
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Soil-geogrid interface behaviour under cyclic pullout conditions
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ABSTRACT: One of the parameters necessary to design geosynthetic-reinforced soil struc-
tures is the interface apparent coefficient of friction, which allows determining the reinforced
block size. The apparent coefficient of friction values to be used in seismic design based on the
pseudo-static approach could be different from those used for static analyses. To evaluate this
parameter, the writers carried out a series of pullout tests on HDPE extruded uniaxial geo-
grids embedded in a compacted granular soil, under cyclic and post-cyclic loading conditions
and for different vertical effective stress σ’n values. The pullout tests have been performed at
the cyclic frequency f = 1 Hz by means of a multistage procedure. In order to understand the
post-cyclic behaviour of soil-geosynthetic interfaces during the pullout process, the influence
of cyclic loading amplitude and σ’n has been analysed.

1 INTRODUCTION

For designing geosynthetic reinforced soil works conveniently, the knowledge of soil-
geosynthetic interaction parameters is very important (Carbone et al., 2015; Ezzein and Bath-
urst, 2014; Ferreira and Zornberg, 2015; Moraci and Cardile, 2008, 2009, 2012; Cardile et al.,
2017a; Pavanello et al., 2018a,b; Zhou et al., 2012) since the reinforcement length, which
defines the reinforced mass dimensions, depends on the apparent coefficient of friction at the
soil-geosynthetic interface. Laboratory tests can simulate the pullout limit state using large
size apparatuses, which allow studying the interaction mechanisms developing in the anchor-
age zone. The apparent coefficient of friction values to be used in the seismic design based on
the pseudo-static approach could be different from those used for static analyses. For this pur-
pose, several multi-stage pullout tests have been carried out in order to investigate the pullout
behaviour of an HDPE geogrid embedded in a compacted granular soil, subjected to cyclic
pullout loading with a high frequency (f =1 Hz). Both the cyclic pullout load amplitude and
the effective vertical stress have been set to vary, and their influence on the obtained results
has been analysed.

2 EXPERIMENTAL RESEARCH

2.1 Apparatus

The test apparatus (Cardile et al., 2014; Moraci et al., 2017) comprises a large pullout steel
box (1700x600x680 mm), a system for the application of vertical loading, a hydraulic actuator
able to perform displacement- or load-controlled pullout testing, a special clamping assembly,
a pair of metal sleeves, and all the required instrumentation (load cell, LVDT).

2.2 Test materials and procedure

For the research, an uniform medium sand classified as A-3 (UNI EN ISO 14688-1, 2018) has
been used, having uniformity coefficient U=1.96 and average grain size D50=0.32 mm. Stand-
ard Proctor compaction tests provided a maximum dry unit weight γdmax = 16.24 kN/m3 at an
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optimum water content wopt = 13.5%. The soil peak shear-strength angle ranges from ϕ′P =
48° at σ’n =10 kPa to ϕ′P =42° at σ’n =100 kPa, while the shear-strength angle at constant
volume is ϕ′cv = 34° (Moraci and Cardile, 2008; Moraci et al., 2014).

The mechanical behaviour of the geosynthetic (an HDPE uniaxial extruded geogrid) embed-
ded in the compacted soil was investigated by means of wide-width tensile tests at the same
rate used in the pullout tests, and the results are described in Cardile et al. (2016b, 2017b).
The multi-stage pullout tests were carried out at different vertical effective stresses (σ’n = 10,

25, 50, 100 kPa) on geogrid specimens having length LR = 1.20 m (Cardile et al., 2019). A
multi-stage procedure (MS) has been used (Figure 1) and it consists of three stages (Moraci
and Cardile, 2009, 2012): i) the first one under a constant rate of displacement (CRD=1 mm
per min), until a fixed pullout load Pi is achieved; ii) the second one at loading control, apply-
ing a sinusoidal cyclic load with fixed amplitude A and number of cycles N; and iii) the last
one under CRD conditions at the same displacement rate used in the first stage of the test,
until the pullout or the tensile failure is reached. Both Pi and A have been chosen as a percent-
age of PR that is the peak pullout resistance obtained by monotonic pullout tests at the same
test rate and vertical effective stress.
Table 1 lists the MS pullout test program, pointing out that the actually-made cycles have

been lower than the planned ones for the higher investigated amplitude (A ≈ 45% PR) and σ′n

< 100 kPa since the clamp reached the maximum displacement that the apparatus allows.

Figure 1. Multi-stage procedure used for pullout testing.

Table 1. MS pullout test program.

Test N (planned) N (actually-made) σ’n [kPa] Pi [kN/m] A [kN/m]

01 1000 1000 10 ≅35%PR (σ’n =10 kPa) ≅30%PR (σ’n =10 kPa)

02 1000 20 10 ≅35%PR (σ’n =10 kPa) ≅45%PR (σ’n =10 kPa)

03 1000 1000 25 ≅35%PR (σ’n =25 kPa) ≅30%PR (σ’n =25 kPa)

04 1000 148 25 ≅35%PR (σ’n =25 kPa) ≅45%PR (σ’n =25 kPa)

05 1000 1000 50 ≅35%PR (σ’n =50 kPa) ≅30%PR (σ’n =50 kPa)

06 1000 158 50 ≅35%PR (σ’n =50 kPa) ≅45%PR (σ’n =50 kPa)

07 1000 1000 100 ≅35%PR (σ’n =100 kPa) ≅30%PR (σ’n =100 kPa)

08 1000 1000 100 ≅35%PR (σ’n =100 kPa) ≅45%PR (σ’n =100 kPa)
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3 ANALYSIS OF TEST RESULTS

The seismic behaviour of GRS structures can be studied through different approaches. In the
context of theoretical studies such as the pseudo-static analyses (Bathurst and Cai, 1995;
Biondi et al., 2014; Michalowski, 1998; Nouri et al., 2006) and the seismic displacement ana-
lyses (Cai and Bathurst, 1996a, b; Di Filippo et al., 2019; Gaudio et al., 2018; Ling et al.,
1997; Paulsen and Kramer, 2004), some of the parameters required for a proper design are the
apparent coefficient of friction between soil and geosynthetic, μS/GSY, or the friction inter-
action coefficient, fb.

Specifically, the peak apparent coefficient of friction between soil and geosynthetic under
cyclic pullout loading condition can be defined as:

μ
P
S=GSY ¼ fb tan�

0 ¼
PPC
R

2LRσ
0
n

ð1Þ

where PR
PC = peak pullout resistance (per unit width) obtained by pullout tests under multi-

stage conditions; and ϕ’ = soil shear strength angle.
The μPS/GSY values obtained by the multi-stage pullout tests at A ≈ 30% PR and those calcu-

lated by the corresponding CRD tests for varying vertical effective stress have been plotted in
Figure 2, in order to make a comparison which allows analysing the effects of cyclic loading
histories on this parameter. By observing the results it is possible to state that the dilatancy of
soil at the interface affects both the post-cyclic apparent coefficient of friction and the one
under static conditions, for them decreasing with increasing σ′n. Moreover, vertical effective
stress being equal, the apparent coefficient of friction between soil and geosynthetic under
post-cyclic conditions further decreases for the effects caused by the application of a cyclic
loading. In particular, the reductions increase with decreasing vertical effective stress up to
28% at the lower investigated value, this result pointing out that GRS structures must be
designed by considering it since pullout limit state mainly affects the shallow reinforcement
levels where the μPS/GSY reductions are higher.

The reduction in interface parameters that occurs when a cyclic loading is applied can be
explained plotting the double graph P–ε/ δ–ε in order to relate the displacement of the

Figure 2. Peak apparent coefficient of friction for varying vertical effective stress, considering CRD and

multi-stage tests at A ≈ 30% PR.
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specimen’s first confined section δ with the pullout average strain value ε caused by a
certain pullout load P, for a fixed vertical effective stress. Specifically, Figures 3a, b, 4a, b
and 5a, b show the double graphs obtained for CRD tests performed at all the investigated σ

′n, and for MS tests at σ′n = 100 kPa, A ≈ 30, 45% PR and σ′n = 50 kPa, A ≈ 30% PR

respectively.
With regard to the CRD pullout tests (Figure 3b), the δ–ε curve shows a pseudo-linear

trend for σ′n = 100 kPa. This means that the soil-geogrid interface is in the load transfer
phase where the active length (Cardile et al. 2016) increases with the pullout load until the
value causing the movement of the last transversal bar is reached. For all the other vertical
effective stresses, the pseudo-linear trend curves during the pullout phase that starts when
the rear end of the geogrid begins to move until it reaches a vertical asymptote for the pull-
out limit state, with average strain becoming constant with increasing δ. While the slope of
δ–ε curve only depends on test rate when the soil-geogrid interface is in the load transfer
phase, once the pullout phase is reached it depends on σ′n in addition, as the interaction
mechanisms mobilise pullout resistances that could not be capable to prevent the pullout
limit state any longer since these resistances decrease gradually with decreasing vertical
effective stress (Figure 3a).
With regard to the multi-stage pullout tests (Figure 4b and 5b), it is possible to observe that

the displacements accumulated during load-unload cycles when the MS third phase restarts
(point 5) are higher than the displacements mobilised at the same pullout load Pi in the corres-
ponding static test (point 1). These cumulative cyclic displacements increase with decreasing
vertical effective stress, moving the interface towards a configuration closer to the pullout fail-
ure. During the cyclic stage, the MS δ–ε slope increases with increasing loading amplitude
(Figure 4b). When the third stage is reached, the MS δ–ε curve restarts similarly to the CRD

Figure 3. P–ε (a) and δ–ε (b) trends obtained in CRD conditions for different vertical effective stresses.
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δ–ε curve at the same strain level (point 2 and 5) since both are now displacement-controlled
pullout tests at the same test rate, but it is shifted down of an amount δ2-5 (Figure 5b). Since
the cyclic loading contributed to use up more quickly the active length of the geogrid leading
the interface a little closer to the pullout failure, the interaction mechanisms (Cardile et al.,
2017; Palmeira, 2009) are not capable to mobilise the pullout strength of the corresponding
CRD test anymore. Therefore, the MS δ–ε curve actually deviates from the “ideal” path
(dash-dot line in path 5-7, Figure 5b) due to the interface degradation caused by the cyclic
loading effects that accelerate the pullout process (pointed at in Figure 4b and 5b). This
means that the geogrid starts to deform fewer, approaching the pullout limit state faster.
Summarising, the pullout average strain corresponding to the peak pullout resistance PR

(point 4 in Figure 4a and 5a) could be reached in MS pullout tests if pullout failure did not
occur (vertical asymptote). For better understand this consideration, the dashed lines of
Figure 4b and Figure 5b represent a fictitious extension of the MS δ–ε curve, showing that the
soil-geogrid interface has to make a further head’s displacement in order to achieve PR. Specif-
ically, the interface tested at σ′n = 100 kPa could mobilise PR with both the investigated ampli-
tudes carrying out the further increment plotted in Figure 4b (δ6b-8 for A ≈ 30% PR and δ6ʹb-8ʹ
for A ≈ 45% PR respectively), while for the interface tested at σ′n = 50 kPa the head’s displace-
ment to be done is much higher, this meaning that the pullout loading cannot further increase
(the curve tends to a vertical asymptote, Figure 5b).
This result can be observed in the peak apparent coefficients of friction between soil and

geosynthetic; in fact, the post-cyclic μ
P
S/GSY obtained for σ′n = 100 kPa at A ≈ 30% PR is

almost equal to the one obtained in the corresponding CRD pullout test (only a very slight
degradation of the interface occurred), while the post-cyclic μPS/GSY evaluated for σ′n = 50 kPa

Figure 4. Comparison between P–ε (a) and δ–ε (b) trends obtained in CRD and multistage conditions

for tests with σ′n = 100 kPa, at A ≈ 30-45% PR.
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at A ≈ 30% PR is lower. Clearly, in light of the considerations that we have shown up to this
point, it is possible to state that the head’s displacement to be done in the post-cyclic stage in
order to achieve PR and, consequently, the deviation of the post-cyclic μPS/GSY from the CRD
apparent coefficient of friction increase with decreasing effective vertical stress.

4 CONCLUSIONS

The paper focuses on the results obtained by pullout tests carried out on an HDPE geogrid
embedded in a compacted granular soil, analysing the interface behaviour under monotonic
and cyclic loading conditions. A multi-stage procedure has been used, testing at a frequency
equal to 1 Hz and varying both vertical effective stress and cyclic loading amplitude.
The results show that cyclic loading histories could induce a reduction of the interface

parameters with decreasing vertical effective stresses. For the specific test conditions, the peak
apparent coefficient of friction between soil and geosynthetic calculated under post-cyclic

Figure 5. Comparison between P–ε (a) and δ–ε (b) trends obtained in CRD and multistage conditions

for tests with σ′n = 50 kPa, at A ≈ 30% PR.
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conditions reaches decreases up to 28% at the lower investigated σ’n, while it remains almost
equal to the corresponding CRD value at the higher σ’n.

The decreasing of the interface parameters can be explained by the occurring degradation
of the interface caused by the cyclic loading application; in fact, during the cyclic stage the
geogrid’s length on which the progressive pullout mechanisms develop quickly increases, caus-
ing a reduction in the peak pullout resistance reached in the post-cyclic phase.
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