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ABSTRACT: The understanding of soil-geosynthetic interaction under cyclic loading conditions
is essential for the safe design of geosynthetic-reinforced soil structures subjected to repeated
loads, such as those induced by road and railway traffic and earthquakes. This paper describes
a series of large-scale monotonic and multistage pullout tests carried out to investigate the
behaviour of a HDPE uniaxial geogrid embedded in a locally available granite residual soil
under monotonic and cyclic pullout loading. The effects of the pullout load level at the start of
the cyclic stage, cyclic load frequency and amplitude, number of cycles and soil density on the
load-strain-displacement response of the reinforcement are evaluated and discussed. Test

results have shown that the cumulative displacements measured along the length of the geogrid
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during cyclic loading increased significantly with the pre-cyclic pullout load level and the load
amplitude. In contrast, the cumulative cyclic displacements were found to decrease with
increasing frequency and soil density. In medium dense soil conditions, the geogrid post-cyclic
pullout resistance decreased by up to 20%, with respect to the value obtained in the
comparable monotonic test. However, for dense soil, the effect of cyclic loading on the peak

pullout forces recorded during the tests was almost negligible.

KEYWORDS: Geosynthetics, Pullout tests, Cyclic loading, HDPE uniaxial geogrid, Granite

residual soil, Frequency, Amplitude

1 INTRODUCTION

In recent decades, the use of geosynthetics as reinforcing elements in permanent earth
structures, such as road and railway embankments, steep slopes, bridge abutments and
retaining walls to improve the mechanical behaviour of soil has become a well-established
technology worldwide. In fact, several advantages such as the relatively low cost, reduced
construction time, ductility and flexibility, possibility to use lower quality locally available soils
and adequate performance of geosynthetic-reinforced soil structures constructed even in
seismic areas have led to their increasing use over their conventional counterparts. The
geosynthetic tensile strength and the interaction characteristics at soil-reinforcement interfaces
are crucial parameters for the internal stability analysis and safe design of such structures
(Jewell 1996; Ferreira et al. 2015b; Ferreira et al. 2016a; Vieira and Pereira 2016). In particular,
a condition for verification of internal stability is that the tensile force acting on the geosynthetic
reinforcement should not exceed the pullout resistance in the anchorage zone (i.e. beyond the
potential failure surface). Accordingly, the pullout capacity of geosynthetic reinforcement layers
in the anchorage zone of geosynthetic-reinforced soil walls and slopes is required by design
codes for stability analysis (BSI 1995; NCMA 1997; Canadian Geotechnical Society 2006;
FHWA 2009; AASHTO 2017). Furthermore, internal stability checks often involve evaluation of
serviceability requirements, such as maximum admissible lateral movements of supported

structures.
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In addition to static sustained loads (e.g. self-weight and eventual external dead loads),
geosynthetic-reinforced soil systems are often subjected to repeated or cyclic loads both during
construction and service life, which may arise from compaction, road and railway traffic (such as
reinforced embankments and retaining walls in transportation infrastructure projects), wave
loading (e.g. coastal structures) and earthquakes (when these structures are built in seismically
active zones). Despite the generally high performance of these structures, some case histories
of geosynthetic-reinforced retaining walls and bridge abutments have reported relatively large
deformations resulting from traffic or seismic loading, which has occasionally been attributed to
the use of low quality backfill materials and/or lack of seismic design consideration (Ling et al.
2001; Lee and Wu 2004). Given that soil-geosynthetic interface response under cyclic loading
may significantly diverge from that under static loading, a thorough understanding of soil-
reinforcement interaction under both monotonic and cyclic loading conditions is essential for the
development of reliable design methodologies for geosynthetic-reinforced soil structures.
However, while the static shear properties of soil-geosynthetic interfaces have been
investigated by numerous researchers over the past decades (Farrag et al. 1993; Nakamura et
al. 1999; Palmeira 2004; Moraci and Gioffré 2006; Moraci and Recalcati 2006; Huang and
Bathurst 2009; Liu et al. 2009; Palmeira 2009; Sieira et al. 2009; Ferreira et al. 2013; Esmaili et
al. 2014; Ferreira et al. 2014; Lopes et al. 2014; Ferreira et al. 2015a; Ferreira et al. 2015b;
Hatami and Esmaili 2015; Ferreira et al. 2016c; Ferreira et al. 2016d; Roodi et al. 2018;
Mirzaalimohammadi et al. 2019; Morsy et al. 2019), very limited research has been undertaken
to characterise the performance of soil-geosynthetic interfaces under cyclic loading (Raju and
Fannin 1997, 1998; Moraci and Cardile 2009, 2012; Vieira et al. 2013; Ferreira et al. 2016b;
Razzazan et al. 2018; Cardile et al. 2019; Razzazan et al. 2019). The complexity and number of
factors that can influence soil-geosynthetic interaction under repeated or cyclic loads and the
lack of systematic studies on the topic justify why the dynamic behaviour of geosynthetic-
reinforced soil structures is still not well understood.

Various test methods including the direct shear test, triaxial test, inclined plane test, in-soil
tensile test and pullout test have been used by different researchers to quantify soil-

geosynthetic interaction. Of these, pullout and direct shear tests are the most commonly used.

3
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While the direct shear test is a valuable test method for the assessment of soil-geosynthetic
interaction when sliding of the soil mass on the reinforcement surface is likely to occur, the
pullout test is better suited to describe the interaction between the soil and the geosynthetic in
the anchorage zone (Palmeira 2009; Lopes 2012). In general, a pullout test is carried out by
applying an axial load to an instrumented geosynthetic specimen embedded in a soil mass
under a given normal stress value. The test yields the pullout resistance of the geosynthetic as
well as the displacements and strains throughout the reinforcement length. While monotonic
pullout testing allows interaction properties to be determined for situations where displacements
are slow and steady, cyclic pullout testing can more accurately characterise the dynamic
interaction between geosynthetics and the surrounding soil.

Raju and Fannin (1998) carried out a series of monotonic and cyclic pullout tests on various
geosynthetics (i.e. geogrids and geomembranes) embedded in a uniformly graded sand to
evaluate the influence of the confining stress, specimen properties and cyclic loading frequency
on the mobilised pullout resistance and deformative behaviour of the specimens. The authors
found that the pullout response is dependent upon the geogrid type. Two different geogrids
experienced degradation of pullout resistance due to cyclic loading, whereas the third one yield
a pullout resistance that was equal to or greater than that in the corresponding monotonic test.
The tests also suggested that the geogrid pullout resistance is insensitive to the loading
frequency.

Cuelho and Perkins (2005) evaluated the resilient shear modulus of geosynthetic-aggregate
interfaces through a series of short-strip cyclic pullout tests. To minimise strains along the length
of the geosynthetics, sample lengths were limited to 80 mm. The results showed that the
interface shear modulus is stress dependent, increases with normal stress and decreases with
increasing shear stress. The authors recognised that additional research is needed to identify
the main factors affecting the results of cyclic pullout tests and establish specific test protocols
with regard to specimen dimensions, instrumentation and loading conditions.

The pullout behaviour of uniaxial geogrids in loose and dense uniform silica sand and
subjected to monotonic and cyclic pullout forces was investigated by Nayeri and Fakharian

(2009). In this study, the post-cyclic pullout resistance of the reinforcement ranged from minus

4
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10% (under higher normal pressures) to plus 20% (under lower normal pressures) with respect
to the corresponding monotonic values. Unexpectedly, the accumulated displacements during
cyclic loading in dense soil condition exceeded those recorded in loose soil condition. The
increase of vertical pressure led to a reduction of the measured nodal displacements (due to
restrained sliding of the reinforcement), but the deformations along the length of the geogrid
were found to increase.

Moraci and Cardile (2009, 2012) studied the effect of a cyclic tensile load on the pullout
resistance and deformative behaviour of geogrids embedded in a compacted uniform medium
sand. By comparing the data obtained under monotonic and cyclic loading conditions, the
authors concluded that cyclic loading may lead to a significant reduction of the reinforcement
pullout resistance (by up to 30%). The loading amplitude and the normal pressure acting at the
reinforcement level were found to be important factors with respect to the pullout resistance and
deformation behaviour of the studied geogrids. In contrast, the influence of frequency was
almost negligible.

To investigate the factors controlling soil-geogrid interface behaviour under cyclic loading,
Abdel-Rahman and Ibbrahim (2011) carried out a laboratory study involving monotonic and
cyclic pullout tests on geogrids embedded in a medium to fine siliceous sand. The authors
concluded that the horizontal displacements of the geogrids under cyclic loading increase with
the number of cycles until full slippage. Furthermore, geogrids of higher stiffness were found to
withstand a larger number of load cycles than geogrids of lower stiffness before experiencing
pullout failure. As expected, the incremental geogrid displacements per load cycle were higher
at lower normal stress levels.

To better understand the effect of cyclic loading on the pullout resistance of a uniaxial
geogrid embedded in uniformly graded sand at low density, Koshy and Unnikrishnan (2016)
carried out a series of pullout tests under very low normal stresses (from 3 to 5 kPa). The
authors concluded that the normal stress and the cyclic loading amplitude may affect the
number of cycles leading to pullout failure. The post-cyclic monotonic tests revealed an
important degradation of the geogrid pullout resistance due to cyclic loading and this effect

became more pronounced as the number of cycles was increased.



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

This manuscript is the accepted version of the paper:
HDPE geogrid-residual soil interaction under monotonic and cyclic pullout loading, Geosynthetics International,

Vol. 27, Issue 1, pp. 79-96, https://doi.org/10.1680/jgein.19.00057

Recently, Cardile et al. (2019) evaluated the pullout behaviour of a uniaxial geogrid
embedded in a uniform medium sand under cyclic loading conditions. The authors found that
the increase in cyclic loading amplitude adversely affects the stability of the sand-geogrid
interface, whereas the increase in normal stress plays a stabilising role. They further pointed out
that the peak pullout resistance of the geogrid under cyclic conditions may significantly
decrease (by up to 28%) in comparison with the corresponding monotonic values.

From the above summary, it becomes apparent that the limited number of studies reported
in the literature addressing the pullout behaviour of geosynthetics under cyclic loading
conditions have generally been conducted using uniformly graded sands. In this current study,
the load-strain-displacement behaviour of a uniaxial geogrid embedded in a locally available
well-graded granite residual soil is examined through a series of large-scale pullout tests under
monotonic and cyclic loading. The influence of various parameters, such as the frequency and
amplitude of the cyclic pullout load, humber of cycles, pre-cyclic pullout load level and soil
placement density on the pullout response of the reinforcement is evaluated and discussed. A
comparison is made between the maximum pullout forces mobilised during monotonic and
multistage tests performed under identical physical conditions, enabling the potential

degradation of the geogrid pullout resistance upon cyclic loading to be analysed in detail.

2 MATERIALS AND METHODS

2.1 Pullout test apparatus

The large-scale pullout test apparatus used in this experimental research comprises a
pullout box consisting of a modular structure with internal dimensions of 1.53 m long, 1.00 m
wide and 0.80 m deep. To minimise the frictional effects of the front wall boundary, the
apparatus is equipped with a steel sleeve (0.20 m long and 0.48 m wide). To reduce the top
boundary-soil friction and to achieve more uniform distribution of normal stresses, a 0.025 m
thick smooth neoprene slab is placed between the soil and the loading plate. The clamping
system is inserted into the test box through the sleeve, which minimises the initial unconfined

length of the specimens. The normal stress on the top of the soil is applied through a wooden
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plate, which is loaded by ten small hydraulic jacks. A load cell is placed between one of the
hydraulic jacks and the loading plate to control the magnitude of the applied normal pressure.
The pullout force is transmitted to the geosynthetic specimen by means of a hydraulic system
and is measured by a load cell. The geosynthetic frontal displacement is recorded by a linear
potentiometer and the internal displacements are monitored using inextensible wires attached to
the geosynthetic specimen at selected measurements points, with the opposite ends connected
to linear potentiometers placed outside the pullout box. The tests are driven by a closed-loop
servo-hydraulic control system, with capability for accurately measuring, controlling and
recording the loads and displacements. The photographic views of the pullout test apparatus
and an instrumented geogrid specimen are presented in Figure A.1 of the Supplemental
Material to this paper (Appendix A). Further details on the equipment can be found in previous

publications (Lopes and Ladeira 1996a, 1996b; Lopes and Silvano 2010; Ferreira et al. 2016d).

2.2 Materials

The soil used in this study was a locally available granite residual soil, which is typically
found in the northern region of Portugal and widely used as backfill material for reinforced soil
construction. According to the Unified Soil Classification System (ASTM D 2487-11:2011), this
soil may be classified as SW-SM (well-graded sand with silt and gravel). The main physical and
mechanical properties of the soil are presented in Table 1. The corresponding particle size
distribution curve is shown in Figure A.2 of the Supplemental Material (Appendix A).

The reinforcement tested was a uniaxial extruded geogrid manufactured from high-density
polyethylene (HDPE). Table 2 lists the main physical and mechanical properties of this geogrid.
The in-isolation tensile strength was evaluated by tensile tests performed according to EN ISO
10319:2008 (CEN 2008). The obtained load-strain curves for five geogrid specimens tested
under repeatability conditions can be found in Figure A.3 of the Supplemental Material

(Appendix A).
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2.3 Test procedures

For each test, the soil was poured into the pullout box from a constant height of 0.50 m and
compacted in four layers using an electric vibratory hammer. The geogrid specimen with initial
dimensions of 0.33 m wide and 1.00 m long was clamped and laid over the first two layers of
compacted soil. To monitor the displacements along the geogrid, four inextensible wires with
one end attached to the specimen and the other end connected to linear potentiometers at the
back of the pullout box were used. The remaining soil was then placed and compacted until a
total height of soil of 0.60 m was reached. A neoprene sheet and a wooden plate were
positioned on the top soil layer and the normal pressure was applied.

The monotonic pullout tests were carried out under both displacement- and load-controlled
conditions, for comparison purposes. Following the European Standard EN 13738:2004 (CEN
2004), a constant displacement rate of 2 mm/min was imposed in the displacement-controlled
tests. According to this standard, pullout tests may also be conducted using constant stress
loading methods, such as the controlled stress rate method, where the pullout force is applied to
the geosynthetic under a uniform loading rate not exceeding 2 kN/m/min until pullout or failure
of the geosynthetic occurs. Accordingly, the load-controlled tests were performed at a constant
load increment rate of 0.2 kN/min (corresponding to approximately 0.7kN/m/min).

The multistage pullout tests consisted of three successive phases carried out under load-
controlled mode. Preliminary testing showed that, due to limitations of the test apparatus, the
transitions between displacement- and load-controlled phases were not sufficiently smooth.
Hence, all three phases of the multistage tests were performed under load-controlled
conditions. In the first phase, a constant load increment rate of 0.2 kN/min was imposed. When
the pullout force reached a targeted value (referred to in this paper as the pullout load level at
the start of cyclic loading, Ps), specified as a function of the pullout resistance (Pr) obtained
from load-controlled monotonic tests, a sinusoidal cyclic tensile load of constant frequency (f)
and amplitude (Ar) was applied (starting with a loading path) for a given number of cycles (n). In
the third phase, the test proceeded again under constant load increment rate (0.2 kN/min), until

the pullout or tensile failure of the reinforcement was achieved. In order to determine whether or
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not the geogrid pullout resistance was affected by the cyclic loading histories, a comparison was
made between the maximum pullout forces recorded in these tests (during the third phase) and
that obtained from the load-controlled monotonic test performed under otherwise identical test
conditions.

During the tests, the pullout force, frontal displacement, displacements over the length of
the geogrid and applied normal stress were continuously monitored. To ensure accuracy of test

results, all of the measurement devices were previously calibrated.

2.4 Test programme

Table 3 summarises the test conditions analysed in the present study. The geogrid pullout
behaviour under monotonic loading was investigated by displacement- and load-controlled tests
(tests T1 to T4) involving two different soil placement densities (Ib =50% and Ip = 85%,
corresponding to ya = 15.3 kN/m and ys = 17.3 kN/m, respectively). The same soil density
conditions were also adopted in the multistage tests (tests T5 to T20) for comparison purposes.
Although geosynthetic-reinforced soil structures are typically constructed using densely
compacted backfill materials to ensure adequate performance throughout their design life, the
use of the lower density in this study (Io =50%) aimed at enabling the assessment of the effect
of soil placement density on the pullout response of the reinforcement. To investigate the
influence of the static pullout load level at which the cyclic loading phase begins (Ps), different
Ps/Pr ratios (where Pris the maximum pullout force obtained under monotonic loading) were
selected (Ps/Pr = 0.25, 0.50 and 0.65). The effects of the loading frequency (f) and amplitude
(Ar) were examined by imposing sinusoidal waves with frequencies of 0.01, 0.1 and 1 Hz and
normalised amplitudes (Ar/Pr) of 0.15, 0.40 and 0.60. The number of loading cycles (n) ranged
from 40 to 120. In order to mimic low depths, where the pullout failure mechanism is most likely
to occur in reinforced soil walls and slopes, a relatively low normal stress (on = 25 kPa) was

applied in all of the tests.
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3 RESULTS AND DISCUSSION

3.1 Results from monotonic tests

Figures 1a and 1b compare the results from monotonic tests T1 and T2 conducted under
displacement- and load-controlled mode, respectively, and using medium dense soil (Io = 50%).
The pattern of the pullout force-frontal displacement curves can be characterised by four
different phases: an initial phase with a linear force-displacement relationship, followed by a
nonlinear transition phase up to the maximum pullout force, after which the pullout force tends
to decrease with further displacement of the clamped geogrid end, and finally a steady state is
reached, where the pullout resistance is nearly constant (Figure 1a). It can be observed that the
maximum pullout resistance attained in the load-controlled test exceeded that recorded under
displacement-controlled conditions. The displacements recorded by the potentiometers over the
length of the geogrid at maximum pullout force are given in Figure 1b. This figure reveals a non-
linear stress distribution along the reinforcement length, which is typically observed in
geosynthetic pullout tests due to the extensible nature of geosynthetics and the development of
progressive failure mechanisms at the interface. Figure 1b also shows that the displacements
measured along the reinforcement in the load- and displacement-controlled tests were rather
similar, which is related to the fact that the maximum pullout force was achieved at a similar
frontal displacement in both tests. The relatively high displacement value at the rear end of the
specimen (=36 mm) at maximum pullout force clearly indicates that the failure was caused by
sliding of the geogrid along the interface (i.e. the geogrid specimen was pulled out from the
soil).

The variations of pullout force with frontal displacement and the distribution of
displacements along the geogrid at maximum pullout force obtained from displacement- and
load-controlled tests (T3 and T4) involving dense soil (Io = 85%) are presented in Figures 1c
and 1d, respectively. The pullout force-displacement curves from both tests are qualitatively
similar, exhibiting a stiff interface behaviour with a peak pullout force that is substantially higher
than that recorded in the tests involving medium dense soil, followed by a sudden drop of the

pullout force beyond the peak value. Similar to what was observed for Ip = 50%, a greater peak
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pullout resistance was reached in the load-controlled test (Figure 1c). It is noteworthy that in
these tests the failure was caused by the reinforcement rupture in its first confined section
(close to the front end), which implies that the pullout resistance was higher than the geogrid
tensile strength under these confinement conditions. Interestingly, the in-soil tensile strength of
the geogrid was considerably lower than the tensile strength obtained from in-isolation tests
performed according to EN ISO 10319:2008 (Table 2). As shown in Figure 1d, high strains were
generated along the front segments of the reinforcement and neither relevant slip nor large
deformation were observed in the rear sections. This indicates that the greatest portion of the
applied load was mobilised along the front part of the geogrid and only a small fraction of the
load was transferred to the sections located towards its free end, which induced the tensile
failure of the specimen. The high level of tension mobilised against the first confined transverse
bar of the geogrid associated with the development of the passive resistance mechanism is
likely to have contributed to the premature failure of the reinforcement (i.e. at a tensile force that
is significantly lower than the geogrid tensile strength under unconfined conditions). Slightly
higher deformations were produced along the length of the geogrid in the load-controlled test,
which is consistent with the greater peak pullout force (mobilised at larger frontal displacement)
attained in this test.

The differences in the maximum pullout capacity obtained from the load- and displacement-
controlled tests can be attributed to the distinct loading rates imposed in these tests. Because of
the viscous, time-dependent response of polymeric geosynthetic reinforcements under tensile
loads, the peak strength is sensitive to rate of loading and generally increases with the loading
rate at failure (Lopes and Ladeira 1996a; Hirakawa et al. 2003; Kongkitkul et al. 2004; Vieira
and Lopes 2013). While the displacement-controlled tests were performed under a uniform
displacement rate (2 mm/min), in the load-controlled tests the displacement rate was adjusted
by the automated closed-loop control system so as to keep a uniform rate of load application
(0.2 kN/min) until the maximum pullout force was achieved. In other words, a decrease in the
interface stiffness during a load-controlled test leads to an increase in the rate of displacement
of the clamp, given that a higher displacement increment is required to mobilise the prescribed

load increment within a specific period of time. When the pullout force approached the
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maximum value, the displacement rate experienced in the load-controlled tests exceeded that
imposed in the displacement-controlled tests, which is believed to be on the basis of the higher
peak pullout forces reached under load-controlled conditions.

Therefore, to ensure that the comparison of results from monotonic and multistage tests is
not affected by loading rate effects, only the load-controlled monotonic tests (tests T2 and T4)
are used in the following sections as benchmark to evaluate the influence of the cyclic loading

histories on the pullout behaviour of the reinforcement.

3.2 Results from multistage tests

3.2.1 Influence of the pullout load level at the start of cyclic loading (Ps)

To investigate the effect of the pullout force acting on the reinforcement at the start of the
cyclic loading stage, different values of Ps specified as a function of the maximum pullout
resistance recorded during load-controlled monotonic tests (Pr) were considered (Ps/Pr = 0.25,
0.50 and 0.65). In these tests, the cyclic stage consisted of a series of 40 cycles at the
frequency (f) of 0.01 Hz and amplitude (Ar) of 0.15 Pr. Figure 2a presents the evolution of the
pullout force with frontal displacement from multistage test T6 conducted with medium dense
soil (Io = 50%) and for Ps/Pr = 0.50. The pullout force-displacement curves obtained for distinct
Ps/Pr ratios (tests T5 to T7) are available as supplemental material (see Appendix B, Figure
B.1). The monotonic curves are also included in these graphs for comparison purposes.
Regardless of the Ps/Pr value, the cyclic loading histories induced a decrease in the maximum
pullout resistance of the geogrid. Although the results do not reveal a consistent reduction of
pullout capacity with increasing Ps/Pr ratio, the most relevant decrease (=18%) was obtained
for the highest Ps/Pr ratio (see Figure B.1c in the Supplemental Material). A photographic view
of a representative geogrid specimen after pullout failure (test T6) is presented in the
Supplemental Material (Appendix C, Figure C.1a).

The displacements recorded over the geogrid length just before the application of the load
cycles (termed herein as pre-cyclic displacements) and those measured during cyclic loading

with increasing number of cycles (n) for Ps/Pr = 0.50 are plotted in Figure 2b. The results for
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different Ps/Pr ratios can be found in Figure B.2 of the Supplemental Material. It should be
noted that the displacements from n =1 to n = 40 were obtained at the maximum pullout force
for a specific load cycle. Intuitively, increasing the pullout load level Ps would increase the pre-
cyclic displacements throughout the geogrid length, since during the load transfer phase greater
pullout forces are associated with larger frontal displacements, and hence higher displacements
over the reinforcement length. In the case of Ps/Pr = 0.25 (see Figure B.2a in the Supplemental
Material), the incremental displacements over the length of the specimen during cyclic loading
were almost negligible, and only the first instrumented section (adjacent to the clamp)
experienced appreciable deformation. However, for higher values of Ps/Pr, the displacements
along the reinforcement increased continuously with increasing number of cycles, albeit at a
progressively decreasing rate (e.g. Figure 2b). It can therefore be concluded that the pullout
load level at which the cyclic loading starts has the potential to affect the incremental
displacements induced by the load cycles along the geogrid length, as well as the mobilised
length of the reinforcement.

The influence of Ps on the geogrid deformation behaviour during cyclic loading is further
clarified in Figure 3, which shows the cumulative displacements at the front and rear ends of the
specimens. It can be concluded that the cumulative displacements at either end of the
reinforcement increased gradually with the Ps/Pr ratio. Moreover, for Ps/Pr=0.25, the
displacements nearly stabilised after about five cycles, whereas a distinct trend was observed
for the highest Ps/Pr value, characterised by a significant accumulation of displacements until
the end of the cyclic phase, thus revealing potentially unstable interface behaviour. This finding
may be associated with the fact that, for higher values of Ps/Pr, the cyclic phase takes place at
higher pullout load levels, where the nonlinear interface behaviour becomes more pronounced.

The effect of Ps/Pr on the geogrid pullout response was also investigated using dense soil
(Io = 85%) and the results for the Ps/Pr ratio of 0.50 are shown in Figure 4 (test T14). The data
concerning all three Ps/Pr ratios (tests T13 to T15) are presented in Figures B.3 and B.4 of the
Supplemental Material. Similar to the procedure used in the tests involving medium dense soil,
the cyclic phase encompassed a series of 40 cycles at f =0.01 Hz and Ar = 0.15 Pr (where Pr

is the maximum pullout force recorded in the comparable monotonic test). It can be noted from
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Figure 4a that no significant degradation of the peak pullout force occurred after cyclic loading.
This may be attributed to the fact that, in both the monotonic and multistage tests carried out
with dense soil, the failure occurred due to the reinforcement breakage within the first confined
section (i.e. near the front end). A photographic view of a representative geogrid specimen after
experiencing tensile failure (test T14) can be found in the Supplemental Material (Appendix C,
Figure C.1b).

Figure 4b shows that the displacements recorded along the geogrid tended to increase
throughout the load cycles. When the lowest value of Ps/Pr was applied (see Figure B.4a in the
Supplemental Material), only the front section of the geogrid was mobilised during cyclic
loading. However, with increasing Ps/Pr ratio, the adjacent sections of the geogrid started to
contribute to the mobilised forces (e.g. Figure 4b). The results suggest that, only the geogrid
length mobilised in the first stage of the test (monotonic loading) underwent additional
deformations during the cyclic stage. In fact, at the rear section, which was practically not
mobilised in the first stage of the tests, the incremental displacements during cyclic loading
were almost negligible, irrespective of Ps/Pr. As shown in Figure 5a, the displacements at the
clamped end of the reinforcement increased with the number of cycles, but the increment rate
was clearly lower under Ps/Pr = 0.25, denoting more stable interface response. The magnitude
of the cumulative frontal displacements was somewhat similar for Ps/Pr = 0.50 and 0.65, visibly
exceeding that corresponding to the lowest Ps/Pr value. The displacements at the free end of

the specimens were rather small in all of the tests (Figure 5b).

3.2.2 Influence of the loading frequency (f)

The effect of the loading frequency was evaluated through multistage tests involving
medium dense (tests T6, T8 and T9) and dense soil (tests T14, T16 and T17). In these tests,
when the pullout force reached the targeted valued (Ps = 0.50 Pr), 40 load cycles were imposed
at normalised loading amplitude, Ar/Pr=0.15 and frequencies, f=0.01, 0.1 and 1 Hz.
Figure 6a presents the variation of the pullout force as a function of the frontal displacement

from multistage test T8 performed using medium dense soil (Io = 50%) and for f = 0.1 Hz. The
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results obtained for the frequency range of 0.01-1 Hz can be found in Figure B.5 of the
Supplemental Material. Regardless of the loading frequency, the geogrid pullout resistance
measured in the post-cyclic phase of the multistage tests was lower than that in the comparable
monotonic test (e.g. Figure 6a). Additionally, the degradation of pullout capacity after cyclic
loading appears to increase with frequency. Indeed, the maximum reduction in the geogrid
pullout resistance (=20%) was obtained when the highest loading rate (f = 1 Hz) was adopted
(see Figure B.5c in the Supplemental Material).

The displacement distributions along the reinforcement obtained during the cyclic phase of
multistage test T8 (f = 0.1 Hz) are illustrated in Figure 6b, whereas the data associated with the
different frequencies can be found in Figure B.6 of the Supplemental Material. The slight
differences in the pre-cyclic displacements corresponding to the multistage tests T6, T8 and T9
are associated with the inevitable variability of test results. The results indicate that, for lower
frequencies (f=0.01 and 0.1 Hz), the incremental displacements along the geogrid were
particularly relevant during the early loading cycles, with a noticeable reduction being observed
after the initial five cycles (e.g. Figure 6b). However, in the test performed at the highest
frequency (f = 1 Hz), this trend was less pronounced (see Figure B.6¢ in the Supplemental
Material). Regarding the cumulative displacements at the geogrid front end during cyclic
loading, Figure 7a shows that they increased progressively with the number of cycles and
decreased with increasing frequency. The effect of frequency on the displacements recorded at
the opposite geogrid end followed a similar trend, albeit less evident (Figure 7b). The reduction
in the cumulative geogrid displacements associated with the frequency increase can be
attributed to the intrinsic viscous properties and associated time-dependent deformation
response of polymeric geosynthetic reinforcements when subjected to tensile loads (Bathurst
and Cai 1994; Leshchinsky et al. 1997; Hirakawa et al. 2003; Kongkitkul et al. 2004;
Nuntapanich et al. 2018; Perkins and Haselton 2019). Bathurst and Cai (1994) investigated the
in-isolation cyclic load-strain behaviour of HDPE geogrid specimens and observed the effects of
viscous-elastic creep, which were predominant at frequencies equal to or lower than 0.1 Hz.
Kongkitkul et al. (2004) showed that the residual geosynthetic strain produced during a given

cyclic loading history is mainly controlled by the total period of cyclic loading (i.e. is due

15



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

This manuscript is the accepted version of the paper:
HDPE geogrid-residual soil interaction under monotonic and cyclic pullout loading, Geosynthetics International,

Vol. 27, Issue 1, pp. 79-96, https://doi.org/10.1680/jgein.19.00057

essentially to the material viscous properties). The creep potential of a HDPE geogrid under
cyclic tensile loads was also observed during the in-isolation tensile tests reported by Cardile et
al. (2017), where the residual strain of the geogrid after a given number of cycles was found to
increase with decreasing frequency owing to the considerably different loading times.

Figure 8 shows the geogrid pullout behaviour during multistage test T16 (f= 0.1 Hz)
involving dense soil (Io = 85%). Similar results obtained for the distinct frequencies are available
in the Supplemental Material (Figures B.7 and B.8). As opposed to what was observed in the
tests involving medium dense soil, the peak pullout force was not significantly affected by the
cyclic loading, regardless of frequency (e.g. Figure 8a). Indeed, the differences in the maximum
pullout forces appear to be insignificant and can be attributed to the production variability of the
test specimens. This occurrence is possibly related to the fact that the failure was caused by
insufficient tensile strength of the reinforcement (i.e. tensile failure), which seems to remain
independent of previous cyclic loading histories. Notwithstanding, the cyclic loading induced an
increase in the frontal displacement at which the maximum pullout force was reached (e.g.
Figure 8a).

As shown in Figure 8b, the incremental deformations developed over the length of the
geogrid specimen during cyclic loading tended to decrease with the number of cycles. Similar to
the trend reported earlier for tests performed with medium dense soil, the accumulated
displacements at the geogrid front end decreased considerably with increasing rate of loading
(Figure 9a). On the other hand, the displacements produced near the free end of the specimens

were almost negligible, regardless of frequency (Figure 9b).

3.2.3 Influence of the loading amplitude (Af)

Figure 10a illustrates the pullout force-displacement curve from multistage test T10
conducted with medium dense soil (Io = 50%) and for the normalised amplitude, Ar/Pr = 0.40.
Additional results for distinct values of Ar/Pr (0.15, 0.40 and 0.60) are presented in Figure B.9
of the Supplemental Material (tests T8, T10 and T11). Also shown in these graphs is the

companion pullout force-displacement curve obtained under monotonic loading conditions. It
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can be seen that, for lower normalised amplitudes (0.15 and 0.40), the post-cyclic pullout
resistance of the geogrid was lower than that attained in the monotonic test (e.g. Figure 10a).
The degradation of pullout resistance upon cyclic loading tended to be less pronounced as the
loading amplitude was increased (see Figure B.9 in the Supplemental Material).

The profiles of the displacements developed over the geogrid length during the cyclic phase
of multistage test T10 (Ar/Pr = 0.40) are presented in Figure 10b. The comparison of results for
different amplitude ratios is shown in the Supplemental Material (Figure B.10). The data clearly
indicate that the loading amplitude is a key factor affecting the geogrid deformations and the
relative displacements at the soil-geogrid interface. In fact, the incremental displacements
induced by the load cycles increased substantially with the amplitude (see Figure B.10 in the
Supplemental Material). On the other hand, the increment rate of displacements tended to
reduce with the number of cycles (e.g. Figure 10b). These observations are further supported
by the graphs in Figure 11, which show that the cumulative cyclic displacements at the
reinforcement front and rear ends are positively correlated with the amplitude. This finding is in
agreement with the results of previous related studies (Raju 1995; Raju and Fannin 1998;
Moraci and Cardile 2012; Cardile et al. 2019), where the increase in the cyclic loading amplitude
was found to lead to significantly higher cumulative cyclic displacements of the geogrid
reinforcement, thus adversely affecting soil-geogrid interface stability.

Figure 12 shows the geogrid pullout response during multistage test T18 (Ar/Pr = 0.40)
involving dense soil. The results for Ar/Pr ratios ranging from 0.15 to 0.60 (tests T16, T18 and
T19) can be found in the Supplemental Material (Figures B.11 and B.12). Figure 12a indicates
that the cyclic loading history did not induce any degradation of the peak pullout force. A similar
conclusion can be drawn from the analysis of the results for other amplitude values. However,
the frontal displacement corresponding to the maximum pullout force tended to increase with
the loading amplitude (see Figure B.11 in the Supplemental Material). As previously observed
from the tests carried out with medium dense soil, the higher the normalised amplitude, the
larger the incremental displacements along the reinforcement (see Figure B.12 in the
Supplemental Material). Accordingly, the accumulated displacements at the geogrid ends

caused by cyclic loading also increased progressively with the loading amplitude (Figure 13).
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The cumulative displacements produced at the rear end (Figure 13b) were significantly lower
than those in the presence of looser soil (Figure 11b). This is related to the additional
confinement provided by the denser soil, which restrained the transfer of stresses throughout
the length of the reinforcement. It should be pointed out that, for Ar/Pr = 0.60, the cumulative
frontal displacements induced by cyclic loading under both dense and medium dense soil
conditions (Io =50% and 85%) exceeded the limit displacement of 30 mm beyond which a
geosynthetic-reinforced wall of medium height (up to 13 m) constructed with a granular fill
material can be considered to be performing poorly or be potentially unstable (Allen and

Bathurst 2002).

3.2.4 Influence of the number of load cycles (n)

As mentioned previously, the influence of the number of cycles (n) on the geogrid pullout
behaviour was examined by varying the number of cycles (from 40 to 120) in multistage pullout
tests performed with different soil placement densities (Io = 50% and 85%).

Figures 14a and 14b depict the variations of the pullout force with the frontal displacement
from multistage tests T10 and T12 performed with medium dense soil for n =40 and n = 120,
respectively. The increase in the number of cycles adversely affected the post-cyclic pullout
capacity of the studied geogrid, comparatively with that obtained under monotonic loading
conditions. This may be associated with the fact that, in the test involving 120 cycles, the
geogrid frontal displacement at the end of the cyclic phase was close to the displacement
leading to the interface failure in the monotonic test.

The geogrid internal displacements developed during the 120 load cycles (test T12) are
plotted in Figure 14c, whereas Figure 14d presents the evolution of the cumulative
displacements at the specimen front and rear ends. These results indicate that the increments
of displacement along the reinforcement were particularly important during the initial twenty
cycles. Thereafter, the displacements at both geogrid ends increased continuously and at a

nearly constant rate until the end of the cyclic loading phase, showing unstable cyclic interface
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behaviour. Nevertheless, the 120 load cycles applied in this test did not lead to pullout failure of
the reinforcement.

Figures 15a and 15b show the effect of the number of cycles on the geogrid pullout
response when embedded in soil compacted to Io = 85% (tests T18 and T20). Unlike the
behaviour observed when the geogrid was tested in medium dense soil, the increase in the
number of cycles from 40 to 120 did not significantly influence the peak load capacity. However,
the post-cyclic interface stiffness was found to increase with the number of cycles. This is
possibly associated with the noticeable soil lifts generated at the front of the geogrid transverse
bars during the cyclic phase in the test involving 120 load cycles (see Figure C.2 in the
Supplemental Material), which promoted the mobilisation of the passive resistance against
those bars during the post-cyclic (monotonic) stage.

The displacements recorded along the geogrid length and those accumulated at either end
of the specimen when subjected to 120 load cycles (in dense soil) are presented in Figures 15c
and 15d, respectively. It can be noted from Figure 15c¢ that the displacements over the back half
of the geogrid length were almost negligible. In the sections closer to the clamp, the incremental
displacements were particularly relevant in the initial twenty cycles, with only minor increments
being observed thereafter. As shown in Figure 15d, no displacements were detected at the free
end of the reinforcement and the frontal displacements remained nearly constant after the first
twenty cycles. These evidences reveal stable interface behaviour and highlight the importance
of an effective compaction of the backfill material in the construction of geogrid-reinforced soil

structures subjected to cyclic loadings.

3.3 Discussion

The assessment of in-service deformations of permanent geosynthetic-reinforced earth
structures, such as retaining walls and bridge abutments is often necessary to ensure these
deformations are kept within acceptable levels and satisfy serviceability requirements. Following
the criteria presented by Allen and Bathurst (2002), a reference displacement value of 30 mm is

considered herein as the maximum admissible cumulative displacement beyond which a

19



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

This manuscript is the accepted version of the paper:
HDPE geogrid-residual soil interaction under monotonic and cyclic pullout loading, Geosynthetics International,

Vol. 27, Issue 1, pp. 79-96, https://doi.org/10.1680/jgein.19.00057

geosynthetic-reinforced wall of medium height (<13 m) constructed with a granular backfill can
be considered to exhibit marginal performance. Furthermore, a maximum reinforcement strain
of 3% is taken as the threshold value that divides satisfactory from poor wall performance.

A summary of the pullout test data obtained in this study is given in Table 4. The results
from monotonic tests T1 to T4, which were carried out at different soil densities and under load-
and displacement-controlled conditions are presented in terms of the geogrid pullout resistance
(Pr) and corresponding frontal displacement (urr). Regarding the multistage tests (T5 to T20),
the table lists the accumulated (residual) displacements at the front end (Urac) and rear end
(Urac) of the geogrid specimens measured at the end of the cyclic phase (i.e. when the cyclic
pullout force returned to the value of Ps), the accumulated (residual) deformations at the front
section of the geogrid (&r) and the average accumulated deformations along the length of the
reinforcement due to cyclic loading (em), the maximum pullout force mobilised in the tests (Pr)
and the corresponding frontal displacement (uer), as well as the percent variations of Pr (APR)
and upr (Aurr) with respect to the values recorded in the benchmark (load-controlled)
monotonic test. Also included in this table is the interface failure mode observed in each test.

Table 4 shows that the cumulative frontal displacements of the geogrid (Urac) were in the
range of 3.9-55.4 mm for Ip = 50% and 3.5 - 33.7 mm for Ip = 85%, whereas the cumulative
displacements measured at the rear end (Urac) varied from 1.0 - 37.3 mm for Ipo = 50% and =0.0 -
7.7 mm for Io =85%. In general, both the front and rear cumulative displacements of the
geogrid were significantly larger for Ip=50%, when compared with those for denser soil
(Io = 85%) under otherwise identical test conditions. This finding implies that soil placement
density plays a major role in the serviceability performance of geosynthetic-reinforced structures
subjected to cyclic or repeated loads. For the conditions investigated, the most influential cyclic
loading parameters concerning the accumulation of displacements at the front and rear edges
of the geogrid were the number of cycles (only for Io = 50%), followed by the loading amplitude
and the pullout force acting on the reinforcement at the start of the cyclic loading. Indeed, the
increase in the number of cycles (for Io = 50%), loading amplitude and pre-cyclic pullout load
level led to remarkable increments in the total accumulated geogrid displacements. On the other

hand, the accumulated frontal displacements decreased progressively with increasing
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frequency. Comparing the measured cumulative geogrid displacements with the limit value of
30 mm fixed on the basis of the aforementioned performance criteria (Allen and Bathurst 2002),
it becomes apparent that some of the cyclic loading histories imposed in this study led to
residual displacements exceeding this reference value, particularly when the lower soll
placement density was adopted (Io = 50%). For Ip = 85%, however, only in test T19 carried out
under the highest amplitude ratio (Ar/Pr = 0.60) was the accumulated frontal displacement
higher (12%) than the threshold value.

It can also be observed from Table 4 that the accumulated deformations at the first
instrumented section of the reinforcement varied from 0.5% to 4.3% for Io = 50%, and from
0.7% to 4.8% for Ip =85%, whereas the average accumulated deformations (along the
specimen) ranged from 0.3% to 2.0% for Io=50%, and from 0.4% to 2.9% for Ip = 85%.
Regardless of the test conditions, the deformations produced at the front section consistently
exceeded the average deformations over the length of the geogrid. As expected, soil placement
density influenced the deformation behaviour of the reinforcement during cyclic loading. The
deformations at the front segment as well as the average deformations along the length of the
geogrid tested in dense soil (for Ip = 85%) were generally higher than or equal to those
measured in the presence of medium dense soil (Io = 50%). From the comparison between the
residual geogrid strains measured in the current study and the maximum admissible value
defined above (3%), it is noted that the deformations at the front section of the reinforcement
were occasionally higher than this limit value. In particular, relatively high strains in excess of
3% were generated when the highest values of pullout load level at the start of the cyclic stage
(Ps/Pr = 0.65) and loading amplitude (Ar/Pr = 0.6) were imposed. Therefore, reducing the ratio
of the static tensile force acting on the reinforcement to the reinforcement pullout capacity in the
anchorage zone can be considered as a stabilising measure that will possibly restrain the
development of geosynthetic strains in the event of cyclic loading. In practice, this can be
accomplished, for instance, by increasing the length of the geosynthetic reinforcement layers.

Regarding the influence of cyclic loading on the maximum pullout resistance of the geogrid,
Table 4 indicates that in the tests conducted with medium dense soil (Io = 50%), in which a

pullout mode of failure was detected, the degradation of pullout capacity due to cyclic loading
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reached as much as 20.4%. Despite the differences in backfill type and placement density, this
reduction value is in reasonable agreement with the results reported by Cardile et al. (2019) for
a HDPE geogrid tested in a uniform medium sand, in which the reduction in the geogrid peak
pullout resistance due to the effects of cyclic loading reached about 16% under the same
normal stress (25 kPa). Moreover, the degradation of pullout resistance measured in this study
supports the design guidelines laid down in the Federal Highway Administration documents
(FHWA 2009) for the seismic design of geosynthetic-reinforced soil structures, where the pullout
resistance factor for dynamic loading is taken as 80% of that for static loading in the absence of
dynamic pullout test data.

The values of the peak pullout force recorded in the post-cyclic phase of the multistage
tests carried out using dense soil (Io = 85%) were similar to the peak load capacity attained in
the benchmark test (i.e. monotonic test conducted under load-controlled mode and identical
physical conditions). The observed differences (<4.5%) are likely associated with the
production variability of the test specimens. When the surrounding soil is dense, the
deformations along the geogrid length are restrained and high stresses are mobilised at the
front part of the specimens, potentially leading to breakage of the material in tension (tensile
failure). In such case, the application of cyclic loading does not seem to affect the maximum
load that the reinforcement can withstand before experiencing internal rupture. In fact,
regardless of the loading characteristics (pre-cyclic pullout load level, amplitude, frequency and
number of cycles), the cyclic loadings applied in this study did not cause the degradation of the
peak load capacity leading to tensile failure of the reinforcement. This finding extends the
conclusions drawn earlier by Vieira and Lopes (2013) and Cardile et al. (2017) in terms of the
negligible effect of cyclic loading histories on the post-cyclic tensile strength of different
geosynthetics evaluated by in-isolation tensile tests, suggesting that this is also valid when

geosynthetics are subjected to cyclic tensile loads under confinement conditions.
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4 CONCLUSIONS

This study investigated the pullout behaviour of a HDPE uniaxial geogrid embedded in a

granite residual soil (under two different placement densities) through a series of monotonic and

multistage pullout tests. Special emphasis was placed on the influence of the cyclic loading

characteristics (i.e. pre-cyclic pullout load level, frequency, amplitude and number of cycles) on

the cyclic and post-cyclic pullout response of the reinforcement. Based on the obtained results,

the following conclusions can be drawn.

Soil density plays a major role in the geogrid pullout resistance under cyclic loading
conditions. When the tests were conducted with medium dense soil (Io = 50%), the
application of cyclic loading led generally to the degradation of the geogrid pullout
resistance (by up to 20%), comparatively with that obtained under monotonic loading.
However, in the tests involving dense soil (Io = 85%), in which the failure was caused by the
reinforcement rupture, the load cycles did not significantly affect the peak load capacity
recorded in the post-cyclic phase.

The maximum pullout force mobilised in the tests carried out with dense soil (in which the
geogrid specimens failed in tension) was considerably lower (= 23%) than the unconfined
tensile strength of the reinforcement evaluated by in-isolation tensile tests.

In the majority of tests, the displacements measured throughout the length of the geogrid
during cyclic loading increased with the number of cycles at a progressively decreasing
rate, denoting progressive stabilisation of the soil-geogrid interface response.

In general, both the front and rear cumulative cyclic displacements of the geogrid were
significantly larger for Io = 50%, when compared with those measured in the presence of
dense soil (Io = 85%). The reverse trend was observed concerning the accumulated geogrid
strains during cyclic loading, with the specimens tested in dense soil generally exhibiting
more pronounced cumulative deformations.

Regardless of soil density, the accumulated displacements at the front edge as well as
along the length of the geogrid resulting from cyclic loading increased substantially with the

loading amplitude and the static pullout force acting on the reinforcement at the start of the
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cyclic loading phase. In contrast, the accumulated displacements decreased with increasing
frequency.

e When the soil was tested in medium dense state, increasing the number of cycles by
threefold led to higher cumulative frontal displacements, as well as to unstable interface
behaviour, characterised by a fast rate of accumulation of displacements until the end of the
cyclic phase. Conversely, for dense soil, the interface exhibited stable behaviour, with the
incremental displacements being almost negligible after about 20 cycles.

e The deformations generated at the front section of the geogrid during cyclic loading
consistently exceeded the average deformations along the length of the specimens.

e For the tested conditions, no interface failure was observed during the cyclic loading stage.

The results reported herein expand the knowledge on the performance of a HDPE uniaxial
geogrid (widely used in the construction of reinforced soil structures) when subjected to cyclic
and post-cyclic monotonic loads, considering the important role of soil density. Future studies
involving different geosynthetics and normal stress values would be useful to provide further
insight following the above conclusions. Since the pullout resistance of geosynthetic
reinforcements (Pr) is a prominent parameter with regard to the internal stability of
geosynthetic-reinforced soil systems, special care should be taken when defining the design
value of Pr for structures subjected to dynamic loadings. When Pr is estimated based on
monotonic testing, proper reduction factors should be considered to account for the effects of
cyclic loading on the soil-geosynthetic interface strength for more reliable design and

performance evaluation.
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NOTATION

Basic Sl units are given in parentheses.

Ar — cyclic loading amplitude (N/m)

¢ — soil cohesion (Pa)

Cc— soil curvature coefficient (dimensionless)

Cu — soil uniformity coefficient (dimensionless)

D10 — diameter corresponding to 10% passing of soil (m)

D30 — diameter corresponding to 30% passing of soil (m)

Dso — diameter corresponding to 50% passing of soil (m)

emax — Maximum void ratio of soil (dimensionless)

emin — Minimum void ratio of soil (dimensionless)

f — cyclic loading frequency (Hz)

G — specific gravity of soil particles (dimensionless)

Ip — soil relative density (dimensionless)

n — number of loading cycles (dimensionless)

Ps— pullout load level at the start of the cyclic loading phase (N/m)

Pr — pullout resistance per unit width of reinforcement (N/m)

urr — frontal displacement at maximum pullout force (m)

Urac — accumulated displacement at the geogrid front end (m)

Urac — accumulated displacement at the geogrid rear end (m)

vd — soil dry unit weight (N/m3)

APRr — percent variation of Pr with respect to the value obtained under monotonic conditions
(dimensionless)

Aupr — percent variation of upr with respect to the value obtained under monotonic conditions
(dimensionless)

&r— accumulated deformation at the front section of the geogrid (dimensionless)

€m — average accumulated deformation over the length of the geogrid (dimensionless)

on — normal stress (Pa)
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¢ — soil internal friction angle (degrees)
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Table 1. Soil physical and mechanical properties.

Property Value Unit
Do 0.09 mm
D3o 0.35 mm
Dso 1.00 mm
Cu 16.90 -
Cc 1.00 -

G 2.73 -
€max 0.998 -
€min 0.476 -

¢ (Ipo = 50%)* 44.7 degree
¢ (Io = 50%)* 7.8 kPa
¢ (Io = 85%)* 46.6 degree
¢ (Io = 85%)* 29.5 kPa

1 Obtained from large-scale direct shear tests (Ferreira et al. 2015b).
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Table 2. Geogrid physical and mechanical properties.

Property Value Unit
Raw material HDPE -
Mass per unit area 450 g/m?
Thickness of longitudinal ribs 11 mm
Thickness of transverse ribs 2.7 mm
Mean grid size 22x235 mm
Percent open area 59 %
Short term tensile strength? 68 kN/m
Elongation at maximum load? 11.0 %
Short term tensile strength? 52.2 kN/m
Elongation at maximum load? 12.4 %
Secant stiffness at 5% strain? 509.8 kN/m

! Provided by the manufacturer (machine direction).

2 Obtained from tensile tests in the machine direction (according to EN 1ISO 10319:2008 (CEN 2008)).
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Table 3. Test programme.

Test Test procedure lo on PslPr f ArlPr n
(%) (kPa) (Hz)

T1! Monotonic 50 25 - - - -

T2 Monotonic 50 25 - - - -

T3t Monotonic 85 25 - - - -

T4 Monotonic 85 25 - - - -

T5 Multistage 50 25 0.25 0.01 0.15 40
T6 Multistage 50 25 0.50 0.01 0.15 40
T7 Multistage 50 25 0.65 0.01 0.15 40
T8 Multistage 50 25 0.50 0.1 0.15 40
T9 Multistage 50 25 0.50 1 0.15 40
T10 Multistage 50 25 0.50 0.1 0.40 40
T11 Multistage 50 25 0.50 0.1 0.60 40
T12 Multistage 50 25 0.50 0.1 0.40 120
T13 Multistage 85 25 0.25 0.01 0.15 40
T14 Multistage 85 25 0.50 0.01 0.15 40
T15 Multistage 85 25 0.65 0.01 0.15 40
T16 Multistage 85 25 0.50 0.1 0.15 40
T17 Multistage 85 25 0.50 1 0.15 40
T18 Multistage 85 25 0.50 0.1 0.40 40
T19 Multistage 85 25 0.50 0.1 0.60 40
T20 Multistage 85 25 0.50 0.1 0.40 120

! Carried out under displacement-controlled conditions.
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Table 4. Summary of results.

Test Urac Urac & €m Pr UPr APr | Aupr | Failure

(mm) | (mm) (%) (%) | (kNm) | (mm) (%) (%) mode
T1 - - - - 24.0 94.1 - - Pullout
T2 - - - - 29.3 91.0 - - Pullout
T3 - - - - 37.9 55.8 - - Tensile
T4 - - - - 39.9 69.6 - - Tensile
T5 3.9 1.0 11 0.3 25.2 90.2 -13.9 -0.9 Pullout
T6 11.7 2.2 2.1 1.1 27.0 89.8 -7.8 -14 Pullout
T7 24.5 7.0 4.3 2.0 24.1 82.5 -17.7 94 Pullout
T8 8.3 2.2 1.0 0.7 25.3 81.8 -13.6 |-10.1 Pullout
T9 4.5 1.4 0.5 0.4 23.3 71.3 -204 | -21.7 Pullout
T10 254 15.1 1.3 1.2 27.2 102.7 -7.1 12.8 Pullout
T11 38.4 22.6 3.3 1.8 28.5 93.6 -2.7 2.8 Pullout
T12 55.4 37.3 2.3 2.0 24.2 108.6 -17.3 19.3 Pullout
T13 3.5 0.0 1.3 0.4 404 66.8 1.2 -4.0 Tensile
T14 15.1 0.9 3.1 1.6 38.4 87.2 -3.8 25.4 Tensile
T15 16.6 0.4 4.8 1.8 39.7 67.7 -0.6 -2.7 Tensile
T16 6.4 0.2 2.0 0.7 41.0 82.5 2.7 18.6 Tensile
T17 4.0 0.5 0.7 0.4 38.3 80.4 -4.1 15.6 Tensile
T18 18.5 2.7 2.0 1.8 41.1 90.6 3.0 30.3 Tensile
T19 33.7 7.7 3.1 2.9 41.7 102.9 4.5 48.0 Tensile
T20 13.8 0.3 2.6 1.5 40.9 59.3 2.5 -14.7 | Tensile
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Figure 1. Pullout test results under monotonic loading (load- vs displacement-controlled
conditions): (a) evolution of pullout force with frontal displacement (Io = 50%); (b) displacements
along the geogrid at maximum pullout force (Io = 50%); (c) evolution of pullout force with frontal

displacement (Io = 85%); (d) displacements along the geogrid at maximum pullout force (Io =

85%).
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Figure 2. Pullout test results for Ps/Pr = 0.50 (Io = 50%, f = 0.01 Hz, Ar/Pr = 0.15, n = 40): (a)

evolution of pullout force with frontal displacement; (b) displacements recorded along the

geogrid during the cyclic loading phase.
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Figure 3. Influence of Ps on the accumulated displacements at the geogrid ends during the

cyclic loading phase (Io = 50%, f = 0.01 Hz, Ar/Pr = 0.15, n = 40): (a) front end; (b) free end.
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Figure 4. Pullout test results for Ps/Pr = 0.50 (Io = 85%, f = 0.01 Hz, Ar/Pr = 0.15, n = 40): (a)

evolution of pullout force with frontal displacement; (b) displacements recorded along the

geogrid during the cyclic loading phase.
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Figure 5. Influence of Ps on the accumulated displacements at the geogrid ends during the

cyclic loading phase (Io = 85%, f = 0.01 Hz, Ar/Pr = 0.15, n = 40): (a) front end; (b) free end.
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Figure 6. Pullout test results for f = 0.1 Hz (Io = 50%, Ps/Pr = 0.50, Ar/Pr = 0.15, n = 40): (a)

evolution of pullout force with frontal displacement; (b) displacements recorded along the

geogrid during the cyclic loading phase.
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Figure 7. Influence of frequency on the accumulated displacements at the geogrid ends during

the cyclic loading phase (Io = 50%, Ps/Pr = 0.50, Ar/Pr = 0.15, n = 40): (a) front end; (b) free

end.
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Figure 8. Pullout test results for f = 0.1 Hz (I = 85%, Ps/Pr = 0.50, Ar/Pr = 0.15, n = 40): (a)

evolution of pullout force with frontal displacement; (b) displacements recorded along the

geogrid during the cyclic loading phase.
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Figure 9. Influence of frequency on the accumulated displacements at the geogrid ends during

the cyclic loading phase (Io = 85%, Ps/Pr = 0.50, Ar/Pr = 0.15, n = 40): (a) front end; (b) free

end.
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Figure 10. Pullout test results for Ar/Pr = 0.40 (Io = 50%, Ps/Pr = 0.50, f = 0.1 Hz, n = 40): (a)

evolution of pullout force with frontal displacement; (b) displacements recorded along the

geogrid during the cyclic loading phase.
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Figure 11. Influence of amplitude on the accumulated displacements at the geogrid ends during

the cyclic loading phase (Io = 50%, Ps/Pr = 0.50, f = 0.1 Hz, n = 40): (a) front end; (b) free end.
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Figure 12. Pullout test results for Ar/Pr = 0.40 (Io = 85%, Ps/Pr = 0.50, f = 0.1 Hz, n = 40): (a)

evolution of pullout force with frontal displacement; (b) displacements recorded along the

geogrid during the cyclic loading phase.
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Figure 13. Influence of amplitude on the accumulated displacements at the geogrid ends during

the cyclic loading phase (Io = 85%, Ps/Pr = 0.50, f = 0.1 Hz, n = 40): (a) front end; (b) free end.
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Figure 14. Influence of number of cycles on the pullout test results (Io = 50%, Ps/Pr = 0.50,

f=0.1 Hz, Ar/Pr = 0.40): (a) evolution of pullout force with frontal displacement (n = 40);

(b) evolution of pullout force with frontal displacement (n = 120); (c) displacements recorded

along the geogrid during the cyclic phase (n = 120); (d) accumulated displacements at the

geogrid ends (n = 120).
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Figure 15. Influence of number of cycles on the pullout test results (Io = 85%, Ps/Pr = 0.50,
f=0.1 Hz, Ar/Pr = 0.40): (a) evolution of pullout force with frontal displacement (n = 40); (b)
evolution of pullout force with frontal displacement (n = 120); (c) displacements recorded along
the geogrid during the cyclic phase (n = 120); (d) accumulated displacements at the geogrid

ends (n = 120).
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