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1 INTRODUCTION  

Modelling the soil-geosynthetic interface is extremely important in order to better design geosynthetic-
reinforced soil (GRS) structures by means of numerical methods. For this purpose, it is necessary to ana-
lyse the soil-geosynthetic interaction in terms of pullout resistance and strain behaviour under both mono-
tonic and cyclic loading conditions. Several researches have studied these aspects (Yasuda et al. 1992; 
Min et al. 1995; Raju and Fannin 1997; Nernheim 2005; Moraci and Cardile 2009; Nayeri and Fakharian 
2009; Moraci and Cardile 2012), but the investigated frequencies were too low to be representative of 
long-term vehicular loads or short-term seismic loads. In this context, the paper aims to investigate the 
pullout behaviour of an HDPE geogrid embedded in a well-compacted granular soil, subject to cyclic 
pullout loading with a higher frequency (f =1 Hz), varying the tensile load amplitude and the effective 
vertical stress.  

2 EXPERIMENTAL STUDY 

2.1 Apparatus  

The test apparatus (Moraci and Recalcati 2006; Cardile et al. 2016a) comprises a large pullout steel box 
(1700x600x680 mm), a vertical load application system (PVC bag filled with air), a hydraulic actuator 
system for displacement- or load-controlled testing, a special clamp assembly, a pair of sleeves, and all 
the required instrumentation (load cell, LVDT). 
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2.2 Test materials  

The soil used in this research is an uniform medium sand classified as SP and A-3 according to USCS and 
CNR-UNI 10006 classification systems respectively, with grain shape ranging from sub-rounded to 
rounded, uniformity coefficient (U=D60/D10) equal to 1.96, and average grain size (D50) equal to 0.32 mm. 
Standard Proctor compaction tests gave a maximum dry unit weight γdmax=16.24 kN/m3 at an optimum 
water content wopt=13.5%. Direct shear tests, performed at 95% of dmax, yielded values of the peak shear-
strength angle 'P from 48 (for 'v =10 kPa) to 42° (for 'v =100 kPa). The shear-strength angle at con-
stant volume 'CV was equal to 34° (Moraci and Recalcati 2006).  

The geosynthetic used in pullout tests is an HDPE uniaxial extruded geogrid. Its mechanical behaviour 
was investigated by means of wide-width tensile tests (Cardile et al. 2016b; Cardile et al. 2017b) in the 
standard atmosphere for testing (20±2°C at 65+5% RH) at constant strain rate equal to 20% per minute, 
using index test procedures (ISO 10319:2015). Additional monotonic tensile tests at constant strain rate 
equal to ’=0.2% per minute were also carried out to make comparison with the rate used in monotonic 
pullout tests. Table 1 lists the monotonic tensile test results at constant strain rates equal to 20% and 0.2% 
per minute. 

 
Table 1. Wide-width tensile test results of the geogrid used in this research.   

Tmax (’=20%/min) 

[kN/m] 

εmax (’=20%/min) 

[kN/m] 

Jsec2% (’=20%/min) 

[kN/m] 

Tmax (’=0.2%/min)  

[kN/m] 

εmax (’=0.2%/min) 

[kN/m] 

Jsec2% (’=0.2%/min)  

[kN/m] 

Maximum tensile 

strength per unit width 

Tensile strain for  

Tmax (’=20%/min) 

Secant tensile stiffness 

at 2% strain 

Maximum tensile 

strength per unit width 

Tensile strain for  

Tmax (’=0.2%/min)   

Secant tensile stiffness 

at 2% strain 

159 12.2 2454 103.5 14.5 1525 

 

2.3 Test procedure  

The multi-stage pullout tests were carried out on geogrid specimens 1.15 m long, at different vertical ef-
fective stresses (σ’v=10, 25, 50, 100 kPa), by using a multi-stage procedure (MS) consisting of three steps 
(Moraci and Cardile 2009, 2012): 

• a monotonic stage at constant rate of displacement (CRD) equal to 1 mm per minute, reaching 
a fixed pullout load Pi chosen as a percentage of PR, that is the peak pullout resistance (per 
unit width) obtained by monotonic pullout tests at the same confining pressure and CRD=1 
mm per min; 

• a load-controlled cyclic stage using a sinusoidal function, with a fixed tensile loading ampli-
tude A (chosen as a percentage of PR) and frequency f=1 Hz, for 1000 cycles in total;  

• a post-cyclic stage at CRD=1 mm per minute until pullout or specimen rupture occurs. 

 

Table 2 lists the MS pullout test program, highlighting that the actually-made cycles were lower than the 
planned ones for the higher applied amplitude (A45% PR) at σ’v<100 kPa due to the pullout failure. 

 
Table 2. MS pullout test program.   

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

01 1000 1000 10 35%PR (10 kPa) 30%PR (10 kPa) 

02 1000 20 10 35%PR (10 kPa) 45%PR (10 kPa) 

03 1000 1000 25 35%PR (25 kPa) 30%PR (25 kPa) 

04 1000 148 25 35%PR (25 kPa) 45%PR (25 kPa) 

05 1000 1000 50 35%PR (50 kPa) 30%PR (50 kPa) 

06 1000 158 50 35%PR (50 kPa) 45%PR (50 kPa) 

07 1000 1000 100 35%PR (100 kPa) 30%PR (100 kPa) 

08 1000 1000 100 35%PR (100 kPa) 45%PR (100 kPa) 
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3 ANALYSIS OF TEST RESULTS 

The parameters obtained for each unload–reload cycle are (figure 1): 

• Cyclic displacement’s increment measured at the first confined section of specimen (the spec-
imen head attached to the clamp) reached during each cyclic loading, Δδh

part,i; 
• Cumulative cyclic displacement of the specimen’s first confined section, Δδh

i  =
1=

N

i
Δδh

part,i;  
• Cyclic displacement’s increment measured at the rear end of the specimen (the last transverse 

rib) reached during each cyclic loading, Δδe
part,i; 

• Cumulative cyclic displacement of the specimen’s rear end, Δδe
i =

1=
N

i
Δδe

part,i. 
 

 
Figure 1. Schematic representation of different parameters obtained during hysteresis loops in multi-stage tests  

For each of these parameters, the influence of tensile loading amplitude A, number of cycles N and ver-
tical effective stress σ’v was investigated.  

In order to analyse the behaviour at the soil-reinforcement interface, the conceptual model proposed by 
Raju and Fannin, 1997 was modified by using a double-graph that shows the relationship between the 
number of cycles N and h in the left part, and between e and Δδh in the right one. These graphic rep-
resentations (Figures 2 and 3) allow understanding when the behaviour of soil-reinforcement interface is 
stable/unstable. Specifically, it is stable when: 

• The curve in the left graph is concave upward and Δδh becomes constant with increasing num-
bers of cycles; 

• The curve in the right graph evolves inside the admissible area with cyclic displacement’s in-
crements of the specimen’s first confined section that are higher than the correspondent cyclic 
displacement’s increment of the specimen’s rear end for all cycles. 

Vice versa, the soil-geogrid interface behaviour is unstable when: 
• The curve in the left graph has an inflection point becoming concave downward, and Δδh con-

tinues to increase with increasing numbers of cycles; 
• The curve in the right graph becomes parallel at the boundary line between admissible and in-

admissible area (the displacement’s increment of geogrid’s head is equal to the displacement’s 
increment measured at the rear end for all the next cycles). 

Nevertheless, it is important to observe that even a concave upward curve could be unacceptable if the 
cumulative displacements during the cyclic stage are larger than the allowable displacement for the ser-
viceability limit state. 

With regard to the influence of loading amplitude A, Figure 2a,b shows the results of MS pullout tests 
at equal values of σ'v=50 kPa and Pi35% PR, performed with two different loading amplitudes 
(A30%PR; A45% PR). 

In Figure 2a, when A30% PR it is possible to observe a stable behaviour of soil-reinforcement inter-
face during all the cyclic stage since Δδh tends to settle towards a constant value with increasing numbers 
of cycles. Same conclusions can be made looking at the Figure 2b, as for all cycles the cyclic displace-
ment’s increment measured at the rear end is lower than the cyclic displacement’s increment of the ge-
ogrid’s head. Referring to the results obtained with A45% PR (Figure 2a), an unstable behaviour can be 
observed since there is an inflection point, and Δδh continues to increase with increasing numbers of cy-
cles. The unstable behaviour arises even in the right graph (Figure 2b) as the Δδe–Δδh curve becomes par-
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allel to the boundary line between admissible and inadmissible area, which represents the pullout condi-
tion (Δδe

part =Δδ
h

part). Therefore, it is clear that the stability of soil-geogrid interface starts getting worse 
with increasing cyclic loading amplitude.   

To evaluate the influence of the vertical effective stress σ’v applied to the soil-geogrid interface, the 
strain behaviour has been investigated analysing MS pullout tests carried out with loading amplitude 
A45% PR (the MS pullout tests at A30% PR are omitted as they showed a stable behaviour for all the 
vertical effective stresses applied). Looking at the Figure 3a,b the only stable behaviour is obtained for 
σ’v=100 kPa. For all the other vertical effective stresses applied, the cumulative cyclic displacement of the 
specimen’s head keeps on increasing until the clamp reaches the end. 

 

     
                            (a)                                                                 (b) 

Figure 2.  Number of loading cycles versus cumulative cyclic displacement measured at the first confined section 
of specimen (a), and Δδh

part versus cumulative cyclic displacement measured at the rear end of the specimen (b) for 
loading amplitudes A30%PR and 45%PR and σ’v=50 kPa. 

                                    
(a)                                         (b) 

Figure 3.  Number of loading cycles versus cumulative cyclic displacement of the specimen’s first confined section 
(a) and Δδh versus cumulative cyclic displacement of the specimen’s rear end (b) for varying vertical effective 

stress at loading amplitude A45%PR. 

Figure 3b shows the relationship between the cumulative cyclic displacements of the specimen’s first 
confined section, Δδh, and the cumulative cyclic displacements of the specimen’s rear end, Δδe. The un-
stable behaviour can be observed for σ’v=10, 25 and 50 kPa since their representative curves become par-
allel to the boundary line between admissible and inadmissible area. Therefore, it is possible to observe 
that the increasing of the vertical effective stress σ’v plays a stabilising role. 

The influence of cyclic loading history on the peak pullout resistance has also been investigated by 
comparing the pullout curves for the MS tests and those for the corresponding CRD monotonic tests. The 
comparison is reported in figure 4a for the MS pullout test with A30% PR and σ’v=25 kPa; this test is 
qualitatively representative of all those performed. Figure 4b illustrates the post-cyclic peak pullout re-
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sistance PR
PC normalised with respect to PR, obtained in all MS tests with A30% PR for varying vertical 

effective stresses. These results suggest that cyclic loading histories induce a reduction in peak pullout re-
sistance with decreasing vertical effective stresses. For these specific test conditions, the post-cyclic peak 
pullout resistance reaches decreases up to 27% compared to the values that are obtained in monotonic 
pullout tests at the same test conditions (figure 4b). The higher decrease was measured at the lower σ’v 
investigated, while post-cyclic pullout resistance remains almost equal to the corresponding monotonic 
value at the higher σ’v.  

Some observations can be made about the reduction of the interface design parameters in post-cyclic 
conditions. The first one is that in the third phase of MS tests the cumulative displacement of each trans-
versal bar is higher than the cumulative displacement mobilised at the same pullout load level in the cor-
responding monotonic test. In view of the fact that the soil shear-strength angle depends on the shear dis-
placement and considering the progressive failure mechanism developed by means of the elementary 
interaction mechanisms at the interface (Dyer 1985; Bergado et al. 1993; Ziegler and Timmers 2004; 
Palmeira 2009; Zhou et al. 2012; Calvarano et al. 2014; Jacobs et al. 2014; Cardile et al. 2017a; Moraci 
et al. 2017), an important reduction of the resistance’s reserve occurs. The second observation concerns 
the higher decreasing of post-cyclic pullout resistance at the lower vertical effective stresses: it could be 
due to the soil dilatancy effect (the difference between peak and residual resistance values increases with 
decreasing vertical effective stress), entailing it that the cumulative displacements along the geogrid are 
higher than those measured at the higher vertical stresses investigated. 

 

    
        (a)                                        (b) 

Figure 4. Typical pullout curves obtained in monotonic and multi-stage conditions at 'v=25 kPa (a) and normalised 
post-cyclic peak pullout resistance for varying vertical effective stresses (b) at A30% PR. 

4 CONCLUSIONS 

The paper deals with pullout tests carried out on an HDPE geogrid embedded in a well-compacted granu-
lar soil under monotonic and cyclic loading conditions. Cyclic and post-cyclic conditions were investigat-
ed by means of a multistage procedure, applying different cyclic loading histories characterized by a high 
frequency (f=1 Hz).   

The results show that the soil-geogrid interface behaviour is dependent on both the cyclic loading am-
plitude and vertical effective stress. The stability of soil-geogrid interface during the cyclic phase starts 
getting worse with increasing cyclic loading amplitude, while it is possible to note that the increasing of 
the vertical effective stress σ’v plays a stabilising role. 

Moreover, cyclic loading histories could induce a reduction of the interface parameters with decreasing 
vertical effective stresses. For the specific test conditions, the post-cyclic peak pullout resistance reaches 
decreases up to 27% at the lower σ’v investigated, while it remains almost equal to the corresponding 
monotonic value at the higher σ’v.   

The decreasing of the interface parameters can be explained by the progressive pullout failure mecha-
nisms of the soil-geogrid interface: the load is transferred on a geogrid’s portion that increases during the 
cyclic phase, involving a reduction of the “supply” of pullout resistance during the post-cyclic phase. At 
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the lower vertical effective stresses, the decrement is higher since the cumulative displacement along the 
geogrid is higher (as well as the displacement of each transversal bar) due to the soil dilatancy effect. 
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