For the part of the geogrid under consideration (the front part) of the numerical model of the
prototype, the highest share, around 60%, of the total resistance is provided by the top interface
of the top geogrid and around 40% is provided by the bottom interface of the bottom geogrid. In
the numerical model of the small-scale experiment, approximately 45% of the total resistance
is provided by the top interface and 55% of the total resistance is provided by the bottom
interface.

Both numerical models show that a significant portion of the friction along the bottom interface
of the (bottom) geogrid is mobilised in the active zone. In the numerical model of the prototype,
an increase in frictional force of approximately a factor 5 is observed from the critical slip surface
to the connection with the SPW. In the numerical model of the small-scale experiment, the
frictional force has increased by a factor of ~ 13 from the critical slip surface to the connection
with the SPW.

Both numerical models show that shear stresses along the top of the (top) geogrid reduce the
frictional force close to the SPW and increase the frictional force along the (top) of the geogrid

behind the active zone.
Concludingly, similar soil-geogrid interaction has been observed between both numerical

models except that a relatively higher share of resistance is provided by the friction along the

top of the geogrid-anchor in the numerical model of the prototype.
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Mobilised tensile force along geogrid for a distance between the outer edge of the loading plate
and the SPW > geogrid length

Linking the observed critical and secondary slip surfaces (Figure 114), the tensile force and frictional
force distribution along the bottom geogrid-anchor (Figure 125 and Figure 126) and the deformation of

the 18 cm geogrid (Figure 124), the following can be concluded:

e The soil in ‘zone I’ does not provide any shear resistance along the geogrid-anchor. Since the
soil is weightless in the model and the load is not transferred to the soil at a distance < ~100 mm
from the SPW, no shear can be mobilised.

e The friction along the bottom interface between soil and geogrid almost entirely defines the
mobilised tensile force in the geogrid.

e The friction along the bottom interface is mobilised in the active zone, zone Il. From the
intersection with the secondary slip surface at ~100 mm distance from the SPW until the

connection with the SPW, no additional friction is mobilised.

Accordingly, the distribution of the frictional forces looks similar to the front part of the distribution of

Figure 131. Part of the resistance is missing as the geogrid intersects only the secondary slip surface.
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Figure 136: Most important mobilised friction along the top and bottom interface of the 18 cm geogrid-anchor. The
load is positioned 13 cm to 23 cm from the SPW. The green arrows indicate the positive friction and the red arrows
the negative friction.
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Influence of load position on tensile force distribution
From Figure 127, it can be concluded that:

The mobilised tensile force depends on the load position, because the load position defines the
critical and secondary slip surface and accordingly the zones of different strains in the soil.

Influence of bottom geogrid-anchor on top geogrid-anchor
From Figure 128 - Figure 130, the following can be concluded:

The vertical displacement of the 18 cm geogrid-anchor is significantly reduced when a second
11 cm geogrid-anchor is added as shown in Figure 128. This means that the bearing capacity
is increased with a second geogrid-anchor.

Changes are observed in the tensile force distribution along the geogrid-anchor of 18 cm
between a single anchored SPW and double anchored SPW. The tensile force at the anchor
point is 14% higher and the maximum tensile force is 17% higher in the 18 cm geogrid-anchor
when no second geogrid-anchor of 11 cm is present. The lower frictional forces can be
explained by the fact that the bottom geogrid takes over part of the resistance.

The deformation of the geogrid seems to define the horizontal location at which most shear is
mobilised. Because the single geogrid-anchor has been dragged down more along with the soil,
the location of the geogrid along the critical slip surface has shifted more towards the SPW. This
shift translates to slightly shifted frictional force and tensile force distributions.

A small difference between 115 mm and 160 mm distance from the SPW can be observed
between the tensile force distribution along the top geogrid-anchors of a single geogrid-
anchored SPW and double geogrid-anchored SPW. Contrary to the 18 cm geogrid-anchor
without second geogrid-anchor, no tensile force is transferred to the soil along the part of the
18 cm geogrid-anchor between roughly 115 mm and 130 mm from the SPW. This difference is
the result of the development of negative frictional forces along the bottom interface of the 18 cm
geogrid-anchor with a second 11 cm geogrid-anchor below as shown in Figure 130. The
negative frictional forces along the bottom interface cancel out the positive frictional forces along
the top interface. The negative frictional forces along the bottom of the 18 cm geogrid imply that
the soil is already activated. Why larger negative frictional forces are mobilised between 115 mm
and 130 mm distance from the SPW is not well understood. From the experimental results in
Chapter 9, it was found that the critical slip plane circumvents the bottom 11 cm geogrid-anchor.
The critical slip plane became wider as a result. A wider slip plane means a wider active zone.
It can be hypothesized that more soil below the top 18 cm geogrid is activated for the wider

active zone, which results to larger negative frictional forces.
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12 Comparison experimental, numerical and analytical

results

This chapter compares the experimental and numerical results of the tests with a two-geogrid-anchorage
and the loading plate positioned 3 cm from the SPW. Section 12.1 analyses the total displacement and
slip surfaces. Section 12.2 analyses the relation between the soil displacement and load. The
deformation of the geogrid-anchorage and the tensile force distribution is analysed in Section 12.3 and
Section 12.4 respectively. Additionally, the experimental and numerical results are compared with
analytical calculation methods adopted in the design guideline for sheet pile walls (CUR166) and the

design guideline for reinforced soils (CUR198) in Section 12.1 and Section 12.4 respectively.

Since the numerical model was chosen based on the results of test 22, i.e. the two-geogrid-anchored
SPW with the load positioned 3 cm from the SPW, at least one comparison should be made with one of
the other test configurations. The numerical model of Test 52, which includes a 13 cm geogrid-anchor
with the load positioned 3 cm from the SPW, is therefore compared with the experimental results. The
soil displacement-load curves, SPW deformation, deformation of the geogrid-anchor and tensile force

distribution is evaluated.

The numerical model of Test 22 is corrected for sidewall friction by assuming zero soil weight. The
numerical model of Test 52 is corrected for sidewall friction by reducing the soil weight by a factor of

0.55, as explained in Section 10.2.

12.1 Global failure mechanism

12.1.1 Analytical models
CUR166 (2008) proposes as first approximation an active zone behind the SPW, which is enclosed
between the SPW and a straight critical slip surface that intersects the SPW at the deepest point of zero

shear forces. In accordance with Coulomb’s method, the slip surface intersects the SPW with an angle

of 45— % degrees to the vertical. Hereby, a horizontal surface level and frictionless SPW are assumed.

Alternative design calculation methods are available to implement the influence of surcharge loads.
Ohde’s approximation is a general calculation method for two sides of the surcharge loads derived to
approximate the slip surface(s) and horizontal loads against the SPW (Ohde, 1938), (Ohde, 1952),
(Ohde 1956). Ohde (1938) assumes two straight slip surfaces. One slip surface initiates from the inner
edge of the footing plate and one from the outer edge of the footing plate. Both slip surfaces intersect
the SPW with an angle 6, to the vertical. The deeper slip surface initiating at the outer edge of the footing
plate is considered to be the critical slip surface, which one is included in Figure 137. Simplifying the

derivation of 6, by disregarding the friction between soil and SPW (6, = 0), simplifies the equation to:
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0, = tan"1(k,) + @ (12.1)

in which k, is an auxiliary value (-) and ¢ is the internal friction angle of the soil (°).

The tie-back wedge method, which is one of the analytical methods proposed by CUR198, assumes a

straight critical slip surface, which intersects the SPW at the toe with an angle of 45 — % to the vertical

(CUR198, 2017).

12.1.2 Comparison experimental, numerical and analytical slip surfaces

Figure 137 compares the critical slip surfaces derived from the experimental test photos and the
numerical model of test 22, which includes a two geogrid-anchorage and a load positioned 3 cm from
the SPW. The theoretical slip surfaces in accordance with the design calculations of the CUR198 and
CUR166 have been added as well. Additionally, the critical slip surface is approximated according to
Ohde’s approximation (Ohde, 1956). The point of zero shear forces was derived form the PLAXIS results
in order to determine the intersection point of the slip surface with the SPW for the theoretical slip surface
proposed by the CUR166. The theoretical slip surface according to Ohde’s approximation (Ohde, 1956)
cuts the outer edge of the footing plate and the SPW with an angle 6, to the horizontal. Here, the internal
friction angle ¢ is assumed to be equal to 45° as was the input parameter of the Hardening Soil model
in the numerical analysis. If k, is assumed to be equal to 0.4, the slip surface according to CUR166 is
defined by 6, = 67°. This should result in a critical slip surface, which intersects the SPW at a depth of
306 mm.
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Figure 137: Critical slip surfaces for test 22, which includes a two geogrid-anchorage.
The load is at 3 cm from the SPW.

The surface level in the experimental set-up is 1 cm lower than the surface level of the numerical model.
Consequently, the critical slip surface of the experimental results ends 1 cm below the top of the critical
slip surface of the numerical model. Besides this discrepancy, the numerical and experimental critical
slip surfaces look very similar. The theoretical approximation of the slip surface according to CUR166 is
very shallow and does not agree with the experimental and numerical results. The theoretical
approximations of the slip surface according to CUR198 and Ohde’s approximation agree much better
with the experimental and numerical results, although they assume a straight line. Ohde’s approximation

of the slip surface coincides with the critical slip surfaces of the numerical model at surface level.
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12.2 Soil displacement fields

Figure 138 compares the total soil displacement field plots of (a) Test 22 and (b) the numerical model.
The results are shown for a surcharge load of 5.0 kN/m. A similar failure mechanism is observed in
terms of relative soil displacements. When comparing the absolute soil displacements, slightly higher
soil displacements are found in the numerical model. A difference of maximal ~1 mm (~13%) total soil

displacements is observed.
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Figure 138: Total displacement for test 22 at a surcharge load of 5.0 kN/m.

12.3 Relation between soil displacement and applied load

Figure 139 to Figure 141 show the soil displacements for Test 22 as a function of the applied load for
three different locations in the soil, which are denoted by the red square in the schematisation of the
test set-up in these figures. The manually tracked points, labelled as ‘Track 1°, ‘Track 4’ and ‘Track 9’
correspond with the points tracked and depicted in Figure 50. The surcharge load is positioned 3 cm
from the SPW. Both the manually tracked (dashed black line) displacements as well as the
displacements obtained from GeoPIV-RG (continuous black line) are plotted and compared with the
results of the numerical model. The (a) vertical displacements, (b) horizontal displacements and (c) total

displacements are given.
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Figure 140: Test 22 with two geogrids: (a) vertical soil displacements (b) horizontal soil displacements (c) total soil
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Figure 141: Test 22 with two geogrids: (a) vertical soil displacements (b) horizontal soil displacements (c) total soll
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The following can be observed from Figure 139 to Figure 141.:

e The numerical model overestimates the soil displacements except for the vertical displacements
in point 1, which is located at the depth of the top geogrid close to the SPW.

e At small surcharge loads (<~ 3.5 kN/m), the numerical model significantly overpredicts the soil
displacements, whereafter the results approach each other between a load level of 4 -5 kN/m
due to an abrupt increase in the experimental soil displacements. This ‘abrupt increase’
represents the sliding of the soil mass in the active zone.

e At load levels > ~ 5 kN/m, the difference between the numerical and experimental results
increases again.

¢ A maximum difference in total soil displacement of 4 mm, i.e. 33%, is observed from point 9.

Figure 142 and Figure 144 show the soil displacements for Test 52 as a function of the applied load for
three different locations in the soil. The SPW is anchored by a 13 cm geogrid which is connected at
5 cm below the top of the SPW. The surcharge load is positioned 3 cm from the SPW. Both the manually
tracked (dashed black line) displacements as well as the displacements obtained from GeoPIV-RG
(continuous black line) are plotted. The experimental results are compared with the results of the
numerical model. The (a) vertical displacements, (b) horizontal displacements and (c) total
displacements are given. The red square in the schematized test set-up gives the location of the plotted

soil displacements.
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Figure 142: Test 52 with one 13 cm geogrid : (a) vertical soil displacements (b) horizontal soil displacements (c)
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Figure 143: Test 52 with one 13 cm geogrid: (a) vertical soil displacements (b) horizontal soil displacements (c)

total soil displacements.
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Figure 144: Test 52 with one 13 cm geogrid

total soil displacements.

: (a) vertical soil displacements (b) horizontal soil displacements (c)

The following can be observed from Figure 142 and Figure 144:

e At small surcharge loads (< ~2.5 kN/m), the numerical model overestimates the soil

displacements.

e At large surcharge loads (> ~2.5 kN/m), the numerical model underpredicts the soil

displacements.

e A maximum difference in total soil displacements of 6 mm, i.e. 27-35%, has been found.
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12.4 SPW deformations

Figure 145 shows the SPW displacement at different load levels for (a) Test 22 and (b) the numerical

model of Test 22. The SPW displacement in the experiment is derived from the test photos by

automatically tracking points along the SPW based on colour contrast.
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Figure 145: SPW displacement at different load levels. Figure a and b show the results of the experiment and the

numerical model respectively.

From Figure 145, the following has been observed:

e Both the experiment and the numerical model show translation of the SPW and more

displacement at the toe of the SPW compared to the top.

e A gradual displacement is observed for the numerical model, while a more abrupt displacement

is detected in the experimental results. In the experiment, the SPW has almost not moved for

loads < 3.3 KN/m. Then, it slides almost 3 mm along the bottom of the box between a surcharge

load of 3.3 kN/m and 4.2 kN/m. After this increase in displacements, a more gradual

displacement is observed at load levels > 4.2 kN/m.

e Larger displacements are found at similar load level in the numerical model. For load levels =

3.3 kN/m, a difference of 2-3 mm is observed.
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Figure 146 shows the SPW displacement at different load levels for (a) Test 52 and (b) the numerical

model.
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Figure 146: SPW displacement at different load levels. Figure a and b show the results of the experiment and
numerical model respectively.

From Figure 146, the following has been observed:

Both the experiment and the numerical model show a translational displacement mode.

At a load of 4.9 kN/m, the experimental results show failure of the SPW by overturning, while

the numerical results show a slight bending of the SPW.

The difference in horizontal displacement at the toe of the SPW is smaller than 1 mm between

the experiment and numerical model.

12.5 Deformation geogrid-anchorage

Figure 147 and Figure 149 show the results of the deformation of the two-geogrid anchorage of Test 22.

The deformation of the geogrids has been plotted for a load level of 5 kN/m. The deformation of the

geogrids has been derived from the soil displacements computed by GeoPIV-RG and determined by

manually tracking transverse ribs of the geogrid by means of the plugin MTrackJ of ImageJ, as described

in Section 8.3.2. The deformed top and bottom geogrid are compared with the deformed geogrids in the

numerical model. The vertical position of the geogrid is plotted with respect to the initial location. Hence,

the initial location of the geogrid is a horizontal line at a vertical position of 0 mm.

Additionally, the horizontal displacement of the rear end of the top geogrid is plotted against the applied

load for the experiment and numerical model in
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Figure 148.
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Figure 147: Deformed top geogrid of 18 cm at a surcharge load of 5 KN/m.
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Figure 148: Horizontal displacement of the rear end of the top 18 cm geogrid.
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Figure 149: Deformed bottom geogrid of 11 cm at a surcharge load of 5 kN/m.

From Figure 147 - Figure 149, the following has been observed:

e The shape of the deformed top geogrid correspond well between the numerical model and
experiment except for the rear end and front part of both the top 18 cm geogrid-anchor and
11 cm geogrid-anchor.

e The experimental results in Figure 149 show only ~1.5 mm vertical displacements at the rear
end, while the numerical results show the maximum, namely ~6 mm vertical displacement at
the rear end of the bottom 11 cm geogrid-anchor. From the results of Section 9.5, we can state
that the pull-out of the geogrid could not be accurately derived from the soil displacements
results obtained from GeoPIV-RG.

e The numerical model predicts 1 mm larger maximum vertical displacements of the geogrid-
anchors at a similar load level of 5 kN/m, which is an increase of 17-20%.

e Both the numerical and experimental results show that the top geogrid displaces vertically
approximately 1 mm more than the bottom geogrid.

e Although the experimental results of the pull-out displacement are spikier, the trend and
magnitude of the horizontal displacement of the rear end of the top geogrid is more or less
similar for the experimental and the numerical results. A pull-out displacement of almost 6 mm

is computed.
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Figure 150 shows the experimental and numerical results of Test 52, with one 13 cm geogrid-anchor.
The blue and black colour denote the numerical and experimental results respectively. The continuous
lines and dashed lines are the results at a load level of 2.5 kN/m and 4.9 kN/m respectively.
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Figure 150: Deformed 13 cm geogrid-anchor at two different load levels.

From Figure 150, the following can be observed:

e At a load level of 2.5 kN/m, the vertical displacement of the geogrid differ less than 1 mm
between the numerical model and experiment for the middle part of the geogrid.

e Ataload level of 4.9 kN/m, the numerical model shows significantly lower vertical displacements
compared to the experiment. A difference of ~10 mm is observed between the maximum vertical

displacements.
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12.6 Tensile force in the geogrid

This section looks at the tensile force that develops in the geogrid. The tensile force in geogrid layers in
reinforced soils can be calculated analytically with the “Tie Back wedge’ method, that was adopted by
for example the Dutch design guideline for reinforced soils (CUR198, 2017). The ‘Tie Back wedge’
method calculates the maximum tensile force that is mobilised in a geogrid in reinforces soil. More
details regarding the method can be found in Chapter 3. The tensile force is calculated based on the
analytical design calculation for the mobilised tensile force only. Hence, the tensile force, which could
be maximally mobilised considering the length of the geogrid, is calculated. This seemed to be a fair
assumption as the geogrid was pulled-out at the load level we are analysing. In accordance with the
input parameters of the PLAXIS model, an apparent coefficient of friction - defined by u, in CUR198
(2017) — of 0.8 is assumed. The ‘Tie Back wedge’ method also asks for an influence factor (a’c) for the
cohesion and a material factor (gm). The first factor is generally determined from laboratory testing and
the second factor is a partial factor whose value depends on the geotechnical category, GC1, GC2 and
GC3 (CUR166, 2008). For a’, a value of 1 is assumed. The geotechnical category is out of the scope
of this research. Hence, a value of 1 is assumed for gm . For the approximation of the vertical soil
stresses, the 2V:1H approximation is used to compute the increase in vertical stress due to strip footing
loading. Accordingly, we departed from the proposed Boussinesq’s formulation for the approximation of
the vertical stresses due to strip footing loading. No substantial differences are expected as a

consequence of this simplification.

Figure 151 and Figure 152 show the tensile force distribution for Test 22 along the top geogrid-anchor
of 18 cm and bottom geogrid-anchor of 11 cm respectively. Results are plotted for an applied load of
5 kN/m. This test configuration of Test 22 includes two geogrids of 18 cm and 11 cm. The footing plate
of the surcharge load is position 3 cm from the SPW, so that the inner — and outer edge of the footing
plate are located 3 cm and 13 cm from the SPW. The results of the numerical model (PLAXIS),
experiment (geogrid stiffness x measured strain that was in turn calculated using GeoPIV-RG and
Manual tracked transverse ribs of the geogrid), and the theoretical solution according to the Tie-back

wedge method are given.
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Figure 151: Tensile force distribution in the 18 cm top geogrid-anchor for Test 22 at an applied load of 5.0 kN/m.

From Figure 151, the following can be observed:

e A similar tensile force of 1.45 kN/m in the anchor point is found with the numerical model and
the Tie Back wedge method.

e The tensile force reduced at a distance > 30 mm from the SPW for the numerical model, while
the Tie Back wedge method shows a tensile force reduction at a distance > 100 mm from the
SPW.

e The experimental results show significantly higher tensile forces at a distance < ~20 mm from
the SPW.

e The tensile force derived from GeoPIV-RG is also very high compared to the theoretical and
numerical results at a distance > ~100 mm from the SPW.

e The tensile force derived from the manually tracked transverse ribs (GeoPIV-RG) is very high
compared to the Tie Back wedge method and numerical results at a distance > ~200 mm and
< ~150 mm from the SPW.

¢ Along the length of the geogrid between ~40 mm and ~110 mm from the SPW, the experiment
results obtained from the manual tracking show average tensile forces of 25% the magnitudes
computed by the numerical model.

¢ Along the length of the geogrid between ~50 mm and ~100 mm from the SPW, the experiment
results obtained from the manual tracking show an average tensile force of 55% of the
magnitudes computed by the numerical model. An average tensile force of 0.91 kN/m is

computed by the numerical model for this part of the geogrid.
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Figure 152: Tensile force distribution along the bottom geogrid-anchor of 11 cm length for test 22 at an applied
load of 5.0 KN/m.

From

Figure 152, the following is observed:

A tensile force of 0.71 kN/m, 0.59 kNn/m and 2.6 kN/m is found for the Tie Back wedge method,
numerical model and experiment at the anchor point.

The tensile force distribution of the numerical model and the Tie Back wedge method looks very
similar. The numerical model shows on average 26% lower tensile forces compared to the
theoretical solution along the first 70 mm length of the geogrid. For the last 40 mm of the geogrid,
the tensile forces correspond very well.

The experimental results show significantly lower values compared to the theoretical solution
and numerical results along the first ~40 mm of the geogrid, except for a local point at ~20 mm
and at the connection with the SPW. At ~20 mm distance from the SPW, the experimental
results come close to the values computed by the numerical model, which calculated a tensile
force of ~0.5 kN/m.

Between ~50 and ~70 mm length of the geogrid, similar tensile forces are found from the
theoretical, experimental and numerical results. The average tensile force along this part of the
geogrid is 0.55 kN/m for the numerical model.

At a distance > 80 mm from the SPW, the experiment shows significantly higher values than the

numerical model and theoretical solution.
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Figure 153 shows the experimental and numerical results of the tensile force distribution for the 13 cm
geogrid-anchor of Test 52 at a load level of 4.9 kKN/m.
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Figure 153: Tensile force distribution along 13 cm geogrid-anchor at a load level of 4.9 kN/m.

From Figure 153, the following can be observed:

e The experiment shows a very fluctuating distribution. Along the first 20 mm and last 70 mm of
the length of the geogrid unrealistically high tensile forces are computed.

e The numerical model shows a tensile force of 1.73 kN/m at the anchor point. The tensile forces
reduces at a distance > 46 mm from the SPW.
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12.7 Analysis and discussion

12.7.1 Failure mechanism

The total soil displacements and critical slip surface obtained from the experimental and numerical
results agree very well. Figure 138 shows that the largest soil displacements occur underneath the
second half of the loading plate, i.e. between the centre and the outer edge of the loading plate. The
larger displacements can be explained by the fact that the footing plate was allowed to move freely. As
a consequence, more load was distributed to the second half of the plate. The soil displacements around
the geogrids indicate that the soil behind the critical slip surface is activated by the geogrids. This implies
that the geogrid moves through the soil and the pull-out mechanism has started.
Both the experimental and numerical results show a secondary slip surface from the inner edge of the
footing plate to the SPW. The intersection point of the secondary slip surface with the SPW cannot be
derived from the experimental results for a load position of 3 cm from the SPW, but can be derived from
the experimental results for a load position of 13 cm from the SPW. However, the secondary slip surface
was not fully developed in the numerical model. Accordingly, the similarity of the shape of the secondary
slip surface between the numerical and experimental results cannot be investigated fully. We can only
conclude that the secondary slip surface initiates at the inner edge of the footing plate for both the

experimental and numerical model.

The theoretical slip surfaces of the CUR166 (2008) and the Tie Back wedge method of CUR198 (2017)
do not correspond with the critical slip surfaces observed in the experimental and numerical results.
These theoretical approximations do not yet take into account the influence of the surcharge load. The
critical slip surface is clearly defined by the position of the footing plate of the load. Ohde’s design
calculation gives the best approximation as it assumes a critical slip surface starting at the outer edge
of the footing plate. According to Ohde’s approximation, the critical surface would intersect the SPW at
a depth of 306 mm and 542 mm for a footing plate of 200 mm length positioned 30 mm and 130 mm
from the SPW. The limited height of the SPW modelled in the experiment disrupts the failure
mechanisms at the bottom of the test box. Hence, critical slip surfaces approximated by theoretical
methods cannot be compared with the experimental and numerical results for load positions >27 mm
from the SPW.
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12.7.2 Relation between soil displacement and applied load
The main findings from Figure 139 - Figure 141 for the test configuration with the two-geogrid anchored
SPW and the load positioned 3 cm from the SPW (Test 22):

Up to an applied load of 3.5 kN/m, the numerically calculated total soil displacements are a
factor 2 and 3 higher than the total soil displacements in the experiment for a point in the soll
close to the SPW at the depth of the top geogrid and bottom geogrid respectively.

The total soil displacements correspond best at an applied load of 4-5 kN/m

At loads > 5 kN/m, the total soil displacements start to deviate again more. Again, the total soil
displacements of the numerical model are larger than the total soil displacements of the
experiment.

The general difference between the numerical and experimental results is characterized by an
overestimation of the total soil displacements by the numerical model. Only the vertical
displacements for the point at the depth of the top geogrid are significantly larger in the
experiment compared to the numerical model at loads > ~3.5 kN/m.

The larger displacements in the numerical model may be a consequence of the following:

The correction method applied to the numerical model to correct for the sidewall friction in the
experiment.

The reduction of the vertical stresses in the soil due to sidewall friction should be compensated
by the zero soil weight in the numerical model. This correction may lead to ‘overcorrection’ at
lower surcharge loads and ‘undercorrection’ at higher surcharge loads. Only the overestimation
at loads > 5 kN/m may be clarified by inaccurately correcting of the vertical stresses.

The friction between SPW and bottom of the test box as well as the silicone block and bottom
of test box.

Figure 145 shows larger SPW displacements in the numerical model compared to the
experiment. This could indicate that the friction between the SPW and the test box is
underestimated. Higher soil displacement will be a consequence of the larger SPW
displacements.

The densification procedure during the experiment .

The overestimation of the soil displacements at loads < 3.5 kN/m may be the result of an
underestimated initial void ratio and/or Ko value. During the experiment, the sand was densified
up to surface level. A plausible explanation would be that the soil is to some degree
overconsolidated. The relatively higher stiffness and strength properties of the top soil layer will
result to less displacement and sliding of the soil mass at relatively higher loads.

The connection of the geogrid to the SPW

The connection of the geogrid to the SPW may clarify the higher vertical soil displacements in
Figure 139a at a load > ~ 3.5 kN/m. The SPW starts to displace significantly between a load
level of 3.3 — 4.2 kN/m as can be observed from Figure 145a. The moment the SPW starts to

slide forward, the geogrid has to be pulled tight first before tensile force can be mobilised.
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During the preparation of the experiment, it was difficult to pull the geogrid tight while pouring
sand on top of it. This gives a plausible explanation for the jump in vertical displacement the
moment the SPW starts to displace. In practice, geogrids are pre-stressed when they are used
as anchorage for SPWs. Hence, the importance of pre-stresses is demonstrated by the
difference in vertical soil displacements between the experiment and numerical model.

e One centimetre difference in vertical distance between loading plate and top geogrid.
Because the depth of the soil layer differs 1 cm between the experiment (29 cm depth) and
numerical model (30 cm depth), the soil layer above the top geogrid in the experiment has a
thickness of 4 cm compared to the thickness of 5 cm in the numerical model. For comparison
of the soil displacement-load curves for the three locations in the soil domain, it was decided
to keep the vertical distance relative to the top geogrid equal between the experiment and
numerical model. When we consider point 4, this location in the soil is closer to the loading
plate in the experiment compared to the numerical model. Accordingly, relatively larger vertical
displacements would be expected from the experimental results in point 4. However, the
opposite relation has been observed in Figure 140. Moreover, a maximum difference of 0.5 mm
vertical displacement was observed if the experimental results were plotted for a 1 cm lowered
or elevated vertical position of point 4. Concludingly, the difference in soil depth will not clarify

the difference in soil displacements.

Next, the experimental and numerical results were compared for a 13 cm geogrid-anchor at the load
positioned 3 cm from the SPW (Test 52), see Figure 142 and Figure 144. The numerical model
overestimates the soil displacements significantly at loads > 2.5 kN/m. The absolute difference
increases with increasing load level. Since these findings are not in line with the overestimation of the
soil displacements at higher loads for Test 22, it is difficult to understand what is happening. It may be
that there are factors playing a significant role in the experiment which have not been included or cannot
be included in the model. It may be that these differences are caused by certain input parameters or

other modelling choices for the numerical or physical model.

It can be hypothesized that the large difference in experimental and numerical soil displacements are
caused by the way the geogrid is modelled. Since the geogrid is modelled as a line element, the
interaction mechanisms cannot be simulated perfectly. The main difference between the line element
and the geogrid is that the apertures and transverse ribs are not included in the model. It may be
possible that the interaction mechanisms that play a role in the friction mobilised along the geogrid within
the active zone are less well simulated than the pull-out mechanisms. In case of a geogrid of only 13
cm, which has no length outside the active zone, it may be that these discrepancies lead to larger

differences between experiment and model than in case of a geogrid of 18 cm length.
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Other modelling choices which may be of relevance regarding the differences in soil displacement are:

e The use of the Hardening Soil model to model the soil behaviour. It would be interesting to
compare the results with a model that uses the Hardening soil model with small-strain stiffness
(HSsmall).

e The mesh has not been updated between the calculation phases. It would be interesting to
compare the results with a model that updates the mesh. At overturning of the SPW and
differential vertical displacement along the length of the geogrid, it may be that errors arise in
the computation of the SPW displacements and deformation of the geogrid if second order

effects are not included.

12.7.3 SPW deformations

From Figure 145 and Figure 146, it is observed that the numerical model overestimates the SPW
displacements for the double-anchored SPW (Test 22), and the SPW with a 13 cm geogrid-anchor
(Test 52), except for the larger load levels in Test 52. SPW displacements are underestimated by the

numerical model when the SPW starts to overturn.

The difference in soil displacements between the numerical model and experiment are in line with the
overestimation and underestimation of the SPW displacements for Test 22 and Test 52 respectively.

We can argue that the difference may partly be a result of second order effects, which have not been
included in the numerical model. The SPW fails by overturning for Test 52. It may be that the rotation of
the SPW around its toe is underestimated by the numerical model, because the mesh has not been

updated.

12.7.4 Deformation geogrid-anchorage
Test 22: double geogrid-anchored SPW

At an applied load of 5 kN/m, the numerical model overestimates the vertical displacement of both the
top and bottom geogrid by approximately 1 mm, see Figure 147. Both the experiment and numerical
model show that the vertical displacement of the top geogrid is approximately 1 mm larger than the
vertical displacement of the bottom geogrid. The differences in vertical displacements of both geogrids
are in line with the differences in vertical soil displacements in Figure 139a and Figure 141a. The
deformation of the geogrid deviates more in the front and end part of the geogrids. This can be explained
by the inaccuracy of the manually tracked transverse ribs. Close to the SPW and at the intersection with
the critical slip surface soil covered the transverse ribs adjacent to the transparent sidewall (almost)

completely.
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Test 52: single geogrid-anchored SPW with a geogrid length of 13 cm

The deformed geogrid was compared for two load levels consciously; at a load level of 2.5 kN/m the soil
displacement-load curves between the numerical and experimental results agreed well, while at a load
level of 4.9 kN/m the numerical model overestimated the soil displacements significantly, see Figure
142. Indeed, this can also be observed from the results of the deformed geogrid in Figure 150. At a load
level of 2.5 kN/m, the vertical displacements between the numerical and experimental model differ less
than 1 mm for the middle part of the geogrid. The results only deviate more at the front and rear end of
the geogrid. In the rear end of the geogrid, it seems that the geogrid in the experiment is hold in place
more effectively by the soil behind the critical slip surface in the experiment compared to the numerical
model. A similar deviation was observed in the end part of the bottom 11 cm geogrid of the double
geogrid-anchorage. At a load level of 4.9 kN/m, the difference in maximum vertical displacement is

~10 mm. A more or less similar difference in vertical soil displacement is observed in Figure 142a.

12.7.5 Tensile force distribution along the geogrid

A difference of approximately 1 mm vertical displacement is observed in the deformation of the geogrid-
anchorage between the experimental and numerical model for the two-geogrids anchorage of Test 22
at a load level of 5 kN/m, see Figure 147. For this load level, we could presage a slightly lower tensile
force distribution along the geogrid in the experiment. The experimental, numerical and theoretical
results are compared for the top and bottom geogrid-anchor of the double geogrid-anchored SPW in
Figure 151 and Figure 152 at a similar load level of 5 kN/m. Chapter 7 elaborated on the derivation of
the strain and tensile force along the geogrid from the experiment. Hereby, the reliability of the tensile
force distribution derived from the soil displacements obtained from GeoPIV-RG was questioned. Since
we were not able to compute the soil displacements within the small shear band around the geogrid,
apparently high tensile forces were measured at the location of the critical slip surface and in the part of
the geogrid outside the active zone. Also, the accuracy of the methods used to compute the tensile
forces from the experimental results is mentioned as the cause of high tensile forces close to the SPW
and at the location of the critical slip surface. From Figure 151 and Figure 152, it can be observed that
the numerical results give significantly lower — more plausible — tensile forces at the location of the
critical slip surface and close to the SPW. The experimental results obtained from the manually tracked
geogrid are in the same order of magnitude along the remaining part of the geogrid. For the middle part
of the geogrids, average tensile forces of 0.91 kN/m and 0.55 kN/m were computed by the numerical
model for the top and bottom geogrid respectively. The Tie Back wedge method finds tensile forces of
maghnitudes close to the numerical results. However, Figure 151 shows that the distribution of the tensile
forces differs along the top geogrid. It can be concluded that the Tie Back wedge method is based on

two assumptions which conflict with the results of the numerical model:

e The Tie Back wedge method assumes no transfer of tensile force to the soil inside the active
zone, whereas the numerical model demonstrates that the soil enclosed by the SPW and critical
slip surface (active zone) provide some resistance.

e The Tie Back wedge method assumes a critical slip as defined by Mohr Coulomb and relates

the mobilised friction along the geogrid to the intersection point with the slip surface. The
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numerical model has shown in Chapter 9 that the mobilised frictional forces along the geogrid
depend on the position and length of the loading plate, because those determine the location
of the critical and secondary slip surface at surface level. Since the theoretical and numerical

slip surfaces do not correspond, different tensile forced distributions will be calculated.
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13 Discussion & Conclusions

Chapter 6 to 9 presented and analysed the small-scale experiments. Some of the test configurations
were simulated using a plane strain numerical model (PLAXIS, Chapter 10) and the results were
analysed in Chapter 11 and compared with the experimental results in Chapter 12. Based on the findings
described in Chapter 9, 11 and 12, the research questions will be answered in Section 13.3. Before the
research questions as defined in Chapter 1 will be answered, two additional research questions came

forward from:

e the method used to correct for sidewall friction in Chapter 10.2, and

e the method used to derive the tensile strain in the geogrid from the experiment in Chapter 8.3.
The research questions based on Chapter 10.2 and Chapter 8.3 respectively are as follows:

e How well can sidewall friction be included in a 2D numerical model?

e Can DPIV be used for the derivation of the tensile strain in the geogrid?
These two research questions will be answered first in Section 13.1 and 13.2.

Conclusions are drawn in Section 13.4. Finally, we have made a proposal from the conclusions for the

analytical design calculation for the mobilised resistance along the geogrid-anchorage in section 13.4.

13.1 How well can sidewall friction be included in a 2D numerical model?

The advantage of a 2D PLAXIS model over a 3D PLAXIS model is that higher accuracy can be achieved
with 2D elements compared to 3D elements. Furthermore, computational costs will be reduced.
However, the drawback of not having the possibility to include sidewall friction while simulating the small-
scale tests is in our case larger than the benefits of a 2D numerical model. Referring to the analytical
relations proposed by Jewell (1987) and Bathurst and Benjamin (1987), the sidewall friction will increase

non-linearly with depth due to:

(1) increased soil weight;
(2) the additional friction due to the strip footing load (arching effect).

As a consequence, vertical and horizontal soil stresses are attenuated more with depth. The arching
effect will result in larger attenuation of stresses in the soil directly below the loading plate relative to

the sides. Hence, a correction factor is required in numerical simulations, which is a function of:

e the applied load;
e the depth;
e the distance from the loading plate;

e the distance from the front and the back wall;

The arching effect in the soil between the sidewalls may result to a correction factor, which should be a

function of the in-plane direction also. However, in our case, the width of the test box is very narrow and
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we can assume that the sidewall frictional forces will have equal influence along the entire cross-section
of the test box.

Since it is not possible to incorporate such a correction factor in a 2D PLAXIS model, a deviation
between the soil stresses in the experiment and the numerical model at similar load level could not be
avoided. By manipulating the unit soil weight in the 2D PLAXIS model, it was attempted to simulate the
soil stresses at the maximum load level reached during the experiment as closely as possible. The unit
soil weight was reduced by a correction factor to account for the attenuated soil stresses due to sidewall
friction.

The derivation of this correction factor was based on:

o the relations of Jewell (1987) and Bathurst and Benjamin (1987),
e the measured interface sidewall friction angle (&) derived from the Pull-up test (see
Section 7.2.2)

¢ the measured average sidewall friction force at the bottom of the box (see Section 7.2.3)

Based on the results of Section 10.2.5, we can state that this correction method leads to good agreement
with the vertical stresses which are attenuated by sidewall friction. Acceptable small differences between
the soil stresses in the experiment and numerical model can be obtained for load levels between 3 and
6 KN/m if the soil weight is reduced to zero. However, the soil weight is underestimated too much due
to the manipulation of the soil weight when the surcharge load level is < 2.5 kN/m. As a consequence,

the stress path of the soil will deviate too much from the experiment for these low surcharge loads.

We applied only one reduction factor to the entire soil domain as we only measured the average weight
reduction along the entire bottom of the box (see Section 7.2.3). In case the surcharge load is close to
the SPW, one reduction factor may suffice as the soil zone of influence will be all below or near to the
loading plate. However, probably a lower reduction factor is required for the soil close to the SPW relative
to the reduction actor below the loading plate.

Concludingly, we can include the dependency of the correction factor on the distance from the loading
plate — to some degree - by dividing the soil in different zones with different unit weights. However, we
cannot include the dependency of the correction factor on the applied surcharge load. The stress paths
developing during the test cannot be simulated correctly. Another problem is that the reduction in vertical
stresses is limited to the self-weight of the soil. For surcharge loads > 6 kN/m, reducing the weight of
the soil cannot offset the frictional forces in the experiment. For higher load levels, one must consider
to add point loads in the soil domain, which act in upward direction and which magnitude increases with
depth.

It is interesting to evaluate the possibilities of including the sidewall friction in a 2D model. However, it
can be concluded that you cannot simulate sidewall friction well in a 2D PLAXIS model. Moreover, it will
become a cumbersome model. For the sake of simulating the experiment by a numerical model, either
a wider test box is required to make the influence of the sidewall friction negligible or a 3D model needs

to be validated first for which the sidewall can be modelled.
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13.2 Can DPIV be used for the derivation of the tensile strain in the
geogrid?

Whether DPIV can be used to derive the tensile strain in the geogrid depends on:

e The presence of interparticle locking due to the interaction of the soil with the geogrid.
e The fraction of geogrid surface area that is solid and in contact with the soil ().

e The minimum required interrogation window size (or subset size) used by DPIV.
As explained in section 3.1.2, the tensile strain in the geogrid can generally be mobilised in two ways:

e by shear between soil and the geogrid;

e by shear between soil-soil.

Shear between soil and geogrid will occur if the grains are significantly smaller or larger than the aperture
size of the geogrid. The shear zone will be along the geogrid. Shear between soil-soil will occur if the
grains just fit in the apertures of the geogrids. As a consequence, the grains in the apertures will move
along with the geogrid and will shear with the grains just above and below the geogrid. The shear zone
will be just above the geogrid.

DPIV computes the displacements of subsets of soil. The minimum size of these subsets depends on
the resolution of the digital test photos, the image texture quality and particle diameter (see Section 8.1).
First of all, the assumption must hold that the soil adjacent to the geogrid and the geogrid displaces as
one in order to use DPIV to compute the tensile strains in the geogrid. Cardile et al. (2017) demonstrated
that complex failure mechanisms develop in the soil in the apertures of the geogrid under pull-out
mechanisms. Since a geogrid-anchor experiences pull-out mechanisms, it is not likely that the
assumption holds for relatively small grains with respect to the aperture size of the geogrid. If the ratio
of the grain size to the aperture of the geogrid is close to 1, it is likelier that the grains in the apertures
and the geogrid move as one.

Second, the shear band of soil must be sufficiently thick — i.e. larger than the interrogation window size
(or subset size) used by DPIV — in order to capture the soil displacements in this shear band by means
of DPIV. Generally, the larger the grain size, the larger the shear band. Particle interlocking will widen
the shear band. In case the grains just fit in the apertures of the geogrid, a shear zone will develop
above the geogrid. The displacement of the bottom part of this shear zone adjacent to the geogrid may
be used to derive the tensile strain in the geogrid.

For our experiments, no reliable tensile strains in the geogrid were derived from the DPIV soll
displacement results by means of the calculation procedure described in Section 8.3.1. The transverse
ribs of the geogrid are less than 0.5 mm thick. The minimum subset size of 3.2 mm, which was required
to obtain accurate results from DPIV, was too large to track the transverse ribs and thin shear band

along the geogrid by means of DPIV.

Another problem was that the soil covered the transverse ribs, which were visible on the test photos at

the beginning of the test, more and more as the soil deformation increased. Especially, the rear part of
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the geogrid was poorly visible after some soil deformation. If the pixel pattern of the subsets of soils,
tracked by DPIV, alter largely, the cross-correlation technique used by DPIV will not lead to accurate

results.

13.3 Answers to the research questions

13.3.1 What relation can be found between the (length of) the geogrid-
anchorage and the shape and size of the critical slip surface?

Both the experimental and numerical results have demonstrated that the geogrids will influence the
shape and size of the critical slip surface in case of intersection. The experimental results show that
when the initially straight slip surface intersects with the geogrid, the slip surface reorients vertically.
Due to the resulting perpendicular crossing of the critical slip surface at the intersection with the geogrid,
the shape of the slip surface becomes more curved and wider. This results in a longer path of the slip
surface, resulting in an increase of the shear resistance of the soil along the slip surface and more

bearing capacity. These findings are in accordance with (Ziegler, n.d.) and (Jacobs et al, 2016).

13.3.2 How does the surcharge load position affect the mobilised anchor force?
The position of the surcharge load plays a key role in the mobilisation of tensile forces along the geogrid.
The tensile force distribution depends on the developed slip surfaces. The slip surfaces are defined by
the position and length of the loading plate, because the failure mechanism is driven by the surcharge
load. The critical slip surface initiates at the outer edge of the loading plate. A secondary slip surface
develops at the inner edge of the footing plate. The magnitude of the mobilised anchor force depends
on the length of the geogrid outside the critical slip surface. The active zone enclosed by the two slip
surfaces is resisted to slide along the slip surface by the tensile force mobilised in the rear part of the

geogrid behind the active zone.

Besides the load position, the length of the loading plate is thought to be of importance with regard to
the mobilised tensile force in the geogrid. From the numerical results, it was observed that the largest
share of the resistance was mobilised along the bottom of the geogrid within the active zone. Since the
length of the loading plate defines the distance between the secondary and critical slip surface - and
accordingly the width of the active zone - we presume that the mobilised anchor force is also a function

of the length of the loading plate.
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13.3.3 What interaction mechanism(s) describe the development of the
resistance along the geogrid-anchor(s)? What is the influence of the
length of the geogrid on the mobilised anchor force?

From the experimental results, three main conclusions can be drawn:

1. The connection of the geogrid to the SPW plays a significant role in the mobilisation of
tensile force along the geogrid and transfer of vertical pressures via the geogrid to the SPW.
Without connection, no resistance is provided by the part of the geogrid within the active
zone.

2. The intersection of the geogrid with the critical slip surface plays a significant role in the
mobilisation of tensile force along the geogrid.

3. The confining effect of the geogrid as a consequence of the surcharge load above the

geogrid turns out to be insignificant with regard to the stability of the soil behind the SPW.

Interaction mechanism(s) related to point 1:

The lateral pressure against the SPW increases due to the surcharge load and as a result, the SPW
starts to either slide along the bottom box or turn around its toe. Due to the moving SPW, space behind
the SPW increases and soil starts to slide along the critical slip surface downward and laterally towards
the toe of the SPW. This will affect the geogrid in two ways: the SPW pulls in one direction, while the
moving soil mass tries to drag the part of the geogrid within the active zone downward.

The fixity of the geogrid at the anchor point results in a relative displacement between the geogrid and
soil within the active zone. From the experimental results, we can conclude that the SPW will fail by
overturning in case of no or short (6-13 cm length) anchorage. The longer the geogrid, the more
resistance against overturning. Accordingly, it can be argued that the initial interaction between the soil
and geogrid within the active zone is a pull-out mechanism. However, the pull-out mechanism will not
be the only mechanism involved. The geogrid will act as a kind of barrier net. The sand tries to push the
geogrid downward at the contact with the solid geogrid and tries to go through the apertures of the grid.
The rough interface of the solid geogrid makes that the grains cannot move easily through the apertures.
Shear stresses between the geogrid, grains within the apertures and grains along the length of the
geogrid are mobilised. Apparently, within the active zone, most friction is mobilised along the bottom of

the geogrid — as was observed in the numerical results.

Interaction mechanism(s) related to point 2:

The interaction mechanism related to the intersection of the geogrid with the critical slip surface can be
related best to a direct (or simple) shear test. The slip surface cuts the initially horizontal geogrid with a
certain angle. The tensile force acting across the slip surface i.e. the surface of maximum stress obliquity
in the soil, increases the shear resistance along the critical slip surface. We assume that the magnitude
of the resisting tensile force is defined by the pull-out resistance of the part of the geogrid behind the

critical slip surface.
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Interaction mechanism(s) related to point 3:

Our experimental results show that the influence of the confinement effect of the geogrids is negligible.
No increase in bearing capacity was observed in the load-displacement curves of non-connected
geogrids with a length too small to intersect with the critical slip surface. Since the confining effect of the
geogrid should not depend on the connection of the geogrid to the SPW, we can conclude that the
confining effect is no dominant interaction mechanism. Increased soil resistance was observed when
the non-connected geogrid intersected with the critical slip surface. The local increase of strength at the
intersection of the critical slip surface with the geogrid can be seen as some horizontal confinement,

because the slip surface continues its path vertically.

13.3.4In case of multiple geogrid-anchors, do they influence the mobilised
anchor force of each other?

Since we could not rely on the experimental results of the mobilised tensile force in the geogrid, this
conclusion is based on the numerical results only. We compared the tensile force distribution of a single
and double anchored SPW. Both models included a top 18 cm geogrid-anchor. The double anchored
SPW had a second 11 cm geogrid-anchor at 7 cm vertical distance from the top geogrid. Lower anchor
forces were found in the 18 cm geogrid-anchor when a second geogrid-anchor was included. The bottom
geogrid-anchor provides part of the resistance, which results in 10% to 11% lower anchor forces in the
top geogrid (see Figure 129 in Section 11.2.4) . Less well understood, is the difference observed in the
tensile force distribution along the top 18 cm geogrid-anchor at approximately the location of the
intersection with the critical slip surface (between ~115 and ~130 mm distance from the SPW). It can
be observed that the tensile force remains more or less constant for the test with the two-geogrid
anchorage, while it increases for the test with the top 18 cm geogrid only. This means that friction is
mobilised along this part of the geogrid in case there is no second bottom geogrid and is not mobilised
in case there is a second bottom geogrid. It is thought that the difference in tensile force distribution has
to do with the alteration of the shape and width of the critical slip surface by the intersection of the slip
surface with the bottom geogrid-anchor. If the slip surface has widened due to the interaction with the
second bottom geogrid, the soil between ~115 and ~130 mm distance from the SPW may be activated

already and cannot provide any resistance at the top 18 cm geogrid.

13.3.5 How does the numerically modelled geogrid-anchor behave in accordance
with the experimental findings?

We cannot investigate how well the numerical model simulates the interaction between the geogrid and
soil based on the tensile force distributions, because we could not rely on the experimental results of
the tensile force distribution along the geogrid. However, we can compare the failure mechanism, soil

displacements, SPW displacements and deformation of the geogrid(s).

The experiment and numerical results show a very similar shape and size of the critical slip surface. The

secondary slip surface was also observed in both. Both demonstrated that the geogrids influence the
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shape and size of the critical slip surface at the intersection. These findings imply that the numerical

model simulates the soil-geogrid interaction well.

Based on the experimental and numerical soil displacements of Test 22 and Test 52, it can be concluded
that the numerical model does not simulate the small-scale experiment perfectly. At higher load levels,
soil displacements were overestimated for Test 22, while soil displacements were underestimated for
Test 52. The differences in SPW displacement between the numerical model and experiment are in line
with the differences in soil displacement. Especially, the trend of the load-displacement curves and
relative displacements within the entire soil domain are important indicators with regard to the degree
of similarity in soil-geogrid interaction. The soil displacement fields look very similar. However, the load-
displacement curves show different behaviour. The way the geogrid is modelled in the numerical model

may be (part of) the cause of these discrepancies.

When the deformations of the geogrids were studied at a load level at which the load-displacement
curves fit best, it was found that the maximum vertical displacement and pull-out displacement of the
rear end of the geogrids agreed quite well. The similarity between the vertical displacement and pull-out
displacement of the geogrid gives trust in the correctness of the numerical model with regard to the

simulation of the geogrid-soil interaction.

Doubts in the correctness of this geogrid model came mainly forward from the findings of Lees (2014).
Lees (2014) argues that the influence zone of the geogrid is larger than just the thin layer of sand
particles adjacent to the geogrid. If the geogrid is modelled as a 1D tensile element, this influence zone
cannot be taken into account and the confining effect of the geogrid is underpredicted. Concludingly, if
the confining effect of the geogrid - i.e. the increase in soil shear resistance by the restraint horizontal
displacements of the soil around the geogrid - is no dominant interaction mechanism, the modelling of
the geogrid as a 1D tensile element can be justified. Figure 84shows that the geogrid-anchors of a length
of <13 cm do not provide resistance if they are not connected to the SPW. We would have expected to
observe higher failure loads for the non-connected geogrids < 13 cm with the surcharge load positioned
above the geogrids, if the confining effect would have played a role. From the findings of Figure 84, it
can be argued that the confining effect of the geogrid is no dominant interaction mechanism and the

geogrid-soil interaction can be simulated accurately by a 1D tensile element.

Since the geogrid was not pulled completely straight in the experiments — especially at the connection
with the SPW — , relatively higher vertical soil displacements were found at the start of the experiment
compared to the numerical results (see Figure 139a). This finding emphasizes the importance of pre-

stresses the geogrid-anchorage in field.
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13.4 Conclusions

Geogrid-anchorage of sheet pile walls is a relatively new application of geogrids, in which sheet pile
walls are anchored with one or more layers of geogrid. This type of sheet pile anchorage has some
advantages like low costs and flexibility. This research focusses on geogrid-anchored sheet pile walls
under strip footing loading. A series of small-scale experiments and 2D numerical simulations of these
experiments were conducted and analysed as a first step towards the formulation of an analytical

design-method for geogrid-anchored sheet pile walls.
This research has brought us to a better understanding of:

e the interaction mechanisms: how does the geogrid-anchor mobilise resistance?

e the parameters: which parameters affect the mobilised resistance of the geogrid-anchor?

The following parameters were investigated in the small-scale experiments: the load position, the length
of the geogrid-anchor, and the number of geogrids. The following conclusions concerning the influence

of these parameters were drawn:

e The surcharge load drives the SPW system to failure. A critical slip surface develops from the
outer edge of the loading plate to the toe?® of the SPW. A secondary slip surface develops from
the inner edge of the footing to the SPW. The secondary slip surface and critical slip surface
divide the soil in three different strain fields: zone | (enclosed by the secondary slip surface and
SPW), zone Il (the active zone: enclosed between the secondary and critical slip surface) and
zone Il (behind the active zone).

e The position of the loading plate with respect to the geogrids is of large influence of the
mobilisation of friction along the geogrid. The position of the loading plate has a decisive
influence: it determines the location where the slip surfaces develop with respect to the position
of the geogrid, and whether the slip surfaces will intersect the geogrids.

e The width of the loading plate defines the width of the active soil zone: it determines the part of
the geogrid which lies within the active zone and the friction mobilised along this part
accordingly.

e The slip surface reorients vertically at the intersection of the critical slip surface with the
geogrids, — as was found by (Ziegler, n.d.) and (Jacobs et al, 2016) also. This results into a
wider and curved slip surface. The increased shear resistance of the soil along the longer path
of the slip surface results to increased stability of the SPW system.

e The confining effect of the geogrid is the mechanism that the geogrid increases the shear
strength of the soil by providing frictional restraint against lateral soil deformations. This effect
is mentioned as one of the interaction mechanisms in the design guideline for reinforced soils
(CUR198, 2017). However, the experiments show that this confining effect — due to the load

positioned above the geogrids - does not contribute to the total resistance.

23 Only ~30% of the total embedment of the SPW is modelled. Therefore, the ‘toe’ of the SPW is actually located ~30% of the
total height of the SPW above the actual toe of the SPW.
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e The length of the geogrid — as expected — affects the mobilised resistance along the geogrid.
The longer the geogrid, the more resistance is mobilised along the geogrid.

e When the number of geogrids increases (from one to two geogrids), the deformation reduces.
The shape of the critical slip surface is also influenced by the second geogrid-anchor. For the
relatively short second geogrid-anchor, it is found that the slip surface reorients such that the
slip surface becomes wider and circumvents the geogrid.

e The position of the loading plate with respect to the geogrid, the width of the loading plate, the
length of the geogrid and the number of geogrids all have an important role in the development
of the slip surfaces and the resistance that can be developed by the geogrid-anchors. Therefore,
these parameters should be included in the analytical design calculations for the mobilised

tensile force along the geogrid.

Different interaction mechanisms dominate along different parts of the geogrid. The following

conclusions concerning these interaction mechanisms were drawn:

e From both the experimental and numerical results, it was found that the dominant interaction
mechanisms are:
o the membrane effect at the front part of the geogrid (zone I);
o the sliding resistance in zone Il and at the intersection with the critical slip surface
(zone 1I-111)
o the pull-out resistance along the part of the geogrid behind the active soil zone
(zone 1lI)

e For increasing surcharge loading, an increase in soil deformations is followed by the
mobilisation of an additional resistance. This increase may be explained by the sliding soil mass
in the active zone (zone Il), that drags along the geogrid downward in the active zone, while the
geogrid parts in zone | and Il are hold in place by the SPW and the soil respectively. The geogrid
therefore ends up in a kind of hammock-shape. This gives the membrane effect, in which
vertical soil pressures are transferred via the geogrid to the SPW and the soil in zone llI.

e The friction mobilised in the active zone (zone Il) is related to the surcharge loading and the
connection with the SPW. The downward soil displacement is resisted by the geogrid due to the
rough interface between the soil and geogrid in the active zone and the resisting force provided
by the SPW. The soil in the active zone tries to push the geogrid downward: shear stresses and
normal stresses will act along and on the transverse and longitudinal ribs of the geogrid. This
mechanism describes a sort of sliding resistance of the geogrid in the active zone (zone II).

e Due to the resistance against downward displacement of the geogrid in the active zone -
provided by the rear part of the geogrid behind the active zone (zone IIl) - tensile forces are
developed in the geogrid at the intersection of the slip surface with the geogrid. At the
intersection (zone Il-1ll), the tensile force in the geogrid provides sliding resistance against the
sliding soil mass in the active zone (zone Il).

e The friction along the rear part of the geogrid (zone Ill) is mobilised due to the displacement of

the geogrid relative to the soil. The displacement of the geogrid is the consequence of two
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mechanisms. First, the geogrid will be pulled out of the soil by the SPW, which displacement
increases at increasing surcharge load. Second, the geogrid will be pulled out by the sliding soil
mass in the active zone (zone IlI). This friction mobilised along the geogrid is referred to as the

pull-out resistance.

From the numerical results, it is concluded that friction is mainly mobilised along the top of the
geogrid in zone Il (behind the active zone), and along the bottom of the geogrid in zone Il (active
zone). At a settlement of the geogrid of ~7 mm, approximately 40% and 60% of the total
resistance is provided by the frictional force of the soil along the top and bottom of an 18 cm
geogrid respectively. No friction is mobilised along the geogrid in zone I.
Based on the numerical results, the frictional resistance is mobilised as follows:
o inzone . no shear resistance is provided by the soil
o in zone Il (the active zone): the friction along the bottom interface is mobilised. It is not
fully understood yet what interaction mechanism results in the mobilisation of this
friction along the bottom of the geogrid. This mechanism is only activated if the geogrid
is connected to the SPW. When the surcharge load level increases, relatively more
tensile force is transferred to the soil in zone Il compared to zone ll.
o In zone llI: friction along the top interface is mobilised, due to pull-out resistance.
The part of the geogrid that lies in zones Il and Il determine how much friction along the geogrid
can be mobilised.
For the numerical modelling of the soil-geogrid interaction, different interfaces may be included

to accurately compute the resistance along the geogrid.

The following conclusions were drawn that are interesting for related studies:

The geogrid can be modelled as a 1D tensile element when the geogrid is used as anchor in
sand (ratio of the aperture size to the particle size >> 1), as the confining effect of the geogrid
turns out to be negligible. Therefore, the influence zone of the geogrid is localised around the
geogrid and described by the soil within the apertures and adjacent to the geogrid.

The measured soil displacements are computed with higher accuracy by the DPIV software
GeoPIV-RG and PIVlab than OpenPIV. Probably, because of the higher order subset shape
functions used.
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13.5 Proposals for analytical design calculation
Based on the experimental and numerical results, the following can be proposed for an analytical design

calculation for the mobilised tensile force in the geogrid and required length:

e A division of the soil behind the SPW in three zones, which are bounded by the critical and
secondary slip surface. Zone | is the zone between the SPW and secondary slip surface. Zone
Il is the active zone between the secondary and critical slip surface. Zone lll is the zone behind
the critical slip surface.

e Although more research is required, the best approximation of the slip surfaces seems to be
based on a set of two slip surfaces that initiate at both sides of the surcharge loads, like for
example Ohde’s design method (Ohde, 1956).

e The mobilised tensile force should be a function of the bottom interface friction along the geogrid
within the active zone (zone Il) and the mobilised top interface friction along the length of the
geogrid behind the critical slip surface (zone l1ll). This proposal is depicted in Figure 133 of
Chapter 11.3.2. Hence, this might be an optimization of the theoretical solutions of the CUR198
(2017), which assume that only friction is mobilised along one side of the geogrid layer behind
the active zone.

e Similarly, as considered for the mobilised friction along geogrids for reinforced soils (CUR198),
it is recommended to take the effective length of the geogrid into account only one time.
Although friction can be mobilised along the top and bottom of the geogrid, it is found that either

friction is mobilised along the top or along the bottom of the geogrid.

These proposals are based on experimental and numerical results for which the failure mechanism is
driven by a surcharge load such as considered in this thesis. This surcharge load might model the load
of an abutment of a bridge or viaduct. Since the slip surfaces determine the shear strain zones in the
soil, which define the tensile force distribution along the geogrid, different zones may be defined for
other loading types. Failure mechanisms driven by horizontal loads will very likely result to different

tensile force distribution along the geogrid. Different interaction mechanisms may be dominant.

We emphasize that all the results presented have scale effects. Because of the nonlinear stress-strain
response of sand, different results may be found on real scale. Hence, the results are only qualitative in

nature.

In order to make this type of anchorage more widely applicable, the required space behind the SPW
should be minimized. An optimal design should be realised which can provide maximum resistance with
minimum length of geogrid behind the active zone. The fact that both numerical models showed a build-
up of friction inside the active zone, is promising for the realisation of geogrid-anchored SPWs with a

relatively short anchorage.
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14 Recommendations for future research

In this chapter, recommendations are made for the continuation of this research. The experimental set-
up and numerical model are evaluated and some improvements are suggested in Section 14.1. Next,
proposals are made regarding new experiments in Section 14.2. Lastly, we have so far only studied the
mobilised tensile force in the geogrid. Based on the findings of this report, some first proposals and
hypothesis are made for the analytical design calculations for the required tensile force of the geogrid-

anchorage in Section 14.3.

14.1 Improvements of experiment and numerical model
In this section, the limitations of the small-scale experiment and numerical model are discussed and

some recommendations for improvements are made in section 14.1.1 and section 14.1.2 respectively.

14.1.1 Experiment

14.1.1.1 Height of wall.
The critical slip surface is influenced by the bottom of the test box for horizontal positions of the

loading plate = 3 cm distance from the SPW. In order to study the slip surfaces, it is

recommended to increase the height of the test box such that the soil depth can be increased.

14.1.1.2 Ultimate limit state
A drawback of the experimental set-up was that it was not possible to go to failure for tests with

a geogrid-anchor of 18 cm length (i.e. the longest anchor that has been tested). Hence, the
ultimate limit state could not be analysed for these tests. The first reason is that the maximum
failure load was limited to ~70 kg, which is equal to 7 kN/m, because the test box fails at higher
loads. The second reason is that the silicone block would not allow compressive strains > ~0.08
(i.e. a compression of 8 mm) without the potential development of internal fissures. As a
consequence, the horizontal displacement of the toe is limited to ~8 mm. The following
improvements are proposed:
a. Maintain this failure mode, which is defined by a sliding SPW along the bottom of the
test box.
In this case, the way the passive force is modelled must be modified. In order to reach
ultimate limit state, the stiffness of the silicone block should be reduced and it must be
ensured that no internal fissures will develop at larger strains.
b. Change the failure mode into one that is defined by overturning of the SPW. Then,
both the test box and the silicone block must be modified.
The passive force must be enlarged/increased such that the maximum mobilised
tensile force in the anchors are exceeded first. Accordingly, a silicone bock with higher
stiffness is required. Also, a stronger test box is required in order to increase the
surcharge load to > 70 kg.
It should be noted that for a qualitative analysis, it is important to not change the stiffness of the

silicone block between the tests which you want to compare.
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14.1.1.3 Width of the test box
The numerical model simulates the small-scale experiment well in case the load position close

to the SPW (3 cm distance), whereas the experiment is poorly simulated for a load position of
13 cm from the SPW. The larger the distance between the loading plate and the SPW, the
further away from the SPW the slip surface initiates. As a consequence, we think that the soil
displacements are affected more by the sidewall friction. This would be a plausible reason for
the difference in similarity between the experiment and numerical model for different load
positions. In order to reduce the influence of the sidewall friction, the width of the test box should

be increased.

14.1.1.4 Prestressing the geogrid: connection to SPW.
A better way needs to be found to pull tight the geogrid during preparation. At the initial stage

of the test series, the geogrid had too much play close to the connection with the SPW. Since
the geogrid is modelled as a horizontal 1D tensile element, this looser front part of the geogrid
is not included in the numerical model. The difference in soil displacements between the
experiment and the numerical model are very likely explained partly by this difference. Maybe,
the solution is the connection of the geogrid to the SPW. This problem is probably resolved, if
the connection of the geogrid to the SPW used in the prototype can be scaled down and included

in this test set-up.

14.1.1.5 Passive force
Increase the texture resolution of the silicone block such that the displacement and strains can

be derived in the silicone block using DPIV. If the strains in the silicone block can be determined,
also the passive force can be derived. Moreover, the displacement of the SPW at the bottom
may be determined more accurately from the silicone block strains. The additional information

from the silicone blocks will also help to validate the numerical model.

14.1.1.6 Load transfer via steel rod and acrylate plates.
The bucket, which was slowly filled with water, was placed on top of a plate. An additional

identical footing plate was placed below the top plate with a steel rod in between the plates in
order to allow for horizontal movement of the footing plate under soil movement. At very large
SPW displacements, the rotating footing plate came in contact with the top plate, which is
carrying the surcharge load (i.e. the bucket). It is recommended to increase the diameter of
the steel rod such that at very large SPW displacements the footing plate is allowed to move

horizontally without possible resistance of the top plate.

199



14.1.1.7 Soil displacements close to SPW
Inaccurate soil displacements were computed by means of DPIV close to the SPW. The

following will improve the accuracy of the soil displacements close to the SPW:

e increase the resolution of the image;
e increase the image texture quality;

e increase the soil particle diameter.

Stanier et al. (2016) recommends a value of at least 4 for the particle diameter to pixel ratio,

while this value was ~1.3 in our experiments.

14.1.1.8 Tensile strain in geogrid
e We have not accomplished to retrieve accurate tensile strains in the geogrid from the

experiment. Best results of the tensile strains in the geogrid were obtained by manually tracking
the transverse ribs of the geogrid on the test photos by means of the plugin MTrackJ of the
ImageJ software pack. However, this methodology suffered from the poor visibility of the
transverse ribs of the geogrid on the test photos. The larger the soil displacements, the more
soil covered the transverse ribs. Accordingly, bias of the results of the tensile strains increased
due to mismatched tracked transverse ribs. We tried to increase the thickness - and so the
visibility - of the ribs by coating the part against the transparent sidewall with a rubber seal.
However, this did not solve the problem. First of all, a solution must be found to maintain the
visibility of the transverse ribs on the test photos throughout the test in order to derive accurate
tensile strains in the geogrid by means of this methodology. Next, accuracy must be increased
by either increasing the resolution of the test photos or increasing the tensile strain by reducing
the stiffness of the geogrid. The current resolution of the test photos is 0.108 mm/pix. Assuming
we can track the transverse rib to one pixel accurately, the accuracy error of the stretch in the
geogrid will be two pixels. Since the average distance between the transverse ribs is ~5 mm,
the accuracy error?* of the tensile strain will be 0.04. Since the tensile strains are of the same
order (see Figure 151), it is required to increase the accuracy even if the transverse ribs are
clearly visible.

e Since the above-mentioned methodology to derive the tensile strains in the geogrid lacks
accuracy and is labour intensive, an alternative methodology is recommended. The
methodology, which uses soil displacements derived from DPIV to derive the tensile strains in
the geogrid, is a promising method as it led to satisfactory results in recent work of Ahmadi
(2020). However, we obtained inaccurate results because of two reasons. First, the accuracy of
the soil displacement at the location of the geogrid deteriorated throughout the test as a
consequence of the displacing soil that covered more and more the transverse ribs of the

geogrid on the test photos. The cross-correlation between the photos decreased as the pixel

Al
13

24 The tensile strain in the geogrid is calculation according to the equation: ¢; = where i denotes the length element i of the

total length of the geogrid. The geogrid is divided by length elements of ~5 mm, which is the length between two transverse ribs.
The difference between current and the initial length of the element i, Al;, has a maximum accuracy error of 2 pixels, which is

equal to 0.216 mm. Then, the maximum error of the tensile strain for each element is error(g;) = error (%) = 0251% ~ 0.04.
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pattern of the tracked subsets of soil at the location of the geogrid altered between the test
photos. At the locations of relatively large strains, the correlation reduced by ~30%. Second, the
assumption that the soil displacements at the location of the geogrid are equal to the
displacements of the geogrid is not valid. Because of the small particle size, the shear band is
very thin. Figure 98 clearly proves that the soil displacements do not correspond with the
displacements of the geogrid. At the location plotted in this figure (rear end of geogrid), the
geogrid is pulled out of the soil. There may be two solutions. First, the smallest subset of soail,
which could be tracked accurately by DPIV should be reduced. The smallest subset size, which
could be tracked accurately for our test photos was of a size of 5 mm by 5 mm. The thin shear
band of soil around the geogrid may be trackable, if this subset size of 5 mm by 5 mm can be
reduced by increasing the resolution of the test photo. Second, the assumption will very likely
hold, when a soil is used with relatively large grains with respect to the aperture size of the
geogrid. If the ratio between the particle diameter and aperture size is close to one, the particles
will get locked between the apertures and interlocking between the particles will occur. This
results in a relatively thick shear zone, which may displace (partly) in unity with the geogrid.
However, a drawback is that this would lead to geogrid-soil behaviour, which will deviate more
from field situation. Since we want to scale the sand patrticle size and geometry of the geogrid
most true to reality, it is preferred not to increase the particle size with respect to the dimensions
of the geogrid. Accordingly, there is a desire for an alternative method to measure the strain

distribution in the geogrid.

14.1.1.9 Similitude for 1g physical models
Although the small-scale experiment was meant for qualitative analysis, it would give more

representative results if the small-scale experiment has similitude with the field situation. If we derive

the geometrical scaling factor from the free length of one of the geogrid-anchored sheet pile walls in

Krammer park (see Chapter 6.1) then the geometrical scaling factor is 21. So, the real-scale SPW is

scaled down by a factor of 21. The following assumptions are made in accordance with the similitude

derived by lai (1989) for the three independent scaling factors:

the geometrical scaling factor is A, which is equal to 21;

the scaling factor for the soil density is 4, is 1;

the scaling factor for the soil strain is A*~™, in which m is a power law coefficient which
describes the stress-dependency of the stiffness of the soil. From triaxial tests, the value for m

is determined to be 0.54.

If we consider these scaling factors for the geometry, soil density and strain, the scaling factor for the

bending stiffness of the SPW (1g;), axial stiffness of the SPW (4z,), and tensile stiffness of the geogrid

(4;) can be derived (lai, 1989). Table 14 gives an overview of the scaling factors.
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Table 14: Scaling factors for 1g physical models

Parameter Scaling factor
Length A

Soil density p 1
Strain ¢ Amm
Stress o A

Axial stiffness of the SPW?® (EA) Altm
Bending stiffness of the SPW?¢ (EI) A3+m
Tensile stiffness of the geogrid?’ (J) Altm

Table 15: Difference between applied scaling factor and correct scaling factor

Parameter Magnitude in Magnitude in Applied scaling Correct scaling Correct
prototype Small-scale factor [-] factor [-] magnitude in
experiment small-scale
experiment
Length 51m 0.24m 21 21 0.24m
[m]
(Free length of
SPW)
Axial stiffness of 2828.7 MN-m! 700 MN-m* 4 109 26 MN-m™*
the SPW (EA)
[MN-m?]
Bending stiffness 43134 kKNm2-m* 5.83 kKNm2-m? 7399 47935 0.9 kNm?.m*
of the SPW (EI)
[KNm2-m™]
Tensile stiffness of | 2800 KN-m* 191 KN-m? 15 109 26 kN-m*
the geogrid® (J)
[kN-m™]

The axial and bending stiffness of the SPW and the tensile stiffness of the geogrid in the prototype were
taken from Spingher (2018) for an AZ 13-700 SPW type. The results of Table 14 show that the axial
stiffness and bending stiffness of the SPW have been over-dimensioned by a factor ~27 and ~6.5. The

tensile stiffness of the geogrid has been over-dimensioned by a factor of ~4.

25 per unit breadth of the SPW [kN-m™]

26 per unit breadth of the SPW [kNm?m]
27 per unit breadth of the geogrid [kN-m™].
28 per unit breadth of the geogrid [kN-m™]
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Due to the over-dimensioned stiffness of the SPW and geogrid, one can imagine that the failure load on
prototype scale will be over-predicted. Furthermore, it is very likely that the contribution from the front
part of the geogrid in the active zone and the back part of the geogrid behind the active zone
proportionally differs with the field situation. The membrane effect may be overestimated due to the
over-dimensioned stiffness of the geogrid, whereas the back part of the geogrid may be less activated

due to underpredicted deformations of the over-dimensioned SPW.

Furthermore, the ratio between the particle size and the geometrical dimensions of the geogrid play a
role in the correct simulation of the field situation. In reality, the aperture size of the geogrid is ~30 mm.
In the small-scale experiment, the aperture size and thickness of the transverse ribs is reduced by a
factor ~10, while the sand — and so the particle size - stayed more or less the same. The mobilised
passive bearing pressure of the soil in the apertures will be underpredicted in the small-scale experiment

due to interference phenomena, which will be more dominantly present due to the smaller value for the

ratio of the thickness of the transverse rib to the particle diameter (Di) and the ratio of the aperture size
50

to the thickness of the transverse rib (%) .

14.1.1.10Loading rate
The loading rate affects the strain rate in the soil. The loading rate varied between 0.02-0.04 kg/s in the

small-scale experiment. On dry sand, the effect of the strain rate becomes significant at higher confining
pressures. At confining pressures < 100 kPa, the secant Young’s modulus remains constant regardless
the initial density of the sand (Suescun-Florez, Iskander and Bless, 2015). The confining pressure in the
small-scale experiment stayed well below the 100 kPa. Since tests were performed with dry sand, no
differences are expected in the stress-strain behaviour of the soil for this small range of loading rates.
However, the loading rate should be considered as a possible reason for the difference in load level at
which the ‘stick-slip’ mechanism develops for three duplicate tests, which include an 18 cm geogrid-
anchor (section 9.2.4). Therefore, for future tests, one much ensure that the loading rate is equal
between all tests.

14.1.2 Numerical model

14.1.2.1 Erroneous high soil displacements at the corners of the loading plate
Erroneous high displacements were calculated at the corners of the loading plate if only one geogrid-

anchor was modelled. Plaxis bv. (2019) warns for non-physical stress oscillations when volume
elements are not capable of reproducing the sharp peaks in the stresses and strains, which develop at
the corners of stiff structures and abrupt changes in boundary conditions. Since interfaces were already
included to enhance the flexibility of the finite element mesh, it was tried to resolve the problem by
reducing the element size to the smallest size possible for the upper 2 cm of soil. This did improve but
not solve the problem sufficiently.

203



14.1.2.2 Modelling the bottom of the box
The initial idea of the bottom layer of the box was to make the boundary less stiff and to prevent high

peak gradients at the intersection of the soil, sheet pile wall, silicone block and the bottom boundary
condition. However, the computational costs increased as more calculation steps were required.
Therefore, it again was decided to activate the prescribed line displacement along the entire bottom the
box. By prescribing the vertical displacement to zero, it was prevented that the slip surface would
continue through the box. Due to the line displacement along the bottom of the box, a very thin bottom
layer is sufficient. The only purpose of this layer is to make it possible to add an interface and activate
the line displacement below the SPW. Without bottom layer, the toe of the SPW would be fixed.
Concludingly, it is recommended to reduce the thickness of the bottom layer in order to save
computational time.

14.1.2.3 Input parameters for soil
The sand in the experiment was modelled using the Hardening Soil model. It is recommended to review

the choice of the soil parameters. In particular, to have a second look at the internal friction angle and
dilatancy angle. Multiple triaxial tests had been carried out for the determination of the soil strength and
stiffness parameters of the Baskarp 15 sand that was applied as fill in the experiments. When correcting
for plane strain conditions, very high values for the internal friction angle ¢ were obtained. Because it
was guestionable whether these high values were reliable, it was decided to use the non-corrected value
for ¢. The dilatancy angle was not derived from the triaxial tests. Instead, Rowe’s equation was used

(Rowe, 1962). It is recommended to:

o perform biaxial tests to derive the plane strain strength and stiffness parameters of the soil
¢ do a sensitivity analysis to determine how the possible range of values for the soil strength

and stiffness parameters affect the final results of the numerical model.

14.1.2.4 3D numerical model
It is recommended to first simulate the experiment by a 3D numerical model. The advantage of the 3D

model is that sidewall friction can be included. The next step would be to validate the 3D numerical
model without including the geogrid-anchorage. Therefore, we need an experiment including an SPW
without anchorage that does not fail directly after removing the clamp. After validating the non-anchored
SPW, the geogrid-anchorage can be included. This way, we can separate the geogrid modelling from
the other modelling choices. Finally, the parameters of validated 3D numerical model can be used to
implement into the 2D model. Since computational costs decrease and accuracy increase from a 3D to
2D model, it is recommended to continue the research with the 2D model. For example, a sensitivity

study is recommended as follow-up.

14.1.2.5 Second order effects
It is hypothesized that second order effects may cause (partly) the difference in soil displacements

between the experiment and numerical model. Since the geogrid deforms like a hammock, second order
effects are present. It would be interesting to investigate whether the agreement between the numerical

model and experiment improves by including ‘updated mesh’ for the numerical calculations.
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14.1.2.6 Stress-dependency of the tensile stiffness of the geogrid
Considering the maximum tensile force computed by the numerical model of < 2 kN/m, the tensile force

remains well below the elastic limit. Therefore, the stress-dependency of the tensile force does not have
to be included in the numerical model of the small-scale experiment. However, the stress-dependency
of the tensile stiffness will become an issue at larger tensile strains, which will likely develop in the
medium-scale tests and centrifuge tests explained below. PLAXIS 2D has not incorporated an input
parameter to include the stress-dependency of the tensile stiffness. Therefore, it would be valuable to
investigate how the stress-dependency of the tensile stiffness of the geogrid can be included in the

numerical model.

14.1.2.7 Interface between geogrid and soil
The different interaction mechanisms lead to different values of the mobilised resistance per unit length

of the geogrid. For example, the passive bearing resistance will probably be more dominantly present
in case of a pull-out mechanism compared to a sliding mechanism. Although more research is required
to study the interaction mechanisms for a geogrid-anchor in sand, it can be hypothesized that different
interfaces along the part of the geogrid behind the active zone and the front part lead to better simulation
of the real behaviour.

14.2 Follow-up on research

In this section, medium-scale tests and full-scale tests or geo-centrifuge tests are proposed as follow-
up of this research. Arguments for the added value of these type of tests are listed in section 14.2.1 and
14.2.2 for medium-scale tests and geo-centrifuge/full-scale tests respectively. Lastly, the purpose of the

validated numerical models is discussed in section 14.2.3.

14.2.1 Medium-scale tests

14.2.1.1 Main purposes
The main purposes of performing medium-scale tests would be:

e to reduce the sidewall friction and to investigate what the influence has been of the sidewall
friction in the small-scale experiment on the local and global behaviour that has been found. By
increasing the width of the test set-up only — and reducing the influence of the sidewall friction
accordingly — it can be investigated whether the local and global soil behaviour has not been
altered by the sidewall friction and the reproducibility of the experiments can be improved.
Conclusions drawn from the small-scale experiment may be evaluated if the influence of the
sidewall frictions turns out to be large.

o to further develop and validate the 2D numerical model for the medium-scale dimensions. It is
recommended to model the entire height of the SPW; up to the depth where the SPW deflects.
The medium-scale test box will be sufficiently wide such that the influence of sidewall friction is
small. Hence, a 2D numerical model will suffice. This numerical model can also be validated by
the measurements obtained from load cells, such as the horizontal pressure against the
sidewall, vertical pressures in the soil and perhaps axial pressure in the toe of the SPW. The
numerical model of the medium-scale test will better represent the stress-strain behaviour of

the soil in the field situation than the small-scale experiment.
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e to acquire measurements of the lateral soil pressures against the SPW, vertical soil pressures,
the tensile strain in the geogrid and perhaps the axial force in the SPW toe. The measuring
instruments would have affected the soil and geogrid too much in the small-scale experiments.
Moreover, the accuracy error of the measuring instruments was in the order of the soil pressures
and strains in the geogrid. Measuring the strain in the geogrid by means of foil-type strain
gauges bonded to the geogrid longitudinal members and wire-line extensometers attached to
junctions of the geogrid, as was done by Bathurst and EI-Emam (2004) for reduced-scale
reinforced soil walls experiments, may resolve the problem of deriving the strains in the geogrid
during the test.

e to investigate tests with longer and more geogrids connected to the SPW. In the small-scale
experiment, relatively short geogrid-anchors have been tested only. In reality, a geogrid-
anchorage will likely consist of three to six relatively long layers of geogrid. To achieve failure,
much larger surcharge loads will be necessary than possible in the small-scale tests. It would
be useful to perform tests with at least three geogrids of equal length as well as geogrids with
reducing length towards the toe of the SPW and increase the surcharge load until failure. This
way, the interaction between the geogrids can be investigated and compared with the findings
of the numerical model of one of the SPWs in Krammer Park (van Duijnen et al, 2021). So far,
it was only possible to compare the numerical results of the front part of the prototype of the
geogrid-anchor with the numerical results of the 18 cm geogrid-anchor of the small-scale
experiment.

e toinvestigate the influence of the failure mode of the SPW on the mobilised tensile force along
the geogrids by performing tests, whereby the SPW fails by overturning or sliding of the toe
along the bottom of the box. This is only useful in case the test set-up is not scaled properly. If
the test set-up is not properly scaled with respect to the prototype, the representative failure
mode will not be tested. Then, it is useful to test both types of failure modes (overturning or
plastic bending deformations of the SPW). One may think of another way of simulating the
passive force such that the failure mode can be controlled better. It would be useful to
investigate the influence of the failure mode of the SPW on:

o the failure mechanism in the soil (slip surfaces);
o the resistance mobilised along the geogrids;
o the influence of the geogrids on each other.

e to investigate the influence of the stiffness of the SPW on the mobilised tensile forces in the
geogrid. For our small-scale experiments, we have used a very stiff SPW only. In case of a
flexible SPW, bending between the anchor points may result in arching effects. These arching
effects may affect the stress distribution in the active zone as was found by Ziegler (n.d.) for
small-scale experiments of reinforced soils. It may also influence the anchor force and

resistance taken by each geogrid layer.

Additionally, it would be interesting to include a reduced-scale connection of the geogrid to the SPW

which is more similar to the field situation.
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14.2.1.2 Proposal for test set-up
Although it would be interesting to test different failure modes of the SPW, the most important failure

mode is the one that would occur in field situation. Hence, it is recommended to properly scale down —
in accordance with the similitude derived by lai (1989) — the prototype to the medium-scale 1g physical
model. It is recommended to model the entire height of the SPW up to the depth where the deflection in
the SPW is zero. Then, it is suggested to laterally fix the toe of the SPW and only allow rotation of the
toe. The general arrangement and instrumentation for a horizontal restrained toe condition proposed by
El-Emam and Bathurst (2004) is an example of the arrangement under consideration. This bottom
boundary condition will be most representative for the failure mode of deeply embedded sheet pile walls.
Considering a test box with a height, length and width of 0.9 m, 1 m and 1 m respectively, the scaling
factor will be ~11 for the SPW in Krammer park with a height of ~9 m if the height of the SPW in the
medium-scale model is taken to be equal to 0.8 m. The maximum length for the geogrids will be ~0.8 m,
such that ~50% of the top geogrid-anchor of the prototype (~17.5 m length) can be modelled. The
passive force may be modelled by a set of springs for which the force can be measured by lateral load
cells fixed at the back wall of the test box. A silicone block may also suffice if compression of the silicone
block without the development of internal fissures can be ensured. The drawback of both the springs
and the silicone block is that they cannot simulate the non-linear elastoplastic soil behaviour correctly.
If the space in the test box allows to use sand on the passive side of the SPW - such that the front-wall
of the test box will not influence the stiffness of the sand -, this would be the most desirable in order to

approach failure modes similar to field situation.

The number of tests should be reduced by testing one stiffness for the SPW and one failure mode of
the SPW for a similar geogrid-anchorage only. Then, the number and relative length between the
geogrids should be varied only. Perhaps, additional tests may be performed to investigate the influence
of the vertical spacing between the geogrids on the mobilised resistance along each geogrid. The top
load is recommended to be positioned close to the SPW in order to increase the length of the geogrid

behind the active zone.

14.2.2 Geo-centrifuge or full-scale tests

The similitude is needed in interpreting the results of reduced-scale model tests. A similitude for
reduced-scale soil-structure models is based on the basic equations which govern the equilibrium and
the mass balance of soil skeleton and structures (lai, 1989). In addition, assumptions must be made in
order to scale all parameters. Of all parameters, the independent ones are the scaling factor for the
geometry, density of the soil and the soil strain. The scaling factor for soil strain is related to the confining
pressure. In 1g physical model tests, the scaling factor for the strain cannot always be determined. As
explained in lai (1989), the stress-strain relation of the soil (constitutive law) cannot be scaled correctly

at ultimate limit state. The stress ratios (?) at the range around or beyond the axial strains at the peak
3

stress ratios cannot be uniquely determined and no scaling factor can be derived accordingly (lai, 1989).
Therefore, the stress-strain behaviour of the soil will deviate — especially at ultimate limit state - in the
1g physical models from field situation. Since we want to study the ultimate limit state, tests must be

conducted under confining pressures equal to field situation.

207



In geo-centrifuge modelling, the geometrical dimensions are — similar to the 1g similitude - scaled down
by a factor A. By placing the physical soil model at the end of a centrifuge arm, the model can be
subjected to an inertial radial acceleration field. This acceleration simulates a stronger gravitation field
than Earth’s gravity (1g). The centrifugal acceleration is taken A times the gravity acceleration (1g) such
that identical stress fields are realised in both model and prototype. In a centrifuge, the tensile stiffness
of the geogrid should be scaled down by a factor A. This means that the required tensile stiffness of the
geogrid in a centrifuge is A times larger than the tensile stiffness required in a 1g physical model. It would
be difficult to find geogrids on the market with a tensile stiffness equal to ~25 kN/m or ~40 kN/m, which
would be required for 1g physical models for 2 = 21 and 1 = 11 respectively. Hence, an additional benefit
of geo-centrifuge modelling is that a geogrid can be used with higher tensile stiffness, which is readily
available on the market. Besides the tensile stiffness of the geogrid, the geometrical dimensions of the
geogrid are of importance. In order to achieve identical frictional resistance, the percentage of solid area
of the geogrid and the percentage of open area should be proportional to the prototype (Viswanadham,
Razeghi, Mamaghanian and Manikumar, 2017). In order to achieve identical bearing resistance, the
thickness of the transverse rib should be identical to the prototype if we consider that identical soil has
been used. Moreover, the spacing between the transverse ribs must be sufficient such that interference

phenomena will not reduce the passive bearing resistance.

Concludingly, the final step of this research would be to test at realistic soil pressures in a geo-centrifuge
or at full-scale and study whether the numerical models simulate the soil-geogrid interaction accurately
at the soil pressures and scale we want to design for.

14.2.3 Validated numerical models
When we trust the validity of the numerical models, different designs should be analysed to find optimal

design parameters for the geogrid-anchorage with respect to among others:

¢ the length of the geogrid(s) and relative length between geogrids;
e number of geogrid(s);

e vertical spacing between the geogrids.

The soil-geogrid interaction will also depend on the geometry, extensibility and stiffness of the geogrid,
and the ratio of the grain size to the thickness and spacing of the transverse ribs of the geogrid. All
these parameters will influence how much force the geogrid-anchor can transmit to the surrounding soil
through interaction mechanisms and how much tensile force can be mobilised in the geogrid
accordingly. Since the soil is modelled as two-dimensional elements for which parameters describe the
stress-strain behaviour of the soil, and not as a composition of grains and voids, interaction mechanism
must be investigated by experiments. The dominant interaction mechanisms determine the interface
properties between the numerically modelled soil and geogrid. An analytical design calculation of the

mobilised tensile force in the geogrid-anchor(s) will be a function of those interaction mechanisms.
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14.3 Analytical design calculations for the required tensile force in the

geogrid-anchorage

This research focussed on the mobilised tensile force distribution in the geogrid-anchorage and finding

the relevant interaction mechanisms as foundation for the formulation of an analytical design-calculation.

Besides the mobilised tensile force, also more research is required to understand what mechanisms

define the required tensile force in the geogrid-anchorage. Based on the failure mechanism observed in

the experiment and numerical model, the following can be hypothesized:

The tensile force required at the anchor point must be determined based on the passive earth
force and active earth force against the SPW. Considering the developed critical and secondary
slip surface, the lateral active earth pressures should be derived based on Rankine’s earth
pressure theory with a contribution by the strip load as described by among others Ohde’s
design method (Ohde, 1956). The increase in lateral earth pressures due to the surcharge load
is distributed along the retaining wall according to the locations of intersection of the slip
surfaces.

The tensile force required at the intersection of the geogrid(s) with the critical slip surface should
be determined based on a limit equilibrium method such as Culmann’s method by assuming

force equilibrium for the active zone.

Next, it can be hypothesized that:

The required length of the geogrid(s) behind the critical slip surface is defined by the length
required to mobilise a tensile force at the intersection geogrid-critical slip surface = the required
tensile force at the intersection of the geogrids with the critical slip surface.

The number of geogrids is defined by the required tensile force in the anchor points at the

connection with the SPW.
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Appendix A

Appendix A.1l: Spring-suspension test

The Spring-suspension test is a simple test in which the static and dynamic friction coefficient between
the silicone sheet and acrylate sidewall with in between a film of a friction reducing substance (semi-
solids and liquids) is measured. Five substances have been tested, among which Driehoek hand soap
(A), water-based lubricant (B), Petroleum Jelly (C ), a combination of Petroleum Jelly on the acrylate

and water-based lubricant on the silicone (D), silicone oil (E), and Dreft dishwashing liquid (F).
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Figure 154: Spring suspension test
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The interfaces between the sand and sidewalls in the small-scale experiment were mimicked by the
acrylate plate on which a 5 kg weight is placed with a silicone sheet glued on the bottom of this weight.
The acrylate was lubricated with one of the substances A to F. In case of substance D, the silicone sheet
was lubricated with water-based lubricant and the acrylate plate with Petroleum Jelly. The weight is
connected to a spring balance, which is connected to an electromotor. Tests were performed at room
temperature. For every substance, at least 4 series of tests were conducted. Every series of test
included 4 separate tests, which were performed one after each other over a time span of approximately
15 minutes. The acrylate plate was lubricated only once at the start of every series of tests. Before the
start of each test, the weight was used to evenly smear out the substance over the surface area. In this

way, suction between weight and plate was minimized.

The static friction coefficient between the acrylate wall and silicone sheet is defined as the horizontal

force required to get the weight into motion relative to the normal force (see equation 6.1).

The dynamic friction coefficient is defined as the horizontal force required to maintain the weight in

constant motion relative to the normal force. We defined the dynamic friction coefficient by the force
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required to pull the weight forward at a travelled distance of 5 cm. Because non-Newtonian fluids are
tested, the shear stress will depend not only on the viscosity but also on the shear strain rate of the fluid
between the plate and sheet (Isaksson, 1987). Hence, the dynamic friction coefficient will only be
constant at a constant displacement rate of the moving weight with silicone sheet glued at the bottom.

In our test, the displacement rate is not controlled and not measured.

Figure 7 and Figure 8 show a boxplot of the static friction coefficient and dynamic friction coefficient
respectively for the different substances A to F. Note that the static coefficient of Dreft dishwashing liquid
and the dynamic friction coefficient of silicone oil (E) could not be measured, which results into zero
values. The static friction coefficient of Dreft dishwashing liquid (F) could not be determined, because
most of the times the weight did not start moving after applying a horizontal force < 25 N. When using
the silicone oil, no reliable dynamic friction coefficient could be determined as the weight did not slide

forward with constant velocity.
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Figure 155: Results of static friction coefficient from spring suspension test. The substances that have been
tested are Driehoek hand soap (A), water-based lubricant (B), Petroleum Jelly (C ), a combination of Petroleum
Jelly on the acrylate and water-based lubricant on the silicone (D), silicone oil (E), and Dreft dishwashing liquid

(F).
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Figure 156: Results of dynamic friction coefficient from spring suspension. The substances that have been tested
are Driehoek hand soap (A), water-based lubricant (B), Petroleum Jelly (C ), a combination of Petroleum Jelly on
the acrylate and water-based lubricant on the silicone (D), silicone oil (E), and Dreft dishwashing liquid (F).
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Appendix A.2: Pull-up test

Bathurst and Benjamin (1987) studied the influence of the sidewall friction on the vertical soil stresses
by surcharge loading for a large-scale unreinforced test in the paper ‘Preliminary Assessment of
Sidewall Friction on Large-Scale Wall Models in the RMC Test Facility’ (Bathurst and Benjamin, 1987).
He adopted Jewell’s relation (Jewell, 1987) in order to formulate a relation for the total sidewall force as
a function of depth, geometry of the test box, the horizontal earth pressure coefficient and the friction
angle between the sidewalls and sand. Here, the sidewall force is the vertical force which is transferred

to the sidewalls.

Bathurst and Benjamin (1987) divided the total sidewall force in two components, namely the sidewall

force due to (1) the self-weight of the soil and (2) the uniform external vertical load.

The unit sidewall friction is defined as:
fsw = Kswyz tand  (A2.1)

Accordingly, the sidewall force X, [kN] of one sidewall at depth z due to the self-weight of the soil can

be described by equation A2.2:

1
Xow = EKSWyZZLtan@) (42.2)

K, = the horizontal earth pressure coefficient at the sidewalls [kPa],
y = the unit weight of the soil [kN/m3],

z = the depth with respect to the top of the soil column [m],

L = length of the sidewalls [m]

& = the friction angle between the sidewalls and the sand [°]

The reduced vertical stress caused by surcharge loading is defined as follows:

_ 27Ky tan(§)

q(z) = qoe w (A2.3)

q, = surcharge pressure [kPa],

W = width of the soil column [m].

The total surcharge force transferred to the sidewalls at depth z can be described by equation A2.4:

_2zKsy tan($)

Xq = qoWL <1 —e w ) (A2.4)
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The relations proposed by Bathurst and Benjamin (1987) are used to derive the interface friction angle
between the sand and sidewall, §. In order to determine the sidewall force, Bathurst and Benjamin
(1987) measured the vertical earth pressures with pressure cells at different depths in a soil block of a
length and height of 6 m and 3 m respectively. The soil behind the wall was surcharged to 22 kPa, while
the wall was restrained vertically and horizontally at the toe (Bathurst and Benjamin, 1987). Since
pressure cells did not proof to be reliable at the low range of soil pressures in our test set-up. Another
test-set up, named the “pull-up test’, was devised to measure the total sidewall force. The test set-up is

depicted in Figure 157.

Overhead Crane
Load Cell

Top Load
Test Container

Displacement Sensor

Figure 157: Photo of test set-up

The concept of the pull-up test is to determine the vertical force transferred to the sidewalls by measuring
the difference between the force required to pull up the test box only and to pull up the test box prepared
with sand in combination with or without an additional known surcharge. Test facilities enable to measure
the total weight of the test box by means of an overhead crane, which is connected to the test box and
lifts it up vertically. By incorporating a load cell within the connection of the overhead crane and test box,
the required force to lift the test box is measured. A duplicate test box, but with an open bottom, is filled
with sand. The preparation procedure of densifying the sand is identical to the small-scale experiment
with relative densities in the same range of 70% * 12%. Both sidewalls and the front-and back wall of
the test box were lubricated and covered with a thin silicone sheet in accordance with the preparation
procedure of the sidewalls in the small-scale experiment. Since Bathurst and Bejamin’s relations are
valid for surcharge loading, a surcharge load was created by placing 1 kg metal blocks across the entire

surface (Bathurst and Benjamin, 1987).
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The vertical displacement was measured by a displacement sensor, which was attached to the test box.
Figure 159 shows at the vertical axis the percentage by which the vertical load in the soil is reduced due
to sidewall friction. A test was conducted with and without the lubricant and silicone sheet. The test
without lubricant and silicone sheet served as a check whether the lubricant and silicone sheet actually

reduced the friction between sand and sidewall.
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Figure 158: Vertical displacement of silicone sheet against time during pull-up tests.

The measured tension force remains fairly constant for vertical displacements between 0.8 mm and 2
mm. Figure 158 shows the vertical displacement of the test box with respect to time. We observed that
the displacement increases linearly with time with a constant velocity for vertical displacements between
0.8 -2 mm for the test with silicone sheets on the sidewalls (red line). Accordingly, we assume that no
additional force is measured due to a nonzero acceleration. Furthermore, we assume that the frictional

forces between soil and sidewall are not altered after the < 2 mm vertical uplift.

221



—No silicone sheets on sidewalls
—Silicone sheets on sidewalls

Transferred Vertical Load [%]

0 1 L | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 1.8 2.0
Displacement [mm]

Figure 159: Test results of pull-up test. On the vertical axis the percentage of total weight, which is transferred
through the soil to the bottom of the test box. On the horizontal axis the displacement, which denotes the vertical
uplift of the test box.

From the test with silicone sheets on the sidewalls denoted by the red line in Figure 159, we conclude
that the total vertical force transferred to the soil is 52%. Hence 48% of the total weight is transferred to
the sidewalls. For a total soil weight of 20 kg, an additional load of 9.5 kg, the total sidewall frictional
force, Xeasureas 1S 0.14 KN.

By implementing Bathurst and Benjamin’s relations, the total sidewall friction can be described by the
sum of the vertical force transferred to the sidewalls due to the self-weight of the soil, which induces
friction with the sidewalls as well as the front- and back wall (Bathurs and Benjamin, 1987).

1 2
Xmeasurea(z = H) = 2Xg) + 2X3) + Xq® + Xq®  (42.5)
Here,
H = the height of the total soil column [m]

Xmeasurea = the total sidewall frictional force [KN]

Xs(vlv) = the vertical force transferred to the sidewalls due to friction between the self-weight of the soil
and the sidewall [kKN]

Xs(f,) = the vertical force transferred to the sidewalls due to friction between the self-weight of the soil
and the front wall or the back wall [kN]

Xq™W = the vertical force transferred to the sidewalls due to arching between the sidewalls [kN]
Xq® = the vertical force transferred to the sidewalls due to arching between the front-and back wall

[kN]
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m_1 2
Xow =3 wYH Ltan(§) (A2.6)

@_1 2
Xouw =3 wYH*wtan(8) (A2.7)

_2HKsw tan(é)

Xq® = q,WL <1 —e  w ) (A2.8)

@) _2HKgy tan(8)
XP =qWL(1—e" T ) (A29)

The coefficient of sidewall earth pressure Ky, is estimated in accordance with the reasoning of Jewell
(1987) in his analysis of the influence of side wall forces on self-weight equilibrium in a retaining wall
(Jewell, 1987). He stated that the intermediate stress o, remains a constant function of the mean stress

o, for plane strain loading such that:
— =K, (42.10)

Then, the mean stress at any depth in the critical wedge behind the retaining wall is a function of the

vertical stress in the soil and the active earth pressure coefficient:

1+K,

yz (A2.11)

Om =

Because the soil conditions are assumed to remain ‘at rest’ in the pull-up test, we adjust equation A2.11

in order to be valid for the neutral soil stress conditions, such that the equation becomes:

1+Kq
Om =

yz (A2.12)

From equation A2.10 to A2.12, it follows that the coefficient of sidewall earth pressure K, can be

calculated according to Equation A2.13.

K,(1+K,
Kg, = % (42.13)
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For K,, values of 0.65 to 0.75 for sand with a friction angle ¢ of 40° to 50° under plane strain-conditions
can be assumed (Jewell, 1987). For the preparation, the test box was gradually filled with sand and
simultaneously densified by means of tamping. Accordingly, it can be stated that the sand is slightly
overconsolidated. This results into a horizontal to vertical pressure ratio which will be higher than would
be according to Rankine’s theory (Rankine, 1857). The horizontal to vertical earth pressure coefficient

for neutral soil conditions, K,, is estimated to have an upper bound of 0.5 and the lower bound will be
described according to Rankine’s theory:

Ky =1—sin(p) (A42.14)

Figure 160 shows the difference between the measured frictional force and analytical solution as a
function of the sidewall friction angle for the lower bound values of K,,. For an internal friction angle of
45°, the analytical solution agrees with the measured value for an interface friction angle of 12.7°.
Considering the higher bound value of 0.5 for K, the interface friction angle is determined at 11.0°.
Without the silicone sheet on the sidewalls, only 31% of the total vertical load was transferred to the soil.
For the lower bound and upper bound value of K, and an internal friction angle of 45°, a value of 18.7°
and 16.2° was determined for the interface friction angle.
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Figure 160: Derivation of interface friction angle estimated for the critical volume internal friction angle (¢.,) of

34°, internal friction angle at a confining pressure corresponding to the small-scale experiment conditions of 45°,
and internal friction angle at the peak friction angle (¢,) of 50°.
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Appendix A.3: Influence temperature and pressure differences on
interface friction angle

The water content of the water-based lubricant is 85%. Glycerin (C3Hs0s), which is an alcohol, and other
chemical additives are dissolved in the water. The water-based lubricant is assumed to behave in
accordance with the two synthetic solutions for which the viscosity was tested under different conditions
by Isaksson (1987). The tested synthetic solutions - containing different thickeners - had a water content
of 80 % and 88 %. Isaksson (1987) concluded that the synthetic solution with 80% water content
behaved more or less as a Newtonian fluid, while the synthetic solution with 88% water content behaved
as a non-Newtonian fluid. The reason was not assigned to the percentage of water content. However,
we can presume that the viscosity of the water-based lubricant will be sensitive to (1) the shear strain
rate, (2) temperature and (3) pressure. Accordingly, the interface friction angle between the sidewall and

sand will also have a dependency on the parameters above.

Because the static interface friction angle is larger than the dynamic interface friction angle, we neglect
the influence of the shear strain rate under the assumption that the shear strain rate does not influence

the static interface friction angle.

The findings of Isaksson (1987) for the two synthetic solutions is reckoned to be an indication of the
sensitivity of the viscosity to the temperature and pressure. For the maximum difference in pressure and
temperature between the spring-suspension test and the small-scale experiment, the viscosity can
reduce up to 0.3% due to a temperature increase as a consequence of the heat from the artificial light
sources. The pressure difference was of negligible influence on the viscosity. The reasoning behind

these statements are elucidated below.

According to Isaksson (1987), the shear stress t of a non-Newtonian can be described as:

T= Ky (43.1)

Here, y is the shear strain rate and K is a power law coefficient. K and y are related with the viscosity u

according to the following formula:

p=Kyvl  (43.2)

Here n is the power law index.

The power law coefficient K consists of a temperature- and pressure dependent component, K, and K,,.

K(6,p) = Ko(6,0)K,(0,p)  (43.3)

The power law coefficient K consists of a temperature- and pressure dependent component, K, and K,,.
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K(8,p) = K4(8,0)K,(0,p)  (43.4)
The temperature dependency is described by the power law coefficient Kjy:
Ky = ;0 (A3.5)

The constants ¢, and c, were only given for the synthetic solution with 80 % water content. ¢; and c,
were determined to be 0.1049 and -0.902. The temperature in the test hall during this test and the small-
scale experiment was similar. However, the artificial light sources radiated a lot of heat during the small-
scale experiment. Therefore, a maximum temperature increase from 18° C to 30° C is considered. This

temperature difference can lead to a reduction of 0.3% for Ky, and so for the viscosity.
The pressure dependency is described by the power law coefficient K,:

K,=e®  (43.6)

. .. . 2 . . kN
Here «a is the pressure coefficient in ’:—N and p is the pressure in =

The 5 kg weight with a diameter of 10 cm exerts a pressure of 6.4 kPa, while in the small-scale
experiment horizontal soil pressures range between approximately 0.5 and 20 kPa. Viscosity increases
as the pressure increases (Isaksson, 1987), which results into a higher interface friction angle between

the silicone sheet and acrylate plate.

For the synthetic solution with a water content of 88 % and 80%, the pressure coefficient a@ was

mZ

2
determined to be 2.62-10712 ™ and 3.23-10712 =
kN kN

K, will be equal to 1 for the pressure range

considered in the small-scale experiment.
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Appendix A.4: Stress-transducer test

Another test set-up is introduced to measure the loss of vertical stresses due to sidewall friction. A close-
up of the test set-up is schematized in Figure 161. Four metal plates having a size of 92 mm by 92 mm
are supported by rubber, which is in direct contact with the acrylate bottom of the test box. The metal
plates are overlain by a couple millimetres thick silicone layer which evens out the height difference
between the plates and the space in between. The space enclosed by the metal plates, rubber and
bottom of the test box, is filled with water and connected to a stand pipe. By making use of the very low
compressibility of water, it can be stated that the difference in water level in the stand pipe is a measure
of the pressure increase on top of the metal plate. Bending of the metal plates affects the water level in
the stand pipe. It would redistribute stresses and transfer them partly to the rubber side supports, leading
to less displacement of water within the enclosed space at the bottom of the box. In order to prevent
bending of the metal plates, the stiffness is increased by placing a second plate on top of the thin silicone
layer. This set-up was validated by filling the test-box completely with water and measuring the weight
of the water indirectly by the water level difference in the stand pipes. Knowing that no shear stress
exists between the sidewalls and stationary water, the friction between wall and water is zero. The linear
relation between the increasing weight of water in the test box and the increasing water level in the

stand pipes had proven the validity of the test set-up.

Standpipe

Silicones m # N ﬁ- Rubber

Acrylate bottom N Water

Figure 161: Schematization of the construction at the bottom of the test box for the measurement of the soil stress
increase in the soil.
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Appendix A.5: Extension test

The tensile stiffness of the silicone sheet is determined by means of three simple extension tests in
accordance with the test procedure described by Henkel and Gilbert (1952). They proposed a method
to estimate the effect of the rubber membrane on the measured triaxial compression strength of clay

samples. The extension test of the silicone sheets is depicted in Figure 162a.
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Figure 162: Test set-up (a) and results (b) of extension test of silicone sheet.

Figure 162b shows the measured force per unit meter against the strain for the three tests. In order to
compare the resistance against extension of the silicone sheets with the resistance of the soil against
shearing, which is described by the shear modulus G, the tensile stiffness of the silicone sheet is

calculated as follows:

N =
o
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Here,

t = the thickness of the silicone sheet [m],
B = the width of the silicone sheet [m],
F = the measured tensile force applied on the folded silicone sheet [N],

& =the strain of half the mean length of the silicone sheet L [-].

When Au is the measured length increment than the strain ¢ is calculated according to equation A5.2.
A s
e= (452)

Here, L [m] is the mean length of the silicone sheet, which is calculated according to equation A5.3.
L=2(D—d—-t)+nd (A5.3)
Figure 163 depicts the geometrical parameters by which L is calculated.
,,I,,d
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Silicone sheet

Figure 163: Schematization of geometrical parameters in order to derive mean length of silicone sheet.
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Appendix B

A similar definition and calculation procedure is applied for the derivation of the engineering linear soil
strains as was applied by White and Bolton (2001).

First, a displacement gradient matrix, L, is computed by means of shape functions:

ou Ou

= ey
X o

Second, the displacement gradient matrix L is converted to the deformation gradient matrix F:

ox 0x

F= |2 Tl=L+1 (B2

ax ady

in which | is the identity matrix. Here, X and Y represent the horizontal and vertical coordinates of the
undeformed spatial coordinate system (i.e. the first photo of the set of test photos), while x and y
represent the horizontal and vertical coordinates of the deformed spatial coordinate system. Hence,
deformation gradient matrix F transforms a vector from undeformed coordinates (xi, y;) top deformed

coordinates (x3, y%).

Third, by means of polar decomposition, the deformation gradient matrix F is decomposed into a strain
and rotational components. The strains are represented by the matrix U, which is the symmetric part
of F. U2 is commonly known as the Cauchy-Green strain matrix. The rotations are represented by the

matrix R, which is the skew-symmetric part of F.
U= (FTF)'/? (B.4)

R=FU! (B.5)

Fourth, the Biot strain matrix (EB°!) is computed according to equation B.6.

EBt =y —1 (B.6)

The Biot srain matrix (EB°) includes the engineering linear strains: horizontal strains (e,,), de vertical

strains (&), and the shear strains (yy, = &y, + &)
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e = ELY (B.7)
Eyy = EBlot (B.8)
Vxy = Efzim: + EzBll.Ot (B.9)
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