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ABSTRACT 14 

In reinforced earth structures, the main function of the included reinforcement is to redistribute stresses 15 

within the soil mass in order to enhance internal stability. Redistribution of internal stresses in reinforced 16 

soil can be very complex. In order to simulate the behaviour of geosynthetic reinforcement, large-scale 17 

laboratory pullout tests are carried out. Once a pullout load has been applied, the tensile force is 18 

transferred along the geogrid (from the front to the free end) and reduced through interaction with the 19 

soil. The active length is the portion of the geogrid on which the mobilization of interaction mechanisms 20 

withstands the applied pullout load. Evaluation of the active length can allow for the understanding of 21 

the interaction mechanisms and can therefore be important for the design of the soil-geosynthetic 22 

interface.  23 

This paper describes the interpretation of pullout test results based on an experimental and theoretical 24 

evaluation of the active length. This approach has been used to analyse several large-scale pullout tests 25 

performed on two extruded geogrids embedded in a compacted granular soil, varying the specimen 26 

lengths and the applied effective vertical pressures.  27 

 28 



1 INTRODUCTION 29 

Knowledge of the mechanical behaviour of the soil-geosynthetic interface under pullout conditions is 30 

important to analyse the behaviour of reinforced earth structures. Large scale pullout tests permit the 31 

study of interaction between soil and geosynthetics in the anchorage zone and determination of the 32 

parameters of soil-geosynthetic interaction for the design of reinforced soil structures. Test results can 33 

be used: (i) to derive the constitutive model for the soil–geosynthetic interface, which is necessary to 34 

FEM analysis,  (ii) to obtain the interface apparent coefficient of friction, which is necessary in the limit 35 

equilibrium analysis. 36 

When a pullout load is applied, the tensile force is transferred from the front to the free end of the 37 

geogrid. Figure 1 shows a scheme of this pullout load transfer mechanism. For extensible geosynthetic 38 

reinforcements under pullout loading conditions, considerable elongation of the longitudinal ribs of the 39 

geogrid occur. Therefore, under an applied pullout force and confining vertical effective pressure, only 40 

a frontal portion of the geogrid displaces relative to the surrounding soil. The distribution of internal 41 

tensile stresses (which defines the shapes of the distribution curve) can be very complex, depending on: 42 

(i) boundary conditions, (ii) mechanical properties of the soil, and (iii) structural, geometrical and 43 

mechanical characteristics of the geosynthetic reinforcement (Laba et al. 1984; Ochiai et al. 1992; 44 

Abramento and Whittle 1995; Alagiyawanna et al. 2001; Sugimoto et al. 2001; Moraci and Cardile 45 

2009; Moraci et al. 2009; Cazzuffi et al. 2011; Moraci and Cardile 2012; Zhou et al. 2012; Vieira et al. 46 

2013; Calvarano et al. 2014; Cardile et al. 2014; Cazzuffi et al. 2014a; Cazzuffi et al. 2014b; Moraci et 47 

al. 2014a; Moraci et al. 2014b). 48 

The main interaction mechanisms affecting the pullout resistance of geogrids are the skin friction, 49 

between soil and reinforcement solid surface, and the bearing resistance which is developed against 50 

transversal elements (Ziegler and Timmers 2004; Moraci and Gioffrè 2006; Moraci et al. 2007; Palmeira 51 

2009; Jacobs et al. 2014; Moraci et al. 2014a). The active length is the portion of the geogrid specimen 52 

on which the mobilization of interaction mechanisms withstands the applied load. Furthermore 53 

determining the active length is important to understand the actual behaviour of the soil-geosynthetic 54 

interface during the two phases of the process: (i) load transfer and (ii) pullout (Moraci and Recalcati 55 

2006; Moraci and Cardile 2008).  56 



Recently, different researchers analysed the behaviour at the interface using micro-image analysis 57 

system (Zhou et al. 2012; Ezzein and Bathurst 2014; Bathurst and Ezzein 2015).  58 

Zhou et al. (2012) clarify the interaction mechanism between sand and geogrid transversal ribs showing 59 

that sand particles in front of the transverse rib rotate during pullout. Particles above the reinforcement 60 

symmetry axis rotate clockwise, while particles below the symmetry axis rotate counterclockwise. 61 

Particles on the top-right side of transverse rib fall into the voids created during the geogrid movement. 62 

The micro-image analysis confirms the macroscopic observations that the soil in front of transverse rib 63 

is subjected to a passive state of stress, while an active stress-state is reached behind it, creating loose 64 

soil regions. Additionally, it is worth noting that due to the different boundary conditions sand particles 65 

do not move symmetrically along the interface (Moraci et al. 2014a) .  66 

Bathurst and Ezzein (2015) measured the complete displacement field of reinforcement and target 67 

particles seeded in the surrounding soil during pullout tests by using a novel combination of technologies 68 

(transparent granular soil and DIC/PIV technique of digital image processing). Technologies, which are 69 

useful to analyse the relative horizontal displacement between the geogrids and surrounding soil.  70 

This paper describes the interpretation of several large-scale pullout tests performed on two extruded 71 

geogrids embedded in a compacted granular soil based on an experimental and theoretical evaluation of 72 

the active length. 73 

2 PULLOUT EQUIPMENT  74 

Test apparatus used in this research work is the same already presented in a previous study (Moraci and 75 

Recalcati 2006). The apparatus is essentially composed of: (i) a large, steel pullout box (1700x600x680 76 

mm), (ii) an airbag (an air-filled cushion) used to apply the vertical load, (iii) an electric jack actuator 77 

used to apply the horizontal pullout force, which is measured using a load cell, and (iv) all the required 78 

control and data-acquisition instruments. Displacements of transverse ribs of geogrid specimen are 79 

recorded using inextensible steel wires (or steel rods) connected to rotary variable displacement 80 

transducers (RVDT), which are connected to the external backside of the box (Figure 2).  81 

Using this apparatus, it is also possible to study the confined failure of the geosynthetic specimen by 82 

using a clamp placed inside the soil, kept well away from the frontal wall by using metal sleeves in order 83 

to maintain the specimen in a confined condition for the duration of the test. To overcome issues related 84 



to friction between the metal clamp and the metal sleeves, preliminary pullout tests were conducted on 85 

the clamp alone, under the same confining pressure used in the geogrid tests. It was accurately checked 86 

that no relative displacement between clamp and geogrids occurred. 87 

The main factors affecting the results of the pullout test are: (i) test apparatus and test procedure, (ii) the 88 

geotechnical properties of the soil, and (iii) the characteristics of the reinforcement. The pullout device 89 

and procedure used in this research takes into account box dimensions and methods in order to minimize 90 

the effects of boundary conditions on the test results (Moraci et al. 2014a). 91 

Multiple pullout tests were performed varying specimen length (LR) and applied vertical effective 92 

pressure ('v). All tests were performed at controlled rates of displacement equal to 1.0 mm/min until 93 

either the geogrid ruptured or total horizontal displacement reached 100 mm. 94 

 95 

3 TEST MATERIALS 96 

Two extruded, mono-directional, High-Density Polyethylene (HDPE) geogrids (GGR1 and GGR2), 97 

were used for the pullout tests.  98 

Due to the viscous-elastic-plastic properties of their constituent polymer, mechanical properties of 99 

geogrids depend on test temperature and test rate (Kongkitkul et al. 2014). Therefore, the mechanical 100 

characteristics of these geosynthetics were evaluated by means of in-isolation, wide-width tensile tests 101 

(UNI EN ISO 10319:2008) performed at displacement rates of 1 mm/min (the same test rate used in the 102 

pullout tests) and under controlled temperature. The tensile test results at a displacement rate of 1 103 

mm/min and the main geometrical properties of the geogrids are reported in Table 1. 104 

The soil used in these tests, Figure 3, was classified as uniform, medium sand (SP according to USCS 105 

classification system; A-3 according to CNR-UNI 10006 classification system), with grain shape 106 

ranging from sub-rounded to rounded, uniformity coefficient (U = D60/D10) equal to 1.96, and average 107 

grain size (D50) equal to 0.32 mm.  108 

Standard Proctor compaction tests gave a maximum dry unit weight dmax = 16.24 kN/m3 at an optimum 109 

water content wopt = 13.5%. 110 



Direct shear tests, performed at 95% of dmax, yielded values of the peak shear-strength angle '
P from 111 

48 (for 'v =10 kPa) to 42° (for 'v =100 kPa). The shear-strength angle at constant volume '
CV was 112 

equal to 34° (Moraci and Recalcati 2006). 113 

 114 

4 ANALYSIS OF TEST RESULTS 115 

4.1 Pullout load transfer mechanism 116 

Pullout tests have been performed varying the specimen length (LR = 0.40, 0.90, 1.15 m) while keeping 117 

the specimen width constant (W = 0.58 m). Applied vertical effective pressures were equal to 10, 25, 50 118 

and 100 kPa. The displacement rate was 1.0 mm/min in all tests. Therefore, 24 different pullout test 119 

combinations were studied. 120 

In order to explain the pullout load transfer mechanism it is possible to use the results of any pullout 121 

test. For instance, the curves in Figure 4 represent the distributions of the nodal (transversal rib) 122 

displacements along the geogrid specimen (in this case, GGR2) for different values of applied pullout 123 

force (at 'v=50 kPa). The slope of each curve represents the local strain  (Moraci and Recalcati 2006). 124 

The upper and lower graphs refer to short and long reinforcements, respectively. The graphs in Figure 125 

4a show the tensile load transfer phase. During this phase, active length increases with pullout force 126 

until a limit value (trigger force Pin), at which movement of the last rib is observed (the dotted line refers 127 

to this trigger force). By contrast, the graphs in Figure 4b refer to the pullout phase. Once two adjacent 128 

curves are parallel to each other, as in the case of ‘‘short’’ reinforcement, pullout occurs.  129 

Due to the effect of reinforcement extensibility there are relevant differences in the mobilization of 130 

interface mechanisms. Generally, for ‘‘long’’ reinforcement or relatively low reinforcement stiffness 131 

(and, generally, for high values of confining pressure), a progressive mobilization of the mechanisms of 132 

interface interaction develops; this is highlighted by the non-linearity of the nodal displacement 133 

distribution. On the other hand, for short reinforcement or high reinforcement stiffness (and, generally, 134 

at low values of 'v), these mechanisms are activated almost at the same time along the whole 135 

reinforcement. 136 



Therefore, due to this extensibility effect, the distribution of the displacement and therefore of shear 137 

stress is non-uniform along the length of an inclusion.  138 

 139 

4.2 Experimental evaluation of the active length 140 

The displacement of the transversal ribs during the pullout tests was measured using inextensible steel 141 

wires connected to displacement transducers (RVDT) connected to the external backside of the box. 142 

Once a rib’s displacement has been recorded, the active length is equal to the specimen portion (inclusive 143 

of its elongation) from the clamp (first section of the confined specimen) to the mobilized rib. The 144 

experimental values of the active length, LA, measured with increasing pullout load, P, are plotted in 145 

Figure 5, referring to pullout tests performed on GGR2 under a confining pressure of 50 kPa. 146 

The experimental points recorded for each transversal rib, at the same vertical confining pressure and 147 

varying the specimen length, have been interpolated using the following best-fitting logarithmical 148 

function: 149 

[ln( ) 1]
A

P a b L      (1) 150 

where the coefficients a and b are experimental parameters obtained through data fitting. The 151 

coefficients depend on the mechanical parameters of the soil, the applied confining pressure and the 152 

geometrical and mechanical characteristics of the geogrid.  153 

Until the pullout phase starts (when the free end of the geogrid begins to move), the pullout behaviour 154 

of the mechanical interface is not affected by the total length of the embedded reinforcement, depending 155 

for the same geogrid only on the confining vertical pressure. 156 

Figure 6 shows the different active length curves obtained for all the investigated geogrids and confining 157 

vertical pressures. In each graph, for the same geogrid and compacted-soil fill, the logarithmic best-158 

fitting trends related to different applied confining pressures are plotted along with the experimental 159 

results. It is clear that the experimental results are in good agreement with the proposed logarithmic 160 

best-fitting function. 161 

 162 



4.3 Longitudinal strain 163 

In order to take into account that, under pullout load conditions, load and elongation act on a 164 

reinforcement portion that varies during the duration of the tests (i.e., the active length), it is possible to 165 

define average longitudinal strain A as the ratio between the recorded total elongation of the specimen 166 

L and the related active length LA minus L: 167 

 A AL L L      (2) 168 

The confined portions along the geogrid specimen (respectively labelled: 0-1, 1-2, 2-3, 3-4, 4-5, see 169 

Figure 2) were monitored during the tests. 170 

In Figure 7, the pullout loads are plotted versus the strains on these portions for each geogrid specimen 171 

(GGR1 in Figure 7a and GGR2 in Figure 7b) of length LR = 1.15 m and under an applied confining 172 

pressure of 50 kPa. The highest average longitudinal strain among those of the different investigated 173 

portions was measured for the portion closest to the clamp. Particularly, the average longitudinal strain 174 

on the portion nearest to the clamp is very large compared to the corresponding value calculated on the 175 

active length (portion 0-LA, the solid line in Figure 7). The pullout stiffness of the initial portion is lower 176 

than the value obtained by in-isolation wide-width tensile tests (performed at v = 1 mm/min, see Table 177 

1), probably because the average rate of displacement in the pullout test along the geogrid specimen and 178 

during the transfer phase is lower than 1 mm/min.  179 

During the tensile load transfer phase of the pullout load, the average longitudinal strain calculated on 180 

the active length portion 0-LA is an increasing function of the vertical confining pressure (Figure 8). For 181 

the same pullout load, higher average strains were obtained for the geogrid GGR2. This results depends 182 

on the different geogrid stiffness (GGR1 is stiffer than GGR2) and on the different geometry of the 183 

transversal ribs of the two geogrids (GGR2 has less passive surface than GGR1). According to Moraci 184 

and Gioffrè (2006), the passive surface is the surface of each rib element (including the single node and 185 

the bar portion between two nodes) where the bearing resistance can be mobilized. 186 

In the upper graph of Figure 9, the active length is plotted versus the clamp displacement (displacement 187 

of the first confined section) of GGR2. This result refers to pullout tests performed on geogrid GGR2 188 

for fixed values of confined pressure (50 kPa) and specimen length (1.15 m). In the bottom part of the 189 



figure, the displacements are related to the average longitudinal strain. The marker in this figure shows 190 

the beginning of the pullout phase, which separates the two phases (tensile load transfer phase and 191 

pullout phase). In the pullout phase, increasing active length is only due to elongation of the geogrid.   192 

Figure 10 shows all the pullout test results performed on GGR2 at the same confining pressure but with 193 

different specimen lengths according to this approach. The gradient of the average longitudinal strain 194 

recorded in the tensile load transfer phase is smaller than that recorded during the pullout phase. Once 195 

the average longitudinal strain has stopped increasing (in other words, when the curves that show nodal 196 

displacement along the specimen are parallel to each other), pullout failure occurs (according to Moraci 197 

and Recalcati (2006) pullout failure occurs when the top curves in Figures 4 are parallel to each other, 198 

as in case of reinforcement with LR = 0.40 m at ≈ 40 mm in Figure 10).  199 

Table 2 shows that the values of average longitudinal strain calculated at the beginning of the pullout 200 

phase AP (for each specimen length) increase with increasing confining pressure for both investigated 201 

geogrids.  202 

 203 

4.4 Average shear stress 204 

Pullout test results for the investigated extensible geogrid inclusions have shown that displacement and 205 

the strain along the reinforcement’s length do not vary linearly (Perkins and Cuelho 1999; Moraci and 206 

Recalcati 2006; Wang et al. 2014). Therefore, the shear stress along the interface between the soil and 207 

the geogrid reinforcement is not uniform. The actual value of the shear stress along the interface depends 208 

on the reinforcement’s confined stiffness (extensibility) and on the developed shear stresses along the 209 

active interface of the geogrid.  210 

In this paper, in order to simplify the experimental interpretation, the actual shear stress that is mobilized 211 

along the interface between the active length of the geogrid and the surrounding soil is replaced by an 212 

equivalent, uniform, average shear-stress distribution 
AL (Figure 11). The ratio between the applied 213 

pullout load (P) and the double active length (LA) obtains the average shear stress:  214 

2AL

A

P

L
 


  (3) 215 



Figure 12 shows the average shear stress versus clamp displacement, calculated using equation (3), for 216 

geogrid GGR2 of fixed specimen length (LR = 1.15 m) and varying the confining pressure. As expected, 217 

average shear stress increases with increasing vertical effective pressure. The large marks on the graph 218 

show when the pullout phase starts.  219 

Figure 13 shows the pullout behaviour in terms of average shear stress of GGR2 for a fixed vertical 220 

effective pressure (50 kPa) and varying the specimen lengths. It is obvious that until the active length is 221 

shorter than the geogrid specimen length, the experimental results are the same. 222 

During the tensile load transfer phase, average shear stress decreases with increasing displacement of 223 

the first confined geogrid section, despite a local increase in frictional and passive stresses along the 224 

geogrid. The growing pullout force is mobilized, in this phase, on an active length that increases very 225 

rapidly. 226 

When the pullout phase starts, the active length becomes almost constant (LR+L), while the pullout 227 

load continues to grow. Therefore, the trend in average shear stress changes, as it increases with 228 

increasing displacement.  229 

Once the pullout phase starts, the interaction mechanisms in the short specimen (low extensibility) are 230 

mobilized almost immediately and simultaneously along the active length. The progressive failure 231 

mechanisms related to the long reinforcement (high extensibility) produces a lower peak of apparent 232 

shear stress mobilized at higher displacements. Once longitudinal strain stops increasing, pullout occurs 233 

and average shear stress rapidly decreases. 234 

 235 

4.5 Apparent coefficient of friction of the soil–geosynthetic interface 236 

Analysis of pullout test results leads to an apparent coefficient of friction of the soil–geosynthetic 237 

interface, defined as: 238 

/
2

AL

S GSY

A V

P

L





 
           (4) 239 

The calculated apparent coefficients of friction are shown in Figure 14 for the geogrid GGR2 under two 240 

different vertical effective pressures (50 and 100 kPa in Figures 14a and 14b, respectively) and varying 241 



the reinforcement length. In each graph, the apparent coefficient of friction of the soil-geosynthetic 242 

interface is plotted versus the clamp displacement. 243 

The curves plotted with the different symbols refer to the apparent coefficient of friction at the interface 244 

calculated using the active length (
/

AL

S GSY ), while the dashed curves refer to friction coefficients 245 

calculated using the total specimen length (
/S GSY ).  246 

The pullout behaviour in the two phases is similar to that previously described for the apparent effective 247 

shear stresses. For small displacements, once the overall specimen length has been mobilized, the values 248 

of the actual apparent coefficient of friction are higher than those calculated by using the specimen 249 

length (the dashed curves).  250 

These graphs could be used in order to evaluate, for different specimen lengths, the design value of the 251 

apparent coefficient of friction of the soil-geosynthetic interface related to the admissible displacement 252 

of reinforcement mobilized in the tensile force transfer phase.  253 

 254 

4.6 Apparent pullout stiffness 255 

The apparent pullout stiffness is defined as the ratio between the applied pullout load and the related 256 

average longitudinal strain (mobilized on the active length): 257 

sec

a

a

P
J


            (5) 258 

Therefore, in the paper, the stiffness value able to predict, for the applied pullout load, the integrated 259 

response along the active length of soil reinforcement interaction was defined as apparent confined 260 

stiffness. It is important to emphasise that, using this definition, the a evaluated along the LA implicitly 261 

takes into account soil-geosynthetic interaction.  262 

In Figure 15, the apparent pullout stiffness is plotted versus average longitudinal strain; these results 263 

were obtained by pullout tests performed on GGR1 (Figure 15a) and GGR2 (Figure 15b) geogrid 264 

specimens, varying the specimen length and under the same vertical effective pressure (50 kPa).  During 265 

the tensile load transfer phase, apparent pullout stiffness rapidly increases with increasing average 266 

longitudinal strain, which has very small values (1-2% for GGR1; 2-3% for GGR2). Under the same 267 



vertical effective pressure, the short reinforcements show a lower maximum value for apparent pullout 268 

stiffness than the values evaluated for the long specimens. Until the whole specimen length is mobilized 269 

(in the tensile load transfer phase), pullout resistance increases with small increases in average strain; 270 

when the pullout phase begins, apparent pullout stiffness decreases with increasing strain. When pullout 271 

failure occurs (i.e., in the short reinforcement curve in Figure 15), a sudden decrease in apparent pullout 272 

stiffness is observed.  273 

Figure 16 shows the influence of vertical effective pressure on the apparent pullout stiffness of GGR1 274 

(Figure 16a) and GGR2 (Figure 16b) geogrid specimens for the same length (LR = 1.15 m). The peak 275 

value of apparent pullout stiffness decreases with increasing vertical effective pressure (from 2936 to 276 

1706 kN/m for GGR1 and from 1363 to 985 kN/m for GGR2). Moreover, the peak value is mobilized 277 

for an average strain that increases with increasing vertical effective pressure (from 0.6 to 3.6% for 278 

GGR1 and from 1.2 to 4.4% for GGR2). 279 

Comparing the pullout test results with the in-isolation wide-width tensile test, notice that during the 280 

pullout phase, apparent longitudinal confined stiffness decreases with increasing average longitudinal 281 

strain until reaching the in-air tensile stiffness (for the same level of strain).  282 

The results of pullout tests performed on geogrid specimens of LR= 1.15 m are summarized in Table 3 283 

and Table 4, showing that peak values of the apparent pullout stiffness (defined in equation (5)) are 284 

greater than tensile stiffness obtained by in-isolation wide-width tensile tests for the same level of strain 285 

(the differences range from 22 to 50%), as shown in Figure 17. These results depend on the fact that, 286 

under confined conditions, due to interface interaction mechanisms, the tensile load varies along the 287 

specimen (contrary to the unconfined case).  288 

Stability analysis performed by means of the equilibrium limit method (the most common approach for 289 

analysing the stability of reinforced slopes) does not consider serviceability requirements. If safety 290 

factors satisfy typical design criteria, the displacement will likely be within tolerable limits (Leshchinsky 291 

2009; Vahedifard et al. 2013). By using other design methods available for geosynthetic-reinforced 292 

slopes based on a displacement approach (Gourc et al. 1986; Lemonnier et al. 1998b, a) or based on in 293 

situ measurements (Allen et al. 2003; Bathurst et al. 2008; Tin et al. 2011), it is possible to estimate the 294 

failure limit state, verifying the serviceability limit state of a structure.  295 



The displacement approach procedure considers an imposed displacement at the top of the slope (and 296 

therefore a related displacement at each layer) in order to mobilise tensions in the reinforcements. 297 

Displacement methods require load-displacement curves determined through the use of pullout tests. 298 

Intrinsically, these design procedures must take into account the analysis in terms of active length 299 

described in this paper.  300 

 301 

5 CONCLUSIONS 302 

Active length refers to the portion of a geogrid specimen on which the mobilization of interaction 303 

mechanisms, under pullout conditions, withstands the applied pullout load. In order to study the actual 304 

behaviour of the soil-geosynthetic interface, it is important to determine the active length experimentally 305 

through the use of pullout tests. This paper reports the results of pullout tests performed on two HDPE, 306 

mono-directional, extruded geogrids in compacted, uniform, medium sand. 307 

The following conclusions are suggested: 308 

1) During the tensile load transfer phase, average longitudinal strain (mobilized on the active 309 

length) is an increasing function of vertical effective pressure. The gradient of the average 310 

longitudinal strain recorded in the transfer phase of the pullout load is smaller than that 311 

recorded in the pullout phase. Once average longitudinal strain stops increasing (equal to 312 

reaching the peak pullout force), pullout failure occurs. 313 

2) The equivalent uniform average shear stress, AL , which is mobilized along the interface 314 

between the soil and the active length of the geogrid, increases with increasing vertical 315 

effective pressure. During the tensile load transfer phase, AL  decreases with increasing 316 

clamp displacement, despite the local increase in frictional and passive stresses along the 317 

geogrid. When the pullout phase starts, AL changes its trend, increasing with increasing 318 

displacement. Once longitudinal strain stops increasing, pullout occurs and average shear 319 

stress rapidly decreases. 320 

3) For small displacements, once the entire specimen length has been mobilized, the values of 321 

the apparent coefficient of friction /

AL

S GSY of the interface calculated using the active length 322 



are obviously higher than those calculated using the specimen length. This analysis could be 323 

used in order to evaluate, for different specimen lengths, the design value of the apparent 324 

coefficient of friction of the interface related to the admissible mobilized displacement of the 325 

reinforcement in the tensile force transfer phase. 326 

4) The stiffness value able to predict, for the applied pullout load, the integrated response of soil 327 

reinforcement interaction along the active length was defined as apparent pullout stiffness 328 

sec

aJ . During the tensile load transfer phase
sec

aJ , defined in equation (5), rapidly increases 329 

with increasing average longitudinal strain, which has very small values (1-2% for GGR1; 2-330 

3% for GGR2). Under the same vertical effective pressure, short reinforcements show a lower 331 

maximum value of apparent pullout stiffness than do the long specimens. During the pullout 332 

phase, 
sec

aJ  decreases with increasing average longitudinal strain until reaching the in-air 333 

tensile stiffness (for the same strain level). When pullout failure occurs, a sudden decrease in 334 

sec

aJ  is observed. 335 

5)  The peak value of apparent pullout stiffness decreases with increasing vertical effective 336 

pressure (from 2936 to 1706 kN/m for GGR1 and from 1363 to 985 kN/m for GGR2). 337 

Moreover, the peak value is mobilized for an average strain that increases with increasing 338 

vertical effective pressure (from 0.6 to 3.6% for GGR1, and from 1.2 to 4.4% for GGR2). 339 

Generally, the peak value of the apparent pullout stiffness is greater than the unconfined 340 

stiffness for the same level of strain. These results depend on the fact that, under confined 341 

conditions, due to interface interaction mechanisms, the tensile load varies along the 342 

specimen (contrary to the unconfined case). 343 

  344 
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 439 

List of notation 

V’ Vertical effective pressure (kPa) 

 

 

BR Node thickness (mm) 

BT Thickness of the bar portion between two nodes (mm) 

  Clamp displacement (mm) 

L  Elongation (mm) 

D10 Grain size corresponding to 10% in weight of passing soil (mm) 

 
D50 Average grain size (mm) 

 

 

D60 Grain size corresponding to 60% in weight of passing soil (mm) 

 AP  Average longitudinal strain calculated at the beginning of the pullout phase (%) 

P   Tensile strain evaluated at TP (at v=1 mm/min) (%) 

f  Tensile strain evaluated at tensile rupture (at v=1 mm/min) (%) 

GGR1 Extruded Geogrid One 

GGR2 

 

Extruded Geogrid Two 

J2% Tensile stiffness at 2% of strain (kN/m) 

J5% Tensile stiffness at 5% of strain (kN/m) 

sec

aJ  Apparent pullout stiffness (kN/m) 

LA Active length (mm) 

LR Specimen length (mm) 

LT Distance between two longitudinal ribs (mm) 

 

 

P Pullout load (kN/m) 

Pin Pullout trigger force (kN/m) 

PR Pullout resistance (kN/m) 

 

 

RVDT Rotational Variable Displacement Transducer 

S Spacing between geogrid bearing members (mm) 

AL  Average shear-stress (kN/m2) 

Tn Nominal tensile strength (kN/m) 

TP Peak tensile strength at 1 mm/min displacement rate (kN/m) 

U Uniformity coefficient of soil (dimensionless) 

v Rate of displacement (mm/min) 

S Spacing between geogrid bearing members (mm) 

wopt Optimum water content (%) 

W Pullout box width (mm) 

WB Width of the bar (mm) 

WT Width of the bar portion between two nodes (mm) 

WR Node width (mm) 



’ Soil shear strength angle (°) 

’cv Soil shear strength angle at constant volume (°) 

’p Peak shear strength angle (°) 

 
dmax Maximum dry unit weight (kN/m3) 

S/GSY Soil-geosynthetic peak interface apparent coefficient of friction (dimensionless) 

AL
S/GSY Soil-geosynthetic peak interface calculated using LA (dimensionless) 

  440 



Tables 441 

Table 1. Structural and the mechanical properties of the geogrids used in the research. 442 

Geogrid GGR1 - Mono-directional 

extruded HDPE  

GGR2 -Mono-directional 

extruded HDPE 

nT  [kN/m] 120.00 60.00 

PT  [kN/m]
 

98.93 49.28 

P  [%]
 

13.7 13.9 

f  [%]
 

17.8 20.2 

2%J [kN/m] 1749 865 

5%J [kN/m] 1211 613 

S [mm] 220 220 

TW [mm] 4.2 8.5 

TB [mm] 4.9 2.9 

RW [mm] 14.1 13.0 

RB [mm] 6.8 4.6 

BW [mm]
 

17.3 10.5 

 443 

  444 



Table 2.  Average longitudinal strain calculated at the beginning of the pullout phase (AP) for each 445 

specimen length and vertical effective pressure. 446 

Geogrid ’v  

[kPa]

AP-0.4 

 [%] 

AP-0.9 

 [%]

AP-1.15  

[%]

GGR1 10 0.7 0.6 0.6 

GGR1 25 0.8 1.1 1.4 

GGR1 50 0.8 1.8 2.6 

GGR1 100 2.1 3.4 4.8 

GGR2 10 1.0 1.2 1.2 

GGR2 25 1.3 1.8 2.5 

GGR2 50 2.5 3.0 4.5 

GGR2 100 3.2 5.2 5.6 

 447 

  448 



Table 3. Influence of vertical effective pressure on the peak value of the apparent pullout stiffness of the 449 

GGR1 for the same specimen length (LR = 1.15 m) 450 

  451 

’V [kPa] JA max [kN/m]  J in-air [kN/m] JA max /J in-air [-] 

10 2936 0.56 2229 1.32 

25 2645 1.38 1857 1.42 

50 2331 1.73 1789 1.30 

100 1706 3.62 1394 1.22 



Table 4. Influence of vertical effective pressure on the peak value of the apparent pullout stiffness of the 452 

GGR2 for the same specimen length (LR = 1.15 m) 453 

’V [kPa] JA max [kN/m]  J in-air [kN/m] JA max /J in-air [-] 

10 1363 1.20 1101 1.24 

25 1223 2.28 844 1.45 

50 1058 3.25 737 1.44 

100 985 4.36 656 1.50 

  454 



Figures 455 

 456 

 457 

Figure 1. Pullout load transfer mechanism; (a) P=0 (b) P>0  458 



 459 

 460 

Figure 2. System to measure displacement along the specimen length.  461 



 462 

 463 

Figure 3. Soil grain size distribution curve.   464 



 465 

 466 

Figure 4.  Distributions of the nodal displacements along the geogrid specimen GGR2 for a fixed 467 

vertical effective pressure (50 kPa) and for different values of the applied pullout force. The upper 468 

graphs refer to short reinforcement, while the lower graphs refer to long reinforcement, showing both 469 

the tensile load transfer phase (a) and the pullout phase (b).  470 
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 472 

 473 

Figure 5.  Experimental evaluation of the active length for the geogrid GGR2 at fixed vertical effective 474 

pressure (50 kPa).  475 



 476 

 477 

                                (a) 478 

 479 

                               (b) 480 

Figure 6. Active length versus pullout load obtained for the GGR1 (a) and GGR2 (b) geogrids, varying 481 

the vertical effective pressure.  482 



 483 

 484 

      (a) 485 

 486 

      (b) 487 

Figure 7. Longitudinal strain related to the different portions of the geogrid versus pullout load, (a) 488 

GGR1 and (b) GGR2.  489 



 490 

 491 

 492 

 493 

Figure 8. Influence of vertical effective pressure on the average strain mobilized on the active portion 494 

of the geogrid specimen (0-LA) under different pullout loads (iso-pullout load curves) during the tensile 495 

load transfer phase. 496 



 497 

 498 

 499 

Figure 9.  Clamp displacements versus active length (upper graph) and versus average longitudinal 500 

strain (lower graph) calculated for the GGR2 geogrid under a vertical effective pressure of 50 kPa and 501 

for a specimen length LR=1.15 m.  502 



 503 

 504 

 505 

Figure 10. Clamp displacements versus active length (upper graph) and versus average longitudinal 506 

strain (lower graph) calculated for the GGR2 geogrid under a vertical effective pressure of 50 kPa and 507 

varying the specimen length. 508 

  509 



 510 

Figure 11. Equivalent, uniform shear-stress distribution.  511 



 512 

 513 

Figure 12. Average shear stress (equivalent, uniform shear-stress distribution) versus clamp 514 

displacement calculated for the GGR2 of length equal to 1.15 m and varying the vertical effective 515 

pressure.  516 



 517 

 518 

 519 

 520 

Figure 13. Pullout behaviour in terms of average shear stress (equivalent, uniform shear-stress 521 

distribution) of the geogrid GGR2 for a fixed vertical effective pressure (50 kPa) and varying the 522 

specimen lengths.  523 



 524 

 525 

    (a) 526 

 527 

    (b) 528 

Figure 14. Apparent coefficient of friction of the soil-geosynthetic interface versus clamp displacement 529 

calculated for the GGR2 geogrid under vertical effective pressures of 50 kPa (a) and 100 kPa (b) and 530 

varying the specimen length. 531 
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 533 

      (a) 534 

 535 

      (b) 536 

Figure 15.  Apparent pullout stiffness versus average longitudinal strain obtained by pullout test 537 

performed on GGR1 (a) and GGR2 (b) geogrid of different specimen lengths and under the same vertical 538 

effective pressure (50 kPa).   539 
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 541 

      (a) 542 

 543 

      (b) 544 

Figure 16.  Influence of vertical effective pressure on the apparent pullout stiffness for GGR1 (a) and 545 

GGR2 (b) geogrid of specimens length LR= 1.15 m. 546 

 547 



 548 

 549 

Figure 17. Ratio between pullout confined stiffness and in-air stiffness versus vertical effective pressure  550 

obtained for different geogrids of LR=1.15 m. 551 
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