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ABSTRACT: This paper provides a review of the modelling of geogrid ultimate pullout resistance.
Several analytical models were found to disregard the effect of the geogrid stiffness as well as the particle
size distribution of the soil. A sensitivity analysis was done on 289 pullout tests to evaluate the
significance of these omitted variables as well as other key variables contributing to pullout resistance. It
was found that ultimate pullout resistance was the most sensitive to normal stress followed by geogrid
length, geogrid stiffness and the friction angle of the soil. By considering geogrid geometry, stiffness and
soil grading descriptors, in addition to the standard variables of length, stress and friction angle,
regression models of ultimate pullout capacity improved by 15%. In addition, an alternative model to
the simplified linear models of FHWA and EBGEO which maintains dimensional consistency while
incorporating geogrid stiffness and non-linearity in the model, was proposed. This alternative model

performed 32% better than the simplified linear models.
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1. INTRODUCTION

The ultimate pullout capacity of a geogrid is a key
consideration in the design of reinforced structures. Most
models for ultimate pullout capacity do not consider
the interaction of individual geogrid ribs with particles
of soil. Instead, the behaviour of the soil-geogrid com-
posite is considered, — for example, the interface shear
strength, the pullout strength, or the coefficient of
soil-geosynthetic interaction. While useful for routine
design, these generalized models tend to be conservative.
In addition, modelling the contribution and behaviour
of the individual ribs is necessary to compare the per-
formance of several geogrids in a given soil type or the
difference in performance of a given geogrid in different
soil types.

In the first section of the paper a review of geogrid
pullout resistance modelling is provided. Next a sensitivity
analysis is conducted to determine the key variables
affecting soil-geogrid interaction. Finally, the significance
of including all the key variables in pullout resistance
modelling is determined using regression analysis.

1072-6349 © 2025 Emerald Publishing Limited

2. OVERVIEW OF MODELS FOR
ULTIMATE PULLOUT RESISTANCE

2.1. Development of mechanistic models for ultimate
pullout resistance

The prediction of geogrid pullout capacity has been
extensively investigated and modelled in the literature.
A geogrid interacts with the soil body predominantly
through three mechanisms: (1) bearing of the transverse
ribs against the soil body, (2) frictional resistance along the
surface of the geogrid, and (3) frictional resistance between
the soil locked into the geogrid apertures and the
surrounding soil body (Jewell et al. 1985). Some models
consider the interaction of individual ribs with the soil —
that is, the geogrid is modelled as a ‘grid-like’ inclusion.
Other models calculate an average interaction factor across
the geogrid — that is, the geogrid is considered to be a sheet.

An idealized representation of the development of
models for geogrid ultimate pullout resistance is presented
in Figure 1. The first mechanistic models (Jewell et al.
1985; Koerner et al. 1989) modelled the geogrid ultimate
pullout resistance (P;) as the sum of the frictional
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Figure 1. Development of a simplified mechanistic model for ultimate pullout resistance

resistance along the surface of the geogrid (Pg r) and the
bearing resistance of the individual transverse ribs (P g)
(see Equation (1), Figure 1). The frictional resistance
depends on the fraction of the solid area of the geogrid
(ar), the anchorage length (L), the normal stress acting on
the geogrid (s,) and the soil-geogrid interface friction
angle (0) (see Equation (2), Figure 1). The bearing
resistance is a function of the transverse rib spacing
(ST), the bearing area of the transverse ribs (4) and the
bearing resistance provided by each transverse rib (oy,) (see
Equation (2), Figure 1). Several solutions have been
proposed to calculate the bearing resistance provided by
the ribs, such as the upper bound solution by Jewell et al.
(1985) shown in Equation (4), Figure 1. Typically, the
bearing resistance is derived from bearing capacity
solutions for foundations and considers the soil friction
angle (¢) and the normal stress.

Later models merged the frictional and bearing
resistance components into the product of two variables:
tang-fy, (fy is defined in Equation (5), Figure 1) (Jewell
1990). Similarly, Christopher et al. (1990) reduced the
soil-geogrid interaction to a single ‘pullout resistance
factor’ (F*) (see Equation (6), Figure 1). In addition,
Christopher et al. (1990) also modelled the non-linear stress
distribution along the geogrid due to the extension of the
geogrid and strain softening of the soil. This behaviour was
defined in terms of the scale correction factor (a).

In practice, the soil-geogrid interaction and the non-
linear stress distribution are typically lumped into a single
variable F*o (Huang and Bathurst 2009). This results in a
simplified linear model for ultimate pullout resistance.
Often, the default values prescribed by Berg et al. (2009)
in the FHWA design manual is used: F* = (2/3)-tan¢ and
for geogrids o =0.8. Thus, F*a=0.53-tang. The EBGEO
design manual (German Geotechnical Society 2011)
prescribes a single friction factor, fi\=F*a, with a
comparable default value of 0.5-tang.

For the default values of F*q, the relationship between
PR, o,, L and tan¢ is linear in the simplified model.
However, experimentally measured pullout resistance
shows distinctly non-linear behaviour (Lopes and Ladeira
1996; Moraci and Recalcati 2006; Huang and Bathurst

2009; Miyata and Bathurst 2012). Thus, non-linear correc-
tions such as the one shown in Equation (7) (Figure 1) have
been proposed (Huang and Bathurst 2009; Miyata and
Bathurst 2012). Furthermore, the default F*o values were
developed for cohesionless soils and tend to underestimate
the interaction in cohesive soils (Abu-Farsakh et al. 2006).

2.2. Improvements to the mechanistic model

Improvements to the general model presented in Figure 1
have been developed throughout literature to better
capture the complexity of soil-geogrid interaction. The
following sections discuss several of these improvements.

2.2.1. Soil particle size

The size of the soil particles (Ds) relative to the geogrid
apertures (4) has been reported to influence the load
transfer efficiency from the geogrid to soil. In Table 1 the
optimum A/Dsq ratio reported for 13 studies is summar-
ized. The studies are ranked based on the optimal A/Ds,
reported. For each study an overview of the test type, the
soils tested, and the geogrids tested is shown. In addition,
the median coefficient of curvature (C.eq), median
coefficient of uniformity (C,meq) and median, average
particle size (Dsg meq) Of each test is presented. The studies
involved plate load testing, triaxial testing, pullout testing,
shear tests and Discrete Element Modelling.

The small sample size of optimum A4/Dsy’s presented in
Table 1 limits the generalization of its interpretation.
Nevertheless, two trends can be observed from the data in
Table 1. Firstly, two groups of optimums were measured.
The first group consisted mainly of tests conducted on
ballast and had a median, optimum A/Dsq of 1.38. For the
second group of tests that consisted of a wider range of
soils, a median optimum A/Ds, of 3.71 was measured.

The optimum A/Ds is a function of the load transfer
from the soil to the geogrid, but also the load transfer
within the soil itself. Relatively small geogrid apertures
will inhibit load transfer from the geogrid to the soil due
to a lack of interlock. Relatively large geogrid apertures
will transfer load to the soil locally, rather than activating
the full soil body. In granular materials load is transferred
along force chains. These force chains are related to the
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Table 1. Summary of 13 studies that investigated the optimum A/Ds for soil-geogrid interaction
Rank | Study Test Soils Comed | Cumed | Dsomea | Geogrid Optimum
AlDs,
1 Sweta and Hussaini Direct shear, large Granite ballast (1) 1.0 2.2 42.0 Various (5) 0.95
(2018)
2 Indraratna et al. (2012) Direct shear, large Latite ballast (1) 1.1 1.9 35.0 Various (7) 1.20
3 Indraratna et al. (2013) Process simulation test | Latite ballast (1) 1.1 1.9 35.0 Various (4) 1.21
4 Liu et al. (2021) Direct shear, large Latite ballast (1) 1.2 23 32.0 Unknown 1.35
5 McDowell et al. (2006) Pullout, DEM Ballast (1) 1.0 1.4 37.0 Biaxial (4) 1.40
6 Brown et al. (2007) Composite element test | Ballast (1) 1.1 1.5 38.4 Unitized, biaxial (6) 1.41
7 Han et al. (2018) Direct shear, large Crushed 1.0 1.2 22.0 Unitized, various (2) 1.51
limestone (3)
8 Miao et al. (2020) Pullout, DEM Ballast (6) 1.0 1.0 14.3 Triaxial, biaxial (1) 1.56
9 Kang et al. (2020) Triaxial, large, repeated | Crushed 1.6 76.5 6.5 Unitized, various (2) 3.25
dolomite (3)
10 Sarsby (1985) Direct shear, large Various (10) 1.0 7.1 1.0 Various (2) 3.50
11 Tavakoli Mehrjardi and | Plate load test Various (4) 1.0 1.7 8.4 Woven (2) 3.75
Khazaei (2017)
12 Wang et al. (2021) Direct shear, cyclic and | Various (10) 0.9 1.3 5.9 Unitized, biaxial (1) 3.85
monotonic
13 Derksen et al. (2022) Biaxial Compression Fused Quartz (1) 1.0 1.7 7.2 Biaxial, various (7) 4.20

width of the shear band that develops in the soil at large
strain (Guo 2012). Some researchers found that the
normalized shear band width (w/Dsg) that develops in
soil decreases with an increase in particle size (Alshibli
and Sture 1999; Desrues and Viggiani 2004; Abdi and
Mirzaeifar 2017). Thus, the larger ballast particles in
Table 1 may develop a narrower, normalized shear band,
which would correspond to a smaller optimum A/Dsq. In
contrast, other researchers have found that w/Dsy is
unique across particle sizes (Mithlhaus and Vardoulakis
1987; Oda and Kazama 1998; Rattez et al. 2022). Further
investigation into the difference in these two families of
optimum falls outside the scope of the present study.

The second trend visible in the data presented in Table 1
is that the optimum A4/Ds, was independent of the type of
interaction experiment for both clusters of optimums. For
a geogrid to improve the soil, whether through stabiliz-
ation or reinforcement, load needs to be transferred from
the soil grains to the geogrid ribs. Internally, load is
transferred through the soil body along force chains. The
lengths of these force chains are a function of the soil
properties, rather than the method of load application.
Thus, comparable optimum values of 4/Ds, were found
for the different types of tests.

While an optimum A/Ds clearly exists, none of the 20
models for geogrid pullout resistance investigated in this
study incorporates this ratio. At most, one of the models
(Christopher et al., 1989) states that their model is reason-
ably conservative for 4/Dsy> 3. Other attempts to incor-
porate particle size considers the ratio of Ds relative to the
transverse rib thickness (z1). For these corrections, the
bearing resistance provided by a transverse rib is increased
when t1/Ds < 10 (Palmeira and Milligan 1989; Jewell 1990).

2.2.2. Transverse rib interference

Dyer (1985) found that when transverse ribs are spaced
too closely together the regions of the soil body mobilized
by successive transverse ribs overlaps. Once overlap occurs,

commonly referred to as ‘interference,” the load bearing
capacity of a geogrid is lower than that of the sum of the
resistance by the individual ribs. The effect of interference
has typically been quantified as the ratio of the transverse
rib spacing (St) to the transverse rib thickness (¢1). For
St/tt <40, the bearing capacity of the ribs is reduced. At
the extreme of St/t1~ 0, the geogrid is modelled as a rough
sheet (Palmeira and Milligan 1989; Bergado and Chai
1994; Cardile et al. 2017). In addition, the friction angle
of the soil has been found to influence the degree of
interference (Christopher et al. 1989; Jewell 1990).

Following the experimental results by Milligan et al.
(1990), Moraci and Recalcati (2006) reduced the area of
the geogrid providing purely frictional resistance when the
transverse ribs result in passive bearing failure of the
adjacent soil. The reduction to the area only applies
during residual pullout and assumes that the bearing
failure extends 40-¢r from each rib.

2.2.3. Transverse rib bearing resistance
The ultimate bearing resistance (o1,) for an individual
transverse rib can be calculated using limit equilibrium.
Different assumptions have been made for the governing
failure mechanism. Some authors considered the ribs to
behave similar to a rotated footing (Jewell ez al. 1985;
Matsui et al. 1996). In this case the failure mechanism is
often based on the one proposed by Prandtl (1920), with
differences in assumptions made for the wedge angle and
the logarithmic spiral. Matsui et al.’s (1996) interpretation
seems to fit the experimental data best. The solution
by Jewell et al. (1985) provides an upper bound to the
experimental data. Others authors considered the rib
moving through the soil as similar to a punching failure
(Jewell et al. 1985; Bergado and Chai 1994). For cohesive
backfill Bergado ez al. (1987) treated the ribs as deeply
embedded strip footings.

In centrifuge testing, footings smaller than 15 particle
diameters in width deviated from expected footing
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behaviour (Ovesen 1979; Taylor 1995). Thus, in the case of
geogrids where the transverse ribs are also small relative to
the size of the soil particles, bearing capacity solutions may
not accurately represent the soil geogrid interaction. As an
alternative, Ziegler and Timmers (2004) assumed that the
transverse ribs cut into the soil like a plough. The volume of
soil mobilized by these transverse ‘ploughs’ provides
frictional resistance against the adjacent soil body, thereby
increasing the pullout resistance of the composite.

2.2.4. Active length

The models presented in Figure 1 assume that all
transverse ribs provide the same degree of bearing
resistance — that is, the distribution of the stress in the
soil along the geogrid is uniform. However, experimental
measurements showed that the strain in the geogrid during
pullout decreased from a maximum at the front to zero at
a given distance along the geogrid (Ochiai er al. 1996;
Cardile et al. 2016). Thus, the resistance to pullout also
decreased non-linearly along the length of the geogrid.
The distance from the front of the geogrid to the point of
zero extension (strain) is known as the ‘active length’ (L)
of the geogrid. Cardile et al. (2016) used the active length
to calculate an apparent coefficient of friction (uayr) for
the soil-geosynthetic interface:

HAL = 2o,

(8)

2.2.5. Other factors

Alfaro et al. (1995b) separated the contribution of the
purely frictional resistance (‘2D interaction’) to pullout
from the so-called ‘3D interaction’ at the edges of the
geogrid. Dilation of the soil body at the edges of the
geogrid was found to be restrained by the non-dilating soil
mass directly adjacent to the geogrid. In addition, the
vertical dilation of the soil mobilized by the geogrid was
restrained by the adjacent soil body similar to the findings
by Lo (2003) for strap reinforcements. The significance of
the effect was found to decrease with increasing confining
stress. Similarly, the transverse ribs of a geogrid mobilizes
a three-dimensional body of soil (Moraci and Recalcati
2006). This results in a local increase in the confinement
applied to the geogrid. Finally, lateral expansion of the
soil may be restrained by the tensile confinement provided
by the geogrid apertures (Liu et al. 2014).

The significance of the three-dimensional dilatancy
effect on soil-geogrid interaction was found to reduce with
increasing confining stress (Alfaro et al. 1995a; Moraci
and Recalcati 2006). This three-dimensional dilatancy
effect is the result of complex interaction between the
geogrid geometry and soil dilation. Consequently, con-
sideration of this effect falls outside of the scope of the
regression models and sensitivity analysis presented in
later sections of the paper.

In reinforcement applications, geogrids are installed
such that the applied load is perpendicular to the ribs that
provides the greatest bearing resistance, — that is perpen-
dicular to the transverse ribs and along the machine
direction. However, in some applications the direction of
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load application may not necessarily be perpendicular to
the orientation of the transverse ribs. For example, in the
case of a three-dimensional slope stability problem, failure
sliding may occur at an angle to the machine direction of
the geogrid (Collin et al. 2021). The effect of the direction
of load application on the pullout response of geogrids
falls outside the scope of this study.

2.3. Alternative models

2.3.1. Embedded sheet

Rather than individually modelling the interaction of each
geogrid rib with the soil, the geogrid can be modelled as a
planar sheet embedded in the soil. The development of tensile
stress along the length of the sheet can then be modelled by
considering the local equilibrium along the interface:

dr

dx

where d T is the change in unit tension over a length dx
and 7 is the interface shear stress between the geosynthetic
and soil.

Different assumptions have been made in the literature
to solve the partial differential equation in Equation (9).
Abramento and Whittle (1993) used shear lag analysis
from the field of fibre reinforced composites. Other
authors assumed the shear stress-displacement relation-
ship to be elastic-perfectly plastic (Sobhi and Wu 1996),
bi-linear (Madhav et al. 1998), hyperbolic (Gurung and
Iwao 1999; Perkins and Cuelho 1999) or show strain
softening behaviour (Alobaidi et al. 1997). Furthermore,
the stress-strain response of the geosynthetic can be
modelled as linear (Sobhi and Wu 1996) or hyperbolic
(Perkins and Cuelho 1999). Typically, this class of models
is used to calculate the pullout resistance of geotextiles
embedded in soil. However, it has also been successfully
applied to geogrids (Perkins and Cuelho 1999; Sugimoto
and Alagiyawanna 2003; Zornberg et al. 2017).

-2t 9)

2.3.2. Calibrated incremental models

The mechanistic models shown in Figure 1 are limited in
that they do not model the development of pullout resistance
with increasing displacement. Furthermore, they do not
consider the extension of geogrids during pullout. Several
authors developed incremental models for pullout-displace-
ment (Palmeira 2009) to capture the dependency of the
magnitude of pullout resistance on the mobilized displace-
ments. These models share the following general form:

(1) Assume a displacement and force at the front of the
geogrid.

(2) Calculate: (a) the bearing resistance mobilized at the
first transverse rib due to displacement, (b) the
extension of the first segment due to the applied force
and (c) the frictional resistance of the first segment.

(3) Calculate the bearing resistance, extension and
frictional resistance for subsequent ribs based on the
extension of the prior segments.

(4) TIterate by adjusting the applied force until the force at
L=0is0.
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The various incremental models differ in their assump-
tions regarding the development of rib bearing resistance
with displacement, as well as the constitutive relationship
assumed for the shear stress along the interface. For
example, Bergado and Chai (1994) modelled the bearing
resistance to increase hyperbolically with displacement.
The relationship between shear stress and displacement
was assumed to be elastic-perfectly plastic. In contrast,
Sieira et al. (2009) modelled the bearing resistance to
increase linearly with geogrid strain, and the shear-stress
as hyperbolically related to displacement. Wilson-Fahmy
and Koerner (1993) also considered a hyperbolic relation-
ship between bearing resistance and displacement.
However, they further distinguished between three differ-
ent behaviours for the transverse ribs: stiff (rib remains
straight), beam (rib deflects as either a fixed or hinged
beam) and flexible (rib deflects as a parabola).

Palmeira (2004), Teixeira et al. (2007) and Jacobs et al.
(2014) used the results of single transverse rib pullout tests
as input for their models. In addition, the model by
Teixeira et al. (2007) requires the experimentally measured
frictional resistance of individual longitudinal ribs. Thus,
a significant limitation of this group of models is that they
often require coefficients calibrated using specialized
laboratory tests.

2.3.3. Machine learning

As an alternative to the previously discussed mechanistic
models, machine learning can be used to predict the
ultimate geogrid pullout resistance. These models do not
presume any relationship between the input variables
and ultimate pullout resistance. Rather, a relationship is
established by iteratively training the models on a dataset
of pullout tests.

Pant and Ramana (2022) used extreme gradient
boosting to predict ultimate pullout resistance using the
normal stress applied (o,,), fines content of the soil (FC),
Dsp, the embedment length (L), the ultimate strength of
the geogrid (Tyy) and the spacing of the longitudinal and
transverse ribs (Sp, St) as input parameters. Limitations
of machine learning models include that they are effectively
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a ‘black box’ and also should not be used outside the
domain of the training data (Castelvecchi 2016).

2.4. Summary of the models

Modelling the ultimate pullout capacity of a geogrid is a
complex problem as illustrated by the various alternatives
proposed to the original mechanistic model by Jewell
et al. (1985). Despite these alternatives, modelling of the
intricate interaction between a soil and a geogrid remains
limited. Each of the modelling approaches has their own
strengths and weaknesses as summarised in Table 2. In
addition, for the mechanistic models geogrid structure (1
St St is often considered but not the mechanical response
(Tu, J). Furthermore, limited consideration is given to the
effect of soil particle size and particle size distribution on
soil-geogrid interaction for most of the models.

3. STATISTICAL EVAULATION OF
VARIABLES AFFECTING PULLOUT
RESISTANCE

In this section the significance of neglecting the mechanical
response of the geogrid and the particle size distribution
of the soil in modelling ultimate pullout resistance is
evaluated. A sensitivity analysis was conducted to investi-
gate the key soil and geogrid variables affecting the ultimate
pullout resistance of geogrids. This analysis assumed
no prior relationship between the variables and pullout
resistance. The sensitivity analysis was followed by a
regression analysis to determine the significance of ignor-
ing some of the key variables.

3.1. Description of the dataset

A dataset of 398 pullout tests was compiled from the
literature and prior studies conducted at the University
of Austin (Farrag and Acar 1993; Alfaro et al. 1995a,
1995b; Lopes and Ladeira 1996; Raju and Fannin 1998;
Goodhue et al. 1998; Lopes and Lopes 1999; Moraci et al.
2002; Teixeira 2003; Abu-Farsakh et al. 2006; Moraci and
Recalcati 2006; Sieira et al. 2009; Calvarano 2012;

Table 2. Comparison of the strengths and weaknesses of the different modelling techniques for ultimate pullout resistance

interaction

Embedded sheet models Closed form analytical solution.

and geogrid parameters.

training data.

Model family Strengths Weaknesses
Mechanistic models ® Based on the mechanisms of soil-geogrid Does not consider the deformation of the geogrid.
interaction. The transverse rib bearing capacity is based on plasticity
® Generalizable for different geogrid solutions which may not be accurate for small ¢/Dsj.
geometries and soil types.
Simplified linear model ® Derived from a mechanistic model for Linear

Models the pullout load-displacement curve.
Calibrated incremental models | ® Models the pullout load-displacement curve. | ® Requires specialized testing for calibration.
Machine learning models ® Accurately captures the non-linear

dependency between a large number of soil

® Generalizable within the domain of the ® Prediction is limited to the domain of the training data.

Requires calibration to be accurate

® Does not explicitly consider the interaction of individual
ribs with the soil.

® ‘Black box’, — that is the interaction between input
variables may not represent the actual mechanisms of
soil-geogrid interaction.
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Calvarano et al. 2012; Zhou et al. 2012; Cardile et al. 2016;
Roodi 2016; Prasad and Ramana 2016a, 2016b; Pant et al.
2019a, 2019b, 2019c). All tests were conducted in large
pullout boxes with test conditions typically comparable to
ASTM D6706-01.

Of the 398 tests, 24 tests considered the pullout resistance
of the longitudinal ribs only and in 85 tests tensile failure
of the geogrid occurred. Consequently, 289 tests were used
in this analysis. A histogram of the measured pullout
resistances for the 289 tests is shown in Figure 2. The size of
the dataset analysed herein is comparable to the work done
by Huang and Bathurst (2009) (318 effective values) and
Pant and Ramana (2022) (220 effective values).

3.1.1. Geogrids

A total of 31 unique geogrids were tested in the dataset.
The geogrids were manufactured from three different poly-
mers: High Density Polyethene (HDPE), Polyethylene
Terephthalate (PET) and Polypropylene (PP). The manu-
facturing processes included unitized, knitted and strap
geogrids. Both biaxial and uniaxial geogrids were con-
sidered. Of the geogrids tested, 49% were HDPE, unitized,
uniaxial geogrids, 22% were PET, knitted, uniaxial geo-
grids and 14% were PP, extruded, biaxial geogrids. The

40
35 —
30 1

25

Frequency

15 4

10

. T H e

T
0 25 50 75 100

P, (kN/m)

Figure 2. Distribution of ultimate pullout resistance for tests
considered in this study

Table 3. Properties of the geogrids in the dataset

Marx and Zornberg

remaining 15% of the products consisted of various other
HDPE and PET geogrids.

Based on the analytical models, and their limitations
discussed in Section 2, the geogrid properties considered
for the analysis were: the aperture size between the
transverse and longitudinal ribs (A}, Ap), the average
transverse rib thickness (#,5), the secant tensile modulus
at 5% axial strain (J5.,) and the ultimate tensile strength in
the longitudinal direction (7). The first quartile,
median and second quartile of these properties are
summarised in Table 3.

Most of the tests in the dataset were conducted on new
geogrid specimens. Thus, the time and temperature
dependence of the tensile stiffness will not be considered.
In addition, strain dependence of the tensile stiffness was
not considered, as accurate strain measurements were not
available for all of the products in the database. The
representative value of Js., was selected as it was the most
commonly reported for all the tests in the dataset.

Due to homogenous manufacturing processes, specifi-
cally in the case of unitized geogrids, a strong correlation
may exist between the geogrid properties (collinearity).
These correlated properties were pruned to simplify
modelling the relationship between ultimate the pullout
resistance and the properties of the geogrid. The five
geogrid properties considered in the analysis were tested
for collinearity using Spearman’s correlation coefficient
(p) (Spearman 1904). Spearman’s correlation coefficient is
equivalent to calculating Pearson’s correlation coefficient
(R) (Ang and Tang 2007) on the rank of the datapoints,
rather than the actual values. Consequent, Spearman’s
coefficient tests whether two variables monotonically
increase or decrease together. This makes the coefficient
robust against outliers. The resulting correlation coeffi-
cients between the geogrid properties, as well as the
correlation with Py, are summarized in Figure 3.

Some correlation was observed between the aperture
sizes in the longitudinal and transverse directions. For
unitized geogrids (49% of the dataset), the ratio between At
and A; is a function of the draw ratio in the two directions.
The draw ratio represents the elongation of the base
polymer sheet when it is stretched during manufacturing.
This ratio dictates the creep performance, modulus and
strength of a geogrid (Koerner 2012). Similar, optimized
draw ratios can be expected for a given polymer across
manufacturers. Consequently, A1 and At will be correlated
across different products. The same explanation holds for
the correlation between the transverse rib thickness and
aperture size between transverse ribs. However, the

Quartile Aperture size (mm) Transverse rib Secant tensile modulus Ultimate strength
thickness (¢1) (mm) at 5% strain (J5.,) (kN/m) (Tur) (kN/m)
Transverse (At) Longitudinal (A4r)
0O 37.9 (36.4)* 11.1 (16.5) 1.6 (1.4) 468 (390) 55 (60)
0, 70.2 (144.8) 16.5 (19.6) 293.4) 640 (720) 80 (80)
0s 220 (220.0) 24.5 (27.0) 3939 1041 (1098) 99 (99)

#“Numbers in brackets refer to the statistics weighted by the number of datapoints in the dataset.
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correlations were not strong enough to justify removing any
of the three variables from the subsequent modelling.

The ultimate tensile strengths of the geogrids (7y) were
strongly correlated to their secant stiffnesses (Jso,) for the
geogrids considered in this dataset. 77y, was assumed to be
representative of the possibility a geogrid would rupture. In
contrast, Js, was assumed to be a better indicator of the
geogrid extensibility during pullout. Thus, of the two
variables, only Jso, was used in the subsequent analysis.

It is striking that, of the five variables considered, only
Jso, correlated with Pg to some degree. However, Js, is

- = £ E £

€ € = z P4 >

E E Ef & & <

< < & b < by

1 1 1

A [mm] 031 | 4-026
Ar [mm] 0.24 4 0.29

tr [mm] S 4 0.19
Jso, [KN/m] 4 045
To [N/ 4 4 0.29

Figure 3. Pairwise correlation (Spearman) of the geogrid
properties
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Figure 4. Particle size distributions of the soils in the dataset

Table 4. Properties of the soils in the dataset
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not considered in the mechanistic models or the simplified
linear models (e.g. FHWA or EBGEO) discussed in
Section 2.

3.1.2. Soils

Twenty-nine different soils were tested in the dataset
considered. The soils consisted of conventional backfills
and nonconventional materials such as coal ash, slag and
foundry sands. Figure 4 presents the particle size
distributions of all 29 soils. Table 4 summarizes the key
soil properties considered: median particle size (Dsg), 90th
percentile particle size (Dog), coefficient of curvature
(C2), fines content (percentage particles smaller than
0.075 mm, FC) and Mohr Coulomb parameters repre-
senting the soil shear strength (¢, ¢). The coefficient of
uniformity (Cy) is also shown in Table 4. However, the C,
was not considered in the subsequent analysis as the
parameter did not consistently reflect the behaviour of the
soil. For example, C, for a gravel with fines can have a
value in excess of 100, while the median value in the
dataset was 2.7. In addition, the presence of fines in the
soil is already reflected in the FC parameter.

The reported soil shear strength parameters correspond
to peak strength values where available. For tests
conducted on dry sand and ballast, ¢ and ¢ correspond
to effective stress parameters. However, soils were tested at
the optimum moisture content, — that is, under unsatu-
rated conditions ¢ and ¢ are best regarded as total stress
shear strength parameters. For all tests, the shear strength
parameters were measured under the same conditions at
which the soil was prepared for the pullout testing.

There exists ambiguity in whether the ¢ values reported
in the literature represented true cohesion in the soil, or
whether they were an artefact of the Mohr-Coulomb
envelope being a linear approximation of the true non-
linear failure envelope of the soils. As such ¢ was not
considered in the subsequent analysis. The consequence is
that some ¢’s in the dataset were calculated as a best fit line
and some ¢’s were calculated with a zero intercept.

The compactive effort used to prepare the specimens
was reported in terms of either relative density (28% of
tests) or percentage of the Maximum Dry Density (MDD)
from one of the variations of the Proctor compaction test
(72% of tests). Most tests were compacted within 95% of
the respective maximum density (whether relative density
or MDD). Thus, it was deemed viable to combine the
different tests into a single dataset.

As with the geogrid properties, the soil properties were
tested for collinearity. The Spearman correlation coeffi-
cients are shown in Figure 5. They reveal a strong

Quartile FC (%) D5y (mm) Dgy (mm) C, C. 9 (°) ¢’ (kPa)
0, 1.1 (0.9)* 0.16 (0.32) 0.40 (0.59) 2.52.3) 0.96 (0.88) 36 (41) 0(0.9)
0> 4.7 (1.0) 0.31 (0.35) 0.72 (0.73) 3.15(2.7) 1.0 (0.97) 42 (41) 1 (0.9)
03 22.0 (6.6) 0.84 (0.89) 2.4 4.1) 6.6 (7.4) 1.3(1.2) 44 (45) 9 (1.0)

“Numbers in brackets refer to the statistics weighted by the number of datapoints in the dataset.
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Figure 5. Pairwise correlation (Spearman) of the soil properties

correlation between the particle size descriptors Ds, and
FC as well as D5y and Dyg. Consequently, only FC and Ds,
were considered in the subsequent analysis. The former
property was selected to distinguish between cohesive and
granular soils and the latter variable to represent the
average particle size. In addition, some correlation was
observed between the friction angle (¢) and representative
particle sizes considered, Dsy and Dy, However, the
correlation was not significant enough to justify removing
any of the properties from consideration.

3.2. Sensitivity of ultimate pullout resistance to test
variables

The sensitivity of a function y in terms of a variable x,
often defined as dy/dx, represents the local change in y for
a local change in x, — that is the local sensitivity. A more
relevant assessment for a non-linear problem, such as
pullout resistance, is to evaluate how y varies over the
domain of x, — that is the global sensitivity (Saltelli et al.
2007; Santner et al. 2018).

Global sensitivity analysis can be conducted using
variance-based methods. The first-order effect, S;, of the
ultimate pullout resistance to a variable x;, with distri-
bution X; is defined as:

Vi VarlE(Pg|X)]

Si= V(Pr)  Var(Pr) (10)

where Var(-) and E(") are the variance and expected value,
respectively. Thus, the first-order effect is how much Py
varies with X if all other variables remain fixed. The concept
can also be extended to evaluate the sensitivity of P to the
interaction of two or more variables (second order effects).

3.2.1. Surrogate model to smooth the ultimate pullout
resistance data

The 289 datapoints in the present study were too noisy to
be used as an input for a global sensitivity analysis.
Consequently, the data was first smoothed using a surrogate
model. Surrogate modelling is a technique used to
approximate a non-linear target function, f(x), as the

Marx and Zornberg

sum of several lower-order functions (Snyman and Wilke
2018). For the most common implementation of the
technique only zero order information (i.e. the function
values) is required to reconstruct the relationship between
non-linear, high dimensional datapoints. This allows for
accurate interpolation when the target function is
unknown, — for example for the interpolation of the
results of non-linear Finite Element Analysis when the
computational cost of re-running the analysis is too high.

A surrogate surface can be constructed as the sum of
series of radial basis functions, each centred at one of the
known points in the dataset:

fx) ~ Z wid; (x, xL) (11)
Jj=1

where ¢; are lower-order functions centred at each of the
known sets of p input variables j, and w; is the weight for
¢;. For this study, thin plate splines were used as basis
functions: ¢; = r*log r, with r=|]x — x|~

The weights can be calculated such that the surrogate
surface returns the input data exactly when evaluated at
those points. Alternatively, the fitted surrogate surface can
be smoothed at the cost of accuracy at the original data
points. When the smoothing parameter (1) is 0, the surrogate
surface fits the input data exactly, while larger values of 1 are
associated with a greater degree of smoothing.

In this study surrogate modelling was used to smooth
the geogrid pullout resistance dataset. The surrogate
surface was fitted to the input data for various values
of the smoothing parameter (1=0.01, 1, 100). As with
all models used for interpolation, the accuracy of the
modelling approach had to be quantified. The dataset
was split into two groups: 87.5% for fitting and 12.5% for
testing. To separate the training and testing data the
dataset was stratified into 37 layers based on the ultimate
pullout resistance. One point was randomly selected out
of each layer to create a set (or fold) of points. This
process was repeated until the data was divided into eight
folds of ~37 points each.

The surrogate model was fitted to the data using the
SciPy library (Virtanen et al. 2020) and k-fold validation.
That is, seven of the folds were used to fit the data while
the eighth was used to calculate the accuracy of the model.
This process was repeated until each of the eight folds was
used as the testing set. The average accuracy across all
eight testing sets is reported as representative (unbiased)
for the model. This technique is known as k-fold cross
validation (Kohavi 1995).

The accuracy of the surrogate modelling approach was
evaluated in terms of the ratio of the Root Mean Squared
Error (RMSE) to the standard deviation (o) of the pullout
resistance. For hydrological modelling Moriasi et al.
(2007) considers a value of RMSE/6<0.5 to be ‘very
good’. In addition, the adjusted coefficient of efficiency,
E7 (Legates and McCabe 1999, 2013) and the index of
agreement, d, (Willmott et al. 2012) was calculated. Both
E7 and d; measure how well the predictions follow the
model, while circumventing the pitfalls of the coefficient
of determination (R*) (Birnbaum 1973; Anderson and
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Shanteau 1977; Legates and McCabe 1999). E| ranges
from — o0 to 1 for a perfect model, with £{<0 indicating
that the model is worse than the baseline (typically the
mean). d, ranges from —1 to 1 for a perfect model.

3.2.2. HDMR sensitivity analysis

Li et al. (2010) proposed a method for a variance-based
global sensitivity analysis in the case of correlated
input variables (as is the case in this study). The method
entails reconstructing the relationship between x and y
using a random sampling High Dimensional Model
Representation (HDMR). Similar to the surrogate
surface in Section 3.2.1, the target function is approxi-
mated as the sum of functions (Gao et al. 2023):

126

yrfo+ >t

u=1

(12)

where f,, are the component functions of order 1, 2 to n,
and ny,, is the total number of component functions, —
that is the sum of the number of first order functions (7;),
number of second order functions (7,) up to the number of
nth order functions (7,,).

It can be shown that the variance of y is (Gao et al.
2023):

120 Mon

Varly] = ZVar[fu] + Z Cov
u=1 u=1

o me] (13)

m#u

That is, the variance of y is the sum of the variances of
the component functions plus the covariance between
each component function f,, and the sum of all other
component functions except f,.

Next the structural sensitivity (Si) and correlative
sensitivity (S%) can be calculated for each component
function f,:

Table 5. Accuracy of the surrogate models for different levels of
smoothing

Smoothing RSME RSME/STD E, d, > S,
@ (kN/m) u
0.01 1.04 0.05 093 (097 |0.877
1 2.3 0.12 0.84 | 0.92 |0.910
100 5.7 0.33 0.58 | 0.79 |0.991
jo)
1004 ~"-" 1 O'/
— o) £
£ o Z
zZ i
< ‘Q
‘Q.’I 50 o) |n:
a
O T T
0 50 100
Pg (KN/m)

()
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Sou Cov| fur 3 psutm]
Var|y]

_ Varlf)

A
Sa Var[y]

and S =

(14)

The structural sensitivity represents the structure of the

model, while the correlative sensitivity is the fraction of

variance due to the correlation between the variables. The

total sensitivity for a component u, S, is the sum of the
structural and correlative sensitivities:

Su = Sf,l + SZ (15)

From Equations (14) and (15) it follows that the total
sensitivity equals the variance of y, normalized by the
variance of y. Thus, the sum of the total sensitivities
should equal 1.

The ‘extended’ version of HDMR (Li and Rabitz 2012;
Gao et al. 2023) as implemented in the SALib Python
package (Herman and Usher 2017) was used for the
sensitivity analysis. The HDMR analysis was applied to
the smoothed dataset for different degrees of smoothing.

3.2.3. Results of the sensitivity analysis

The accuracy of the surrogate modelling technique (Section
3.2.1) in representing the geogrid pullout resistance (Pgr) as
a function of the ten variables (Ar, AL, tr, Jsg, FC,
Ds, C., tan ¢, L, oy) first had to be validated. In Table 5
the RMSE/STD, E{ and d; of the surrogate model is shown
for different degrees of smoothing (1). The accuracy shown
is the mean value from the k-fold validation. In Figure 6a
the measured (Pgr) and predicted (Pg) pullout resistances
are compared for 2=0.01. Figure 6b shows the distribution
of the residuals (Pr — PR), or the prediction error at each
point, for the same model. Figure 7 shows similar
information for A =100.

When the smoothing is negligible (1=0.01), the
surrogate surface is almost an exact representation of the
underlying dataset. RSME/STD is significantly lower
than 0.5 and E|’ and d, approximates 1. In addition, the
residuals in Figure 6b tended towards a uniform distri-
bution. This indicates that there is only minor bias in the
model for a given value of Pgr. Thus, a surrogate surface
can be used to accurately model the dependency of pullout
resistance on the ten input variables (Ar, AL, tT, J5y,
FC7 Ds, Cc, tan ¢, L, O'n).

Figure 6. Accuracy of the surrogate model in predicting ultimate pullout resistance for 2 = 0.01: (a) comparison of the measured (Pg) and
predicted (Pr) pullout resistance (b) residuals (Pr — Pr) as a function of the predicted pullout resistance
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Figure 7. Accuracy of the surrogate model in predicting ultimate pullout resistance for 2 =100: (a) comparison of the measured (Pg) and
predicted (Pr) pullout resistance (b) residuals (Pr — Pr) as a function of the predicted pullout resistance

0.4 H |
0.3 H
0.2 4
SU
0.1 4
o4 L EI:h:*:::I:EF,EFILT_‘
-0.1 4
T T T T T T T T T T
F T E 8 E E K E E
& E z % E E 5 E E
X -
<) - = Q N s 1 —
sf{\e) Q”" < <
Variable

Figure 8. Sensitivity of ultimate pullout resistance to the ten most
significant variables (1= 0.01)

At 1=100, the RSME/STD was still lower than the
limit of 0.5 recommended by Moriasi et al. (2007).
However, E{ and d, has decreased to 0.58 and 0.79,
respectively. Thus, at higher degrees of smoothing the
ability of the surrogate model to accurately represent the
original data decreases.

Based on the k-fold validation results, surrogate model-
ling was judged to have the capacity to accurately model the
relationship between pullout resistance and the input
variables. Thus, surrogate models were used to smooth
the dataset. The full dataset was used to fit the surrogate
surface that was used to smooth the dataset. This smoothed
dataset was used as input to the HDMR modelling. Due to
the limited size of the dataset the HDMR analysis was
restricted to a first order analysis (i.e. combinations of
variables were not considered). Third order polynomials
were used to approximate the target function.

The total sensitivity of pullout resistance to the ten
variables is shown in Figure 8 for the dataset smoothed
with 1=0.01 (i.e. negligible smoothing). The p=0.05
confidence interval for each value is also shown. For this
analysis the sum of the total sensitivities was 0.88 (see
Table 5). Thus, the results of the sensitivity analysis were

0.5 1 |
0.4 4
0.3 H
S
‘0.2 4
- D
0q — ¢=|=+=F¢|m
T T T T T T T T T T
F EE T E E o K E E
X E = IS £ S - E £
5 o = f 207 e = =
< Qm = < <
ﬁl.ﬁ
Variable

Figure 9. Sensitivity of ultimate pullout resistance to the ten most
significant variables (1 = 100)

unreliable. In contrast, the results of the sensitivity
analysis applied to the dataset smoothed with =100
are shown in Figure 9. For this analysis the sum of the
total sensitivity approximated unity (see Table 5), and
the results were reliable. Thus, as the degree of smooth-
ing (1) increased, the accuracy of the surrogate surface
used to smooth the datapoints decreased, but
the reliability of the results of the sensitivity analysis
increased. Nevertheless, the variables to which P, was the
most sensitive were consistently o, L, Jso, and tang.

Of the four key variables, three are considered in the
simplified linear model (see Equation (6)) — that is g, L
and tang. These three variables were responsible for 84%
in the variance in P, in this dataset (for A=100). An
additional 19% of variance was due to Js,, a variable that
is not considered in the simplified models.

In both Figures 8 and 9 the sensitivity to Ay and A is
negative. This implies that increasing the variance of these
two variables decreases the variance in pullout resistance.
The total sensitivity is the sum of the structural and the
correlative sensitivities. For both A4; and At it was the
correlative component that was negative. In some models
the negative correlation may have a physical explanation

Geosynthetics International, 2025, 32, No. 3

Downloaded by [ UNIVERSITY OF TEXAS AT AUSTIN] on [09/07/25]. Copyright © ICE Publishing, al rights reserved.



Modelling the ultimate pullout resistance of geogrids 365

(Gao et al. 2023), however, in this study it is assumed
that the negative values are the artefact of the limited size
of the dataset.

The soil grading descriptors, Dsy, Cc and FC had a
negligible effect on the Pgr. There are three possible
03 4 + explanations for this behaviour. Firstly, the friction angle

0.5 4

0.4

s of the soil reflects the D5y and FC of the soil (consider the
02 correlation in Figure 5). When tang is not considered as
input to the surrogate model for Py, the sensitivity of Pg

01 - to Dsq increased slightly as shown in Figure 10.
Secondly, the dataset consists mostly of soils with good
o4 L |__|_| |:|:1 —— interaction with the geogrid. Thus, the interaction

HHEH between the particle size distribution and geogrid geome-
try fails to register in the sensitivity analysis. For most of
the soil-geogrid combinations considered, /D5, was less
than 10 (see Section 2.2.1), as shown in Figure 11a.
Thirdly, the products in the dataset were fairly hom-
Variable ogenous due to the large number of uniaxial geogrids.
The distribution of A1/Dsy and Ay /D5, for the dataset is
presented in Figure 11b. Both distributions are skewed
towards the right, with a similar mode and median.
Therefore, not much variability can be observed in terms

o [kPa]
L [mm] -

Figure 10. Sensitivity of ultimate pullout resistance to the ten
most significant variables, when tang is not considered as a
variable (4= 100)
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Figure 11. Distributions of the ratios indicative of soil-geogrid interaction behaviour for the dataset considered: (a) transverse rib
thickness to Ds, ratio, (b) aperture size to Dsq ratio and (c) aperture size to transverse rib thickness ratio
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of the ratio of the aperture size to Dsq. The large 4,/Dsq
values contradict the optima of 1.25 and 3.75 reported in
Section 2.2.1. This may be a result of the manufacturers’
attempts to minimize interference by increasing Ar/tr to
exceed 40 (see Section 2.2.2) as shown in Figure 11c.

3.3. Regression analysis of pullout resistance

The sensitivity analysis revealed that, in addition to the
variables considered in the simplified linear model, Pr
was sensitive to Jso,. In this section, the effect of including
additional variables in the regression models is evaluated.

3.3.1. Regression analysis on the variables of the simplified
linear model

Multiple linear regression was done using the Statsmodels
Python package (Seabold and Perktold 2010). Following
the simplified linear model (Equation (6)) and the non-
linear model by Huang and Bathurst (2009), the models
for Pr were assumed to follow the form:

Pr 22,301_[/\/,(}[ (16)

That is, the product of the variables (X;), each raised to
a constant (f;), multiplied with a constant (). To set up
the models for linear regression, the following log trans-
form was used:

log Pr = log 28 + > _(B;log X; + &) (17)

where ¢; is the random error at each point assumed to be
normally distributed (Kutner 2005).

For a robust comparison of the different regression
models, k-fold cross validation was implemented (Kutner
2005). The dataset was randomly split into five ‘folds’ of
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equal size using the stratified sampling technique dis-
cussed in Section 3.2.1. Each fold was then used to
calculate the performance of a model trained on the
remaining four folds. Finally, the average of the perform-
ance metrics (RMSE, Ej, d,) for the five iterations was
calculated.

The first model analysed was used as a baseline. The
model followed the form of the simplified linear model
(Equation (6)), — that is, P, =2fyLotan¢g. The ratio of the
average RMSE in log space (RMSE)g ) to the standard
deviation of the complete dataset in log space (STDjqg)
was 0.76 (see Table 6). The average Ei and d, were 0.21
and 0.61, respectively.

For illustrative purposes the model was also fitted to
the full dataset. Figure 12a presents the predicted log Pr
as a function of the measured log Pr for the baseline
model fitted to the full dataset. The equivalent results in
linear space are shown in Figure 12c. The poor fit of the
model to the data is reflected in the distribution of
residuals depicted in Figure 12b. A clear downward trend
in the residuals is apparent with an increase in log P, .

The second model considered the parameters of the
simplified linear model, but assumed the relationship with
Pr to be non-linecar: Pr= ZﬁOLﬁ ‘aﬁl(tan¢)ﬂ3. The
RMSE)qg ave/STDjog for the non-linear baseline model
was 0.51, which was an improvement over the linear
model. In Figure 13a, the ultimate pullout resistance
predicted by the non-linear baseline model, fitted to the
full dataset, is compared to the measured pullout
resistance. Figure 13c shows the equivalent relationship
on a linear scale. The residuals in Figure 13b had less
structure than the ones for the linear, baseline model in
Figure 12b. Thus, non-linearity has been sufficiently
accounted for by this updated model.

Table 6. Summary of model performance in log space, based on average from k-fold validation

Model name Model form RMSE ;4 avg/STD)o¢ Ej d;
Baseline 2fyLotang 0.76 0.21 0.61
Baseline, non-linear 2B0LP16*(tangy” 0.51 0.51 0.75
Expanded BoLP1 6P (tan ) Jﬁ}oA/%SFC/}“ 0.43 0.58 0.79
Alternative 1 2Bo(o tang s, L) ; 0.52 0.50 0.75
D 1
Alternative 2 28, (0, tan ¢ sy L)* </T50> FC/ 0.46 0.54 0.77
T
21 == Trend OCO/

100 L

B (kN/m)

Pg (kN/m)
(c)

Figure 12. Baseline model (P, = 2.k.L.c.tang) fitted to the full dataset: (a) and (c) predicted versus measured ultimate pullout resistance,

(b) residuals of the model
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Figure 14. Quality of regression models as a function of the number of variables: (a) RSMEyg .,z and (b) BIC

The model coefficients for the complete dataset were:
P; = (2)(7.7)L°%06%%(tan ¢)*¥ (18)

where L has units of meters and o, units of kPa. While the
non-linear relationship with g, and L is often identified in
the literature, little mention is made of the non-linear
relationship between Pr and tang.

3.3.2. Regression analysis considering the additional
variables

The two models analysed in Section 3.3.1 only considered
the variables of the simplified linear model. Based on the
sensitivity analysis in Section 3.2.3 additional variables
may be required to accurately model Pg. To determine
the ideal number of variables, a model was created for
all combinations of the additional variables
(AT, Ay, t1, Jsy, FC, D5y, C.) together with o,, L and
tang. The family of models was compared based on the
RMSEq ave and Bayesian Information Criterion (BIC)
(Schwarz 1978). The BIC is a metric that balances the
accuracy of the model against the number of parameters, —
that is, it is used to identify overfitting. A lower BIC value
is preferred.

The RMSE| 4 and the BIC for the models are shown
in Figure 14 as a function of the number of variables. The
BIC was calculated for models fitted to the full dataset.
The RSME . represented the average of the k-fold
validation. For more than seven variables the reduction in

RMSE with the addition of a new variable plateaued,
which corresponds to the minimum BIC value.

The expanded model with seven variables, correspond-
ing to the minimum BIC had the form:

Pr =2.01 1.L0A8003.52(tan ¢)0A53J20%3A¥0412D2613FC0.035
(19)

where L, At and A; have units of meters, o, has units of
kPa and Jsy, has units in kN/m. The RMSE;qg 4,,/STDjq,
for the model was 0.43, representing a 44% improvement
on the baseline model and a 15% improvement on the
baseline non-linear model.

The coefficients for L and o,, were similar to those of the
nonlinear model in Equation (18). In addition, Js,, Ay,
Dspand FC formed part of the model with the lowest BIC.
An increase in Jso,, D5y and FC was associated with an
increase in Pg. The Pg increased as the spacing of the
transverse ribs (At) decreased, — that is, as the number of
transverse ribs increased. However, corresponding to the
results of the sensitivity analysis, the regression coeffi-
cients of Ay, Dsg and FC were small, suggesting that the
variables are of limited significance.

3.3.3. Alternatives to the simplified linear model

The non-linear model in Equation (18) and the expanded
model in Equation (19) showed a clear improvement in
prediction accuracy on the baseline model. However, both
models are not dimensionally consistent. Two alternatives
to the baseline model are proposed. These models expand
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Figure 16. Predicted versus measured ultimate pullout resistance
for the second alternative model

on the variables of the baseline model, are non-linear, and
are dimensionally consistent.

The first alternative model considers Js., in addition to
variables of the baseline model:

Pr = 2By (0q tan ¢pJso, L)* (20)

The coefficient S, was 0.48 for the model fitted to the full
dataset. A plot of Pr versus Pg for the first alternative
model is shown in Figure 15. The RMSE;qg 4/STDjqq of
0.50 was comparable to the non-linear baseline model,
while maintaining consistency amongst the dimensions.
This model was a 34% improvement on the baseline model.

For the second alternative model Js%, TRa, Dsy and
FC was considered in addition to o, L and tang:

B
Pr = 2B,(0n tan ¢pJsy, L) (DSO> FC (21)
TR

The coefficients Sy, f; and S, were 0.348, 0.14 and 0.04
respectively when the model was fitted to the full dataset.
A comparison of the predicted and measured pullout
resistance is shown in Figure 16. The performance of this
model was comparable to the expanded model in
Equation (19), while being dimensionally consistent (see
Table 6). However, this increase in performance was not
sufficient to justify the increased complexity of the second
alternative model.

Marx and Zornberg

It should be noted that these alternative models are purely
empirical. Unlike the simplified linear models, the form of
the alternative models is not grounded in the physics of the
problem. Furthermore, the dataset analysed in this study
was too limited to recommend a general alternative model
to the FHWA and EBGEO models. The dataset contains a
non-negligible fraction of unconventional backfills and is
dominated by a single family of geogrids (HDPE, unitized,
uniaxial). However, the increased accuracy of the non-linear
alternative models suggests that subsequent design model
updates should as a minimum consider the non-linearity of
ultimate pullout resistance as well as the contribution of
geogrid stiffness.

4. CONCLUSIONS

This work presented a review of geogrid ultimate pullout
capacity modelling. An investigation of analytical models
for predicting ultimate pullout resistance found that the
geogrid structure is often considered in modelling but not
the mechanical response. Furthermore, limited consider-
ation is given to the effect of soil particle size and particle
size distribution on soil-geogrid interaction. The remain-
der of the work focused on the effect of geogrid geometry
and soil particle size distribution.

A sensitivity analysis was conducted to evaluate the
significance of the geogrid mechanical response and soil
particle size distribution on the ultimate pullout resist-
ance. The sensitivity analysis indicated that ultimate
pullout resistance in this dataset was most sensitive to
normal stress (a;,), followed by length (L), the stiffness of
the geogrid (Jso,), and friction angle (¢). Normal stress
(on), length (L), and friction angle (¢) form the backbone
of the simplified linear models (FHWA and EBGEO).
The particle size distribution of the soils considered in this
dataset was found not to have a significant impact on the
ultimate pullout resistance.

Finally, the significance of the modelling pullout
resistance with additional variables was evaluated using
a regression model. The baseline model considered only L,
o, and ¢. Based on the RMSE and Bayes Information
Criterion, increasing the number of regression variables
above seven resulted in negligible gains in model accuracy.
When considering the seven most significant variables, L,
Ons @, Jsv, Dso, AT and FC, the prediction of ultimate
pullout resistance improved with 44% on the baseline linear
model and 15% on a baseline model incorporating
non-linearity. An alternative to the baseline model was
then proposed that considers Js., in addition to L, ¢,, and
¢, maintains dimensional consistency and considers the
non-linear response of the ultimate pullout resistance.
The alternative model showed a 32% improvement on the
baseline linear model.
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NOTATION

Basic SI units are shown in parentheses.

A, Ar, At geogrid aperture size (mm)
Ay bearing area of the transverse ribs (mm?)
C, coefficient of uniformity: Dgo/D1g
(dimensionless)
C. coefficient of curvature: D3/(DgoD10)
(dimensionless)
¢ intercept of the Mohr Coulomb failure
surface (kPa)
Dyy particle size greater than XX% of the
particles (mm)
d. index of agreement (dimensionless)
E{ adjusted coefficient of efficiency
(dimensionless)
F*  pullout resistance factor (dimensionless)
FC fines content of the soil (dimensionless)
fv  bearing resistance factor (dimensionless)
Jsei friction coefficient (dimensionless)
f. component function (dimensionless)
Jw, secant tensile modulus at x% tensile
strain (kIN/m)
L anchorage length (m)
La active length of the geogrid (m)
Pr ultimate pullout resistance (measured)
(kN)
Pr ultimate pullout resistance (predicted)
(kN)
Prp bearing component of Pg (kN)
Prr frictional component of Pr (kN)
R Pearson’s correlation coefficient
(dimensionless)
RMSE root mean squared error (dimensionless)
RMSE,s e average of the RMSE in log space
(dimensionless)
S; first order effect (dimensionless)
Sy longitudinal rib spacing (mm)
St transverse rib spacing (mm)
S, total sensitivity (dimensionless)
Sb structural sensitivity (dimensionless)
Sh correlative sensitivity (dimensionless)
T unit tension (kKN/m)
Ty, ultimate tensile strength (kN/m)
lag average transverse rib thickness (mm)
t, transverse rib thickness (mm)
w  shear band width (mm)
w;  weight of basis function i (dimensionless)
X; distribution of variable X (dimensionless)
1+x non-linear correction factor for P
(dimensionless)
a  scale correction factor (dimensionless)
op fraction of the geogrid area that is solid

(dimensionless)
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S non-linear correction factor for Pg

(dimensionless)
S regression coefficient (dimensionless)

0 soil-geogrid interface friction angle (°)

¢ random error (dimensionless)

A smoothing parameter for the surrogate
surface (dimensionless)

uar  apparent coefficient of soil-geogrid

interface friction (dimensionless)
p Spearman’s correlation coefficient
(dimensionless)
o standard deviation (dimensionless)
o, Dbearing resistance (kPa)
o, normal stress (kPa)
7 soil-geogrid interface shear stress (kPa)
¢ soil friction angle (°)

bi(x, x.)  basis function centred about x.
(dimensionless)
ABBREVIATIONS
BIC Bayesian Information Criterion
DEM Discrete Element Modelling
EBGEO ‘Empfehlungen fiir den Entwurf und die
Berechnung von Erdkorpern mit Bewehrungen
aus Geokunststoffen’ (Recommendations for
Design and Analysis of Earth Structures using
Geosynthetic Reinforcements)
FHWA  Federal Highway Administration
HDMR High Dimensional Model Representation
HDPE High Density Polyethene
MDD Maximum Dry Density
PET Polyethylene Terephthalate

PP  Polypropylene

RMSE Root Mean Squared Error
STD Standard Deviation
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