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ABSTRACT 17 

The main interaction mechanisms affecting the pullout resistance of geogrids embedded 18 

in soils are the skin friction between soil and reinforcement solid surface and the 19 

bearing resistance which develops against transversal elements. As regards bearing 20 

resistance the interference mechanism plays an important role: this can occur when the 21 

spacing between transversal members is lower than a threshold value, depending on the 22 

extensions of active and passive surfaces mobilized on bearing members.  23 

Based on the result of several large-scale pullout tests, a theoretical method to determine 24 

the peak pullout resistance of extruded geogrids embedded in a compacted granular soil 25 

is proposed. The method takes into account the interference mechanism due to the 26 



proximity of the transversal bearing members and works well for soil-geogrid interfaces 27 

in which scale effect is negligible. 28 

KEYWORDS: Geosynthetics, geogrids, theoretical model, pullout resistance, 29 

interaction mechanisms, interference. 30 

1 INTRODUCTION 31 

To model the behaviour of GRS structures using numerical methods requires knowledge 32 

of the constitutive model that should be adopted for reinforcement and soil, along with 33 

definition of the interface model. Therefore, it is essential to define the stress–strain–34 

time relationships of the system's constituent parts (Cardile et al., 2016b; Perkins, 2000) 35 

and to model the behaviour of the soil-geosynthetic interface while taking into account 36 

the complex mechanisms of interaction. A thorough understanding of these mechanisms 37 

could allow the production of geosynthetic reinforcements, optimizing costs and 38 

performance (Bathurst and Ezzein, 2015b; Calvarano et al., 2014; Esfandiari and 39 

Selamat, 2012; Ferreira et al., 2015; Hatami and Esmaili, 2015; Liu et al., 2009; Liu et 40 

al., 2016; Moraci and Cardile, 2008; Moraci and Cardile, 2009, 2012; Moraci and 41 

Recalcati, 2006; Mosallanezhad et al., 2016; Pinho-Lopes et al., 2016; Sieira et al., 42 

2009; Suksiripattanapong et al., 2013; Tran et al., 2013; Vangla and Gali, 2016; Vieira 43 

et al., 2013; Wang et al., 2014; Wang et al., 2016).  44 

The soil geosynthetic interaction can be very complex. Direct shear tests and pullout 45 

tests can simulate both mechanisms in laboratory, using large size devices.  46 

For soil-geotextile interfaces the only mechanism that develops is the skin friction, 47 

while for soil-geogrid interfaces the interaction becomes more complex due to the open 48 

structure of this type of geosynthetic. The main interaction mechanisms concerning 49 

pullout resistance of extruded geogrids embedded in compacted soil are the skin friction 50 



between soil and reinforcement solid surface and the bearing resistance that develops 51 

against transversal members (Jacobs et al., 2014; Moraci et al., 2007; Moraci et al., 52 

2014a; Moraci and Gioffrè, 2006; Palmeira, 2009; Ziegler and Timmers, 2004). 53 

Therefore, the ultimate pullout resistance of geogrids has been typically interpreted as 54 

the sum of the passive and interface shear components (Jewell, 1996):   55 

RBRSR PPP            (1) 56 

where PRS is the skin friction component of pullout resistance and PRB is the bearing 57 

component of pullout resistance. 58 

Generally, the two components are assumed to be independent of each other when it 59 

should be considered that one mechanism of interaction affects the other to an extent not 60 

yet well understood or quantified. 61 

The first term on the right-hand side of equation (1), for a geogrid of length LR and unit 62 

width WR (Figure 1), may be evaluated using the following expression: 63 

2 2 tanRS S R S R nP L L             (2) 64 

where n’ is the effective normal stress;  is the skin friction angle between soil and 65 

geogrid;  is the shear stress acting at soil-reinforcement interface; S is the fraction of 66 

geogrid surface area that is solid. 67 

According to Jewell (1990), the bearing component of pullout resistance can be evaluated 68 

as follows: 69 
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where S is the spacing between the geogrid bearing members; LR/S is the number of 71 

geogrid bearing members; B is the fraction of total frontal area of geogrid available for 72 



bearing resistance; B is the thickness of the bearing members; ’b is the effective bearing 73 

stress mobilizing on geogrid bearing members. 74 

To evaluate the bearing stress 'b, different failure mechanisms can be used. Jewell et al. 75 

(1985) used a punching failure mechanism (lower bound); Peterson and Anderson 76 

(1980) used a general shear failure (upper bound); Bergado and Chai (1994) used a 77 

modified punch-ing mechanism; Matsui et al. (1996) used a Prandtl failure mechanism. 78 

For granular soils, the bearing stresses 'b acting on geogrid bearing members depend 79 

on soil shear strength angle, initial stress state, interface roughness and reinforcement 80 

depth in relation to the sizes of the bearing members. In spite of this, in the equations 81 

proposed by the different authors, the ratio 'b/'n only depends on soil shear angle. 82 

Therefore, the pullout resistance of a geogrid is: 83 
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where fb is the interaction coefficient under pullout loading conditions.  85 

The coefficient fb can be obtained as a function of reinforcement geometrical parameters 86 

(s, b, B, S), soil shear strength angle (’), soil-geosynthetic skin friction angle (, and 87 

effective stresses acting at the interfaces (’n, ’b): 88 
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      (5) 89 

In the theoretical equation (5), there are two components representing both skin friction 90 

and bearing interaction. 91 

The interference phenomenon for closely spaced bearing members S (i.e. for small 92 

value of the ratio between S and the thickness of transverse ribs Beq) plays an important 93 

role in the mobilisation of the bearing resistance. To be more precise, a significant part 94 



of the surface of the longitudinal members of the reinforcement is involved in this 95 

phenomenon, suggesting that under similar conditions the skin friction (for geogrids it 96 

generally represents less than 20% of the pullout resistance) also decreases. 97 

Some researchers (Bergado et al., 1993; Dyer, 1985; Jewell, 1996; Milligan et al., 1990; 98 

Palmeira, 2004, 2009; Palmeira and Milligan, 1989) found that the bearing resistance 99 

also depends on the ratio between the thickness of transverse rib Beq and the soil mean 100 

particle size D50 (i.e. scale effect) and on the shape of the transverse rib.  101 

2 INTERFERENCE MECHANISM FOR CLOSELY SPACED BEARING 102 

MEMBERS 103 

When pullout-loading acts on the soil-geosynthetic system the mobilisation of soil 104 

passive resistance developed in front of the bearing surface of transversal rib causes a 105 

stress increase and causes rotation of the principal stresses (Palmeira, 2004). The 106 

pullout displacement of the geogrid implicates that behind each transversal rib the stress 107 

decreases forming a disturbed region (softened region), which will affect the maximum 108 

bearing strength developed along the following bearing members if they are too close to 109 

each other. 110 

Recently, different researchers have analysed the behaviour at the interface using a 111 

micro-image analysis system (Bathurst and Ezzein, 2015a, b; Ezzein and Bathurst, 112 

2014; Zhou et al., 2012). The novel combination of technologies allows the measuring 113 

of the complete displacement field of reinforcement and/or target particles seeded in the 114 

surrounding soil during pullout tests. Zhou et al. (2012), using micro-image analysis 115 

captured the interaction mechanisms between sand and the transverse ribs of 116 

reinforcement: the geogrid was located close to the glass side wall, so that it might be 117 

captured. In order to clarify the interaction mechanisms between sand and geogrid 118 



transversal members Zhou et al. (2012) carried out pullout tests at confining pressure 119 

equal to 30 kPa on HDPE geogrid (J2%=13.5 kN/m; S=39 mm; Beq=2.28 mm) embedded 120 

in compacted soil (D50=0.38 and DR=0.66) which they analysed using a particle image 121 

velocimetry technology. During the pullout tests, sand motion around geogrid ribs was 122 

captured with a micro-images analysis system. Figure 2 shows particle motion around a 123 

transverse rib above and below the interface at various stages: sand particles which are 124 

located ahead of the transverse rib rotate during pullout, the particles above the 125 

longitudinal geogrid axis rotate in a clockwise direction while particles on the lower of 126 

the longitudinal axis rotate anticlockwise. Particles on the top right side of the 127 

transverse rib fall into the voids created during the movement of the geogrid (in the 128 

softened region). The micro-image analysis confirms that the soil located in front of the 129 

transverse rib is subjected to a passive state of stress while behind it an active state is 130 

reached, creating a loose soil region. Sand particles do not move symmetrically along 131 

the interface (above and below the longitudinal axis of the geogrid) due to the different 132 

boundary conditions. Finally, for the specific test boundary conditions adopted in the 133 

research it was possible to observe that, at 30 kPa and 10 mm pullout displacement, the 134 

average thickness of passive failure surface was approximately equal to six times the rib 135 

thickness and its length was about  ten times the rib thickness (Moraci et al., 2014a).  136 

Previously researches (Palmeira, 2009) have shown that, for a fixed equivalent bearing 137 

member thickness Beq, the lower the spacing S between two consecutive transversal 138 

ribs, the greater will be the reduction in strength due to interference phenomenon.  139 

Moreover, interference is controlled by bearing member thickness Beq also through the 140 

ratio with soil particle diameter (Beq/D50). The minimum ratio S/Beq above which this 141 

phenomenon affects pullout behaviour, decreases with increasing Beq/D50 ratio (Sukmak 142 



et al., 2015). In more detail, the decreasing of D50 causes a reduction in the soil shear 143 

strength affecting the softened region and the failure plane (shape and size) developed 144 

ahead of the transverse members.  145 

Using photo-elastic studies on a steel grid, Dyer (1985) and Milligan et al. (1990) 146 

clearly showed the interaction between transversal bearing members of the grid and the 147 

surrounding soil. Passive load distribution between transverse members is uniform only 148 

if the members are sufficiently distant from one another. In order to investigate this 149 

topic, Palmeira (1987) carried out pullout tests at low normal vertical stress (’n=25 150 

kPa) by using single isolated bearing members and metal grids (B varying from 1.5 and 151 

4.78 mm) with different geometric characteristics (S=18 mm, 62 mm and 129 mm - 152 

friction along the longitudinal ribs was minimized through the application of grease) in 153 

dense sands (D50=0.4, 0.8 and 1.6 mm). The tests results showed that the S/B ratio 154 

above which grid-bearing members behaved as in isolation was greater than 40-50, for 155 

the adopted testing conditions (confining pressure, geotechnical characteristic of the 156 

soils and geometrical and mechanical characteristic of the reinforcements). 157 

The above researchers carried out different pullout tests varying the ratio Beq/D50: 158 

increasing this value, the observed failure mechanism changes from the punching shear 159 

to a generalized one. For these testing boundary conditions, when the ratio exceeds 7-160 

12, the bearing strength starts to become independent of the soil particle size. 161 

Experimental evidence provided by Cazzuffi et al. (2011) showed the existence of an 162 

optimum spacing between the transversal ribs, which maximizes the peak pullout 163 

resistance. In order to study the interference phenomenon, the authors performed a 164 

series of pullout tests (in the same testing conditions) on specimens of the same geogrid, 165 

characterized by different spacing between the bearing members obtained by removing 166 



some transversal ribs (maintaining only the nodes) from the virgin specimen. When the 167 

distance between transverse members S is below the “optimum” value, the pullout 168 

response appears to be unfavourably affected by the interference phenomenon. On the 169 

other hand, when S is above the “optimum” value, the pullout resistance decreases 170 

because of the lower number of bearing members that provide the passive resistance 171 

contribution to the overall pullout resistance.  172 

3 MODELLING OF SOIL–GEOSYNTHETIC INTERACTION IN PULL-173 

OUT TESTS 174 

Moraci and Gioffrè (2006) proposed a simple theoretical method to predict the peak 175 

pullout resistance of extruded geogrids embedded in compacted granular soils that can 176 

be used where scale and interference effects are both negligible. This method takes into 177 

account the non-linearity in the failure envelope of compacted granular soil (due to the 178 

dilatancy effect) as well as the extensibility of reinforcements. The method was based 179 

on the evaluation of both frictional and bearing components of pullout resistance using 180 

the following equation:  181 

2 tan' '

R S S R n t tb b bP C α L σ δ n n A σ              (6) 182 

where: CS = reduction coefficient of geogrid area where skin friction develops;  = 183 

mobilized skin friction angle between soil and geogrid depending on soil dilatancy and 184 

reinforcement extensibility; nt = LR/S = number of geogrid bearing members; ntb = 185 

number of nodes in a transversal element; Ab = At+Ar = area of each rib element 186 

(including the single node and the bar portion between two nodes) where the bearing 187 

resistance can be mobilized; ’b = bearing stress.  188 

Moreover, the complex geometry of transverse bars was assumed to be equivalent to 189 

that of a strip of uniform thickness Beq. 190 



The bearing stress 'b was evaluated using the equation proposed by Matsui et al. (1996) 191 

on a Prandtl’s local failure mechanism: 192 

       '
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     (7)  193 

where the symbols stand for: ’n= normal effective stress; ’= soil shear strength angle. 194 

On the basis of the pullout test results obtained in previous researches (Cardile et al., 195 

2014; Cardile et al., 2016a; Cazzuffi et al., 2014; Moraci et al., 2014b), an upgrade of 196 

the theoretical method developed by Moraci and Gioffrè (2006) is herein proposed.  197 

The new method, aimed to determine the peak pullout resistance of extruded geogrids 198 

embedded in a compacted granular soil (in which scale effects are negligible), takes into 199 

account the interference mechanism modelled by introducing a reduction factor Cb, on 200 

the passive component of the pullout resistance PRB: 201 

2 tan' '

R S S R n b t tb b bP C α L σ δ C n n A σ                (8) 202 

The equation of the reduction factor Cb, which is a function of the geometrical 203 

characteristics of the mesh reinforcement (ratio S/Beq) and of the normal effective stress 204 

’n, will be defined in the following sections. 205 

3.1 EXPERIMENTAL DATABASE 206 

The experimental results of several pullout tests performed in previous researches 207 

(Cardile et al., 2014; Cardile et al., 2016a; Cazzuffi et al., 2014; Moraci et al., 2014b) 208 

using  large-scale pullout equipment (Moraci and Cardile, 2009, 2012; Moraci and 209 

Recalcati, 2006) has been analysed in this paper.  210 

Pullout tests were carried out on four different PP biaxial geogrids tested in machine 211 

and transversal direction (referred to as GGR1, GGR2, GGR3, GGR4) and three HDPE 212 



uniaxial extruded geogrids (referred to as GGR5, GGR6, GGR7) embedded in two 213 

compacted granular soils (initial unit weight corresponding to 95% of dmax). In Table 1 214 

the geometrical characterization of the geogrids used in the research are summarised.  215 

All the geogrids showed a different number of tensile elements per unit width, different 216 

transversal rib spacing and different cross sectional shape, where the main differences 217 

are in rib thickness. The passive interaction mechanisms develop both at the node 218 

embossments and at the transversal ribs. Therefore, geogrids geometry was carefully 219 

determined to calculate the effective passive resistance surfaces. Figure 3 shows a 220 

schematic cross section of a generic bearing member that is placed transversely to the 221 

direction of pullout force. The complex geometry of the bearing member (transverse 222 

rib), including the areas Ab in the same transverse element, was assumed to be 223 

equivalent to that of a strip of uniform thickness (Beq). 224 

The first soil (referred to as Soil A) was a uniform medium sand (SP according to USCS 225 

classification system). The sand has a grain shape from sub-rounded to rounded, 226 

uniformity coefficient U equal to 1.96, and average grain size D50 equal to 0.32 mm. 227 

Standard Proctor compaction tests results provide a maximum dry unit weight dmax 228 

=16.24 kN/m3 at an “optimum” water content wopt =13.5%.  229 

The second soil (referred to as Soil B) was classified as sand with gravel (SW according 230 

to USCS classification system, A1-b according to CNR-UNI 10006 classification 231 

system), with a grain shape from sub-rounded to rounded, uniformity coefficient, U, 232 

equal to 7.48, and average grain size, D50, equal to 1.47 mm. The Standard Proctor 233 

compaction tests performed on Soil B indicates a maximum dry unit weight, dmax 234 

=18.36 kN/m3, at an “optimum” water content wopt =9.8%.  235 



Table 2 shows in detail the peak and constant volume shear strength angles of the soils 236 

used in the tests. These results were obtained by means of direct shear tests carried out 237 

at an initial unit weight corresponding to 95% of max at different normal effective stress 238 

(’n =10, 25 50 and 100 kPa). 239 

The pullout tests were carried out varying, for each geogrid, the specimen length (LR 240 

equal to 0.40 m, 0.90 m and 1.15 m) and the applied normal effective stress ('n equal to 241 

10 kPa, 25 kPa and 50 kPa). All pullout tests described herein were performed at 242 

controlled rates of displacement (CRD) equal to 1.0 mm/min, until geogrid tensile 243 

failure or until a total horizontal displacement of 100 mm was reached. 244 

In order to carry out an analytical study on scale effects based on experimental results, it 245 

is necessary to select geogrids for which the interference effects are negligible. Table 1 246 

reports the ratio S/Beq values of all experimental geogrids database. It can be observed 247 

that only the uniaxial geogrids (GGR5, GGR6, GGR7) have a ratio S/Beq higher than 248 

50. Therefore, according to Palmeira (2009), the pullout results for these soil-geogrids 249 

interfaces are not affected by interference effects while scale effects could be possible 250 

depending on ratio Beq/D50. 251 

Referring to the three uniaxial HDPE geogrids (GGR5, GGR6, GGR7), which are not 252 

subject to interference phenomenon, the authors obtained the values of bearing stress 'b 253 

from the experimental peak value of pullout resistance PR
Exp with the method proposed 254 

by Moraci and Gioffrè (2006) using the following expression: 255 

Exp
Exp R S R n

b

P 2 L tan

t tb b

=
n n A

   
        (9) 256 

Figure 4a shows the normalised bearing stress 'b
EXP /('n tan ’) plotted against the 257 

bearing member thickness normalised by the average grain size of the soils Beq/D50. In 258 



order to plot the results for the different compacted granular soils, the stress ratio 259 

'b
EXP/'n is normalised by the tangent of the soil shear strength angle taking into 260 

account the non-linearity of the envelope of rupture of the different fill soils (effect due 261 

to the dilatancy of the soils).  262 

The results show that the normalised bearing strength starts to become independent of 263 

the average grain size of the soils only for ratios Beq/D50 above 10.  264 

Regarding the four PP biaxial geogrids with similar ratio S/Beq, in which the 265 

interference phenomena are not negligible, the same threshold Beq/D50 value was 266 

obtained (Figure 4b). However, due to the interference effect, the values of normalised 267 

bearing stress are lower than those of uniaxial geogrids. 268 

Therefore, in order to evaluate an analytical equation of interference coefficient Cb, the 269 

analysis  focused on geogrids with ratios Beq/D50 above 10 (scale effect negligible) in 270 

which the interference effect affected the interaction mechanism of pullout resistance 271 

(S/Beq <50).  272 

Figure 5 shows the pullout curves for the selected geogrids (GGR1, GGR2, GGR3 and 273 

GGR4) varying the normal effective confining stress for each anchorage length. Due to 274 

interference phenomena for closely spaced bearing members, experimental data show 275 

comparable values of the peak pullout resistance even though the bearing area of the 276 

geogrids (nt ntb Ab) are very different.  277 

4 PROPOSED ANALYTICAL METHOD 278 

The analytical method proposed by Moraci and Gioffrè (2006) was improved by taking 279 

into account the interference effect using the reduction factor for the bearing resistance 280 

Cb, according to the equation (8). The evaluation of Cb was obtained using the 281 

following approach. 282 



The theoretical skin friction component of pullout resistance PRS
Theor was evaluated 283 

neglecting the interference effect on the skin friction component of pullout resistance 284 

(CS = 1), using the following equation:  285 

Theor

RSP ' '

αS S R n S R n=2C α L σ tanδ=2α L σ tanδ        (10) 286 

where the skin friction angle  between soil and geogrid was determined by means of 287 

previous experimental tests on smooth geomembranes, performed at the same confined 288 

pressure used in this research and assumed equal to 1/3 ’ (Fannin and Raju, 1993; 289 

Moraci and Gioffrè, 2006; Raju, 1995). 290 

The experimental bearing component of pullout resistance was evaluated as:  291 

Exp Exp Theor

RB R RSP P P=           (11) 292 

where PR
Exp is the experimental peak pullout resistance. 293 

Finally, the interference reduction factor for the bearing resistance Cb can be given as 294 

follows: 295 
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      (12) 296 

Generally, extensibility induces a progressive mobilization of the frictional and passive 297 

mechanisms. In order to take into account the reinforcement extensibility and the non-298 

linear failure envelope for the backfill soil (due to dilatancy effects), skin friction was 299 

evaluated using an average value of the shear strength angle between the peak and the 300 

constant volume values, and the bearing resistance component of pullout resistance was 301 

evaluated using the peak shear strength angles corresponding to the different vertical 302 

effective stresses. 303 

Figure 6 shows the interference reduction factors Cb obtained by equation (12) versus 304 

the ratio S/Beq. The experimental points for each selected geogrid refer to the average 305 



value obtained by varying anchorage length LR. Due to the low variability of the results 306 

obtained by varying vertical normal stress ’n, a linear regression was fitted. When the 307 

ratio S/Beq>50, interference phenomenon can be considered negligible (GGR5, GGR6 308 

and GGR7 in Figure 6), then interference reduction factor Cb is equal to one. 309 

Therefore, it is possible to evaluate the interference reduction factor Cb as follows: 310 
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    (13) 311 

Where the constant coefficient a obtained by linear regression is equal to 0,02. 312 

Hence, the peak pullout resistance was evaluated through equations (8) and (13). 313 

Table 3 shows the experimental peak pullout resistance (PR
Exp) and theoretical one 314 

(PR
Theor) calculated using the new proposed analytical method and the percentage 315 

differences between experimental results and theoretical values. 316 

The differences between the predicted and the experimental values range from 1% to 317 

38%, for GGR1, from 1% to 22% for GGR2, from 4% to 31% for GGR3 geogrid; from 318 

1% to 11% for GGR4 geogrid.  319 

Figure 7 shows, for each selected geogrid, the comparison between experimental and 320 

theoretical values of the peak pullout resistances, evaluated for different applied normal 321 

effective confining stresses. The comparison clearly shows the applicability of the 322 

proposed analytical method, efficiently predicting peak pullout resistances both for 323 

different applied vertical effective normal stresses and for different reinforcement 324 

lengths. 325 



5 CONCLUSIONS 326 

The paper deals with evaluating the peak pullout resistance of polymeric geogrids 327 

embedded in granular soils, considering interference phenomenon for closely spaced 328 

bearing members.  329 

Based on the experimental results obtained by several pullout tests performed on 330 

different geogrids varying the specimen length and the applied vertical effective 331 

pressure, an upgrade of the theoretical method developed by Moraci and Gioffrè (2006) 332 

is proposed applying a interference reduction factor Cb. 333 

The proposed analytical method can take into account the effects of: (i) soil dilatancy; 334 

(ii) reinforcement extensibility; (iii) geogrid geometry; (iv) vertical effective stress; (v) 335 

reinforcement length; (vi) interference phenomenon for closely spaced bearing 336 

members. 337 

The validity of the solution was verified by comparison with experimental test results in 338 

terms of peak pullout resistance performed on four different PP biaxial geogrids.  339 

The theoretical values obtained by the proposed model are consistent with the 340 

experimental data. Additional pullout tests will be carried out in order to extend the 341 

proposed method to other types of geogrids in contact with granular soils. 342 

  343 



List of notation 

s Fraction of geogrid surface area that is solid (dimensionless) 

(dimensionless)  Mobilized skin friction angle between soil and geogrid (deg.) 

’b Bearing stress (kN/m2) 

’n Normal effective stress (kN/m2) 

Ab Area of each rib element (including the single node and the bar portion 

between two nodes) where the bearing resistance can be mobilized (mm2) Ar Node embossment area (mm2) 

At Bar portion between two nodes area (mm2) 

Beq Thickness of the equivalent uniform strip rib (mm) 

BR Node thickness (mm) 

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

CS Reduction coefficient of geogrid area where skin friction develops (-) 

D50 Average grain size (mm) 

DR Relative density of soil (dimensionless) 

J 2% Secant tensile stiffness at 2% strain (ISO 10319) (kN/m) 

LR Specimen length (m) 

nt Number of geogrid bearing members (-) 

ntb Number of nodes in a transversal element (-) 

PR Pullout resistance (kN/m) 

PRS Skin friction component of pullout resistance (kN/m) 

PRB Bearing component of pullout resistance (kN/m) 

S Spacing between geogrid bearing members (mm) 

wopt Optimum water content (%) 

WB Width of the bar (mm) 

WR Node width (mm) 

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

’CV Soil shear strength angle at constant volume (deg.) 

(deg.) ’P Peak shear strength angle (deg.) 

dmax Maximum dry unit weight (kN/m3) 

 344 

  345 



Tables 346 

Table 1. Geometric properties of the geogrid used in this research. 347 

Geogrid polymer 
Direction 

test 

S 

[mm] 

Wt 

[mm] 

Bt 

[mm] 

Wr 

[mm] 

Br 

[mm] 

Ab 

[mm] 



S   

[-] 

 

Beq/D50
A 

[-] 

 

 

Beq/D50
B 

[-] 

 

 

S/Beq 

[-] 

 

GGR1 

PP TD 61,20 38,00 3,60 15,80 7,40 224,49 0,25 13,04 2,84 14,67 

PP MD 53,80 46,00 1,85 15,20 7,40 133,74 0,25 6,83 1,49 24,62 

GGR2 

PP TD 38,80 17,70 2,90 14,80 5,60 104,61 0,31 10,06 2,19 12,05 

PP MD 32,50 31,80 1,90 7,00 5,50 78,62 0,31 6,33 1,38 16,04 

GGR3 

PP TD 62,00 47,00 3,70 17,00 7,80 269,10 0,23 13,14 2,86 14,75 

PP MD 64,00 53,00 2,20 9,00 7,80 151,70 0,23 7,65 1,66 26,16 

GGR4 

PP TD 31,50 24,00 3,80 16,50 6,40 163,80 0,32 12,64 2,75 7,79 

PP MD 40,50 25,50 2,00 6,00 6,50 66,00 0,32 6,55 1,43 19,33 

GGR5 HDPE TD 240,00 4,50 4,00 13,70 7,00 59,10 0,30 10,15 2,21 73,91 

GGR6 HDPE TD 240,00 4,40 4,50 15,20 6,80 83,64 0,36 13,34 2,90 56,24 

GGR7 HDPE TD 220,00 6,00 3,00 14,50 4,40 60,05 0,40 9,15 1,99 75,10 
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Table 2. Mechanical characteristics of the soils used. 349 

 ’P [°] 
’CV [°] 

’V=10 kPa ’V=25 kPa ’V=50 kPa ’V=100 kPa 

Soil A 48 46 44 42 34 

Soil B 52 50 47 44 37 

  350 



Table 3. Theoretical and experimental peak pullout resistance values obtained in Soil A. 351 

Geogrid LR ’v PR
Exp PR

Theor |PR
Exp - PR

Theor| / PR
Exp 

 [m] [kPa] [kN/m] [kN/m] [%] 

GGR1 

0.40 

10 

6,93 8,05 16,1 

0.90 17,57 17,48 0,5 

1.15 22,38 22,83 2,0 

0.40 

25 

14,61 15,47 5,9 

0.90 - - - 

1.15 - - - 

0.40 

50 

17,63 24,29 37,8 

0.90 - - - 

1.15 - - - 

GGR2 

0.40 

10 

9,39 6,92 26,3 

0.90 20,25 16,80 17,0 

1.15 22,92 20,69 9,7 

0.40 

25 

17,24 13,40 22,3 

0.90 35,82 32,47 9,3 

1.15 40,35 40,01 0,8 

0.40 

50 

23,78 21,22 10,8 

0.90 - - - 

1.15 - - - 

GGR3 

0.40 

10 

9,62 7,49 13,1 

0.90 19,58 18,62 4,9 

1.15 22,61 24,77 9,6 

0.40 

25 

15,04 14,39 4,3 

0.90 33,51 35,71 6,6 

1.15 36,26 46,47 30,9 

0.40 

50 

21,83 22,60 3,5 

0.90 - - - 

1.15 - - - 

GGR4 

0.40 

10 

7,93 7,28 8,2 

0.90 19,63 17,49 10,9 

1.15 22,08 22,32 1,1 

0.40 

25 

15,85 14,09 11,1 

0.90 31,96 33,80 5,7 

1.15 - - - 

0.40 

50 

21,26 22,31 4,9 

0.90 - - - 

1.15 - - - 
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Figures 353 

 354 

Figure 1: Schematic representation of grid geometry (Jewell et al., 1985) 355 

  356 



 357 

 358 

Figure 2. Particles motion around transverse rib (modified from Zhou et al. (2012)) 359 

  360 



 361 

Figure 3. Schematic cross section of a generic transversal geogrid bar. 362 

  363 



 364 

Figure 4. – Scale effect: results of pull-out tests in terms of ’b/(’v tan ’) ratio, carried out on 365 

different soils using (a) uniaxial geogrids in which interference effect is negligible and (b) 366 

biaxial geogrid with similar S/Beq ratio (b).  367 

  

  

(a) 

 

(b) 



 368 

Figure 5. Peak pullout resistance envelope, for each anchorage length studied, varying the 369 

normal effective confining stress, obtained for GGR1 (a), GGR2 (b) and GGR3 (c).   370 
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 371 

Figure 6. Variation of the reduction factor for the bearing resistance Cb with the normalized 372 

spacing between transversal members S/Beq. 373 

 374 
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 376 

Figure 7. Comparison between experimental and theoretical values of peak pullout resistance 377 

regarding extruded bidirectional geogrid GGR1 (a), GGR2 (b) GGR3 (c) and GGR4 (d). 378 
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