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ABSTRACT 16 

With the expansion of urban areas, the construction on soft subgrade becomes a more often 17 

issue due to excessive settlement, especially for roads network. Nowadays, the tradition soft 18 

soil replacement solution is substituted by stabilization solutions to reduce the surface 19 

settlement. Geosynthetics (GSYs) are used to stabilize base course over soft subgrade under 20 

unpaved roads. GSYs improve this structure by the following mechanisms: lateral restraint and 21 

reinforcement of base course aggregates, tension membrane effect in rutted areas, and 22 

reduction of mixing between subgrade and base soils.  With the reinforcement addition, the 23 

mechanisms developed at the interface become even more complex. It is important to identify 24 

and clarify these mechanisms in order to propose an efficient design method for this kind of 25 

structure. 26 

A large-scale laboratory test was designed and developed to characterize the GSYs effects and 27 

the reinforcement mechanisms in unpaved roads. An unpaved road platform was subjected to 28 

cyclic plate load. The platform consisted of a soft subgrade layer supporting a base course layer 29 

and placed in a box of 1.9 m of large, 1.8 m of length and 1.1 m of height. The composition of 30 

soft soil, the installation and the quality control procedure are detailed in this paper. The surface 31 

rutting, the subgrade settlement and the vertical stress distribution were monitored during the 32 

loading cycles. Moreover, the GSY strain was monitored using the fibre optic technology. 33 

Six tests were performed; two repeatability tests and four reinforced and unreinforced tests 34 

with different base course thicknesses. The tests performed proved the repeatability of the 35 

experimental protocol. Moreover, it is concluded that the used GSY has a negligible effect if 36 

the base course thickness is equal or higher than 350 mm. On the other hand, for a base course 37 

thickness of 220 mm, the geogrid reinforcement provides a surface rutting reduction of 22%, 38 

and a subgrade central vertical stress reduction of 30%. In comparison with the empirical and 39 

the analytical design methods from the literature, we conclude that these methods overestimate 40 
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the base course thickness for unreinforced platform. These experiments consist in a preparation 41 

program to a full-scale experiment, with a cyclic Traffic load applied on the unpaved road 42 

surface, using the Simulator Accelerator of Traffic (SAT) machine developed at INSA Lyon. 43 

Keywords: Geosynthetic, soft subgrade, unpaved roads, cyclic load  44 
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1. INTRODUCTION  45 

In the last few decades, geosynthetics (GSYs) were widely used in Civil engineering and 46 

especially in geotechnical field. In fact, GSYs can provide seven different functions as 47 

separation, drainage, filtration, protection, watertighness, erosion protection and 48 

reinforcement. Due to their high mechanical properties, the GSYs are used for soil 49 

reinforcement in geotechnical constructions: retaining walls, pile supported embankments, 50 

sinkholes, unpaved roads and soft subgrade, etc… 51 

Since 1970, the GSYs were used extensively in base course reinforcement (unpaved road and 52 

areas). Actually, it is an economic alternative solution comparing to the soil replacement. 53 

Indeed, the GSY reinforcement allows the base course thickness reduction. In these structures, 54 

the reinforcement can be placed at the interface between the soft soil and the base course layer 55 

or in the base course layer in order to reinforce it and reduce the rutting development at the 56 

road surface. 57 

The complex reinforcement phenomenon in this platform depend on various mechanisms as: 58 

 The lateral restraint mechanism: By adding a tension stiffness at the bottom of the base 59 

course, the lateral movement of the aggregates under the wheels load is blocked. This 60 

mechanism reduces the shear stress on the subgrade top and increases the stiffness of the 61 

base course layer. Consequently, the vertical stress on the surface of the subgrade decreases. 62 

In fact, this is a two-layer system, and the stress distribution on the lower layer depends on 63 

the relative modulus of the two layers. 64 

It is important to note that the GSY adds the tension stiffness to the base course by two 65 

mechanisms: interface friction between GSY and aggregates and, when a geogrid is used, 66 

interlocking between GSY and aggregates. 67 

Based on previous studies, the confining mechanism does not imply important surface 68 

rutting. 69 
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 The separation mechanism: This mechanism is important to conserve the well-compacted 70 

base course layer properties. In fact, the separation prevent the loss of aggregates particles 71 

in the soft soil and the incorporation of the fine materials into the base course layer.  72 

Geotextiles are typically used to provide the separation function. However, Giroud (2009) 73 

mentioned that a geogrid with appropriate aperture size can also provide the separation 74 

function. 75 

 The tension membrane effect: the tension developed in a curved GSY results in an upward 76 

force supporting the wheel load. The effect of this mechanism increases with the increasing 77 

of the rutting form (Perkins and Ismeik, 1997). 78 

In the early studies on the GSY reinforcement mechanisms in such application, the 79 

membrane effect was the dominant mechanism. However, recent works have shown that 80 

this is not the case (Giroud, 2009). 81 

As mentioned previously the mechanisms developed on the GSY interface are complex and 82 

depend on various factors. In addition, there is still a misunderstanding regarding the 83 

mechanism that governs the unpaved road behaviour. More experimental studies and research 84 

works are required to provide more knowledge and clarify these mechanisms. 85 

The aim of the present work is the development of a cyclic plate load test on an unpaved road. 86 

This testing facility will be used to compare the benefits of different GSY manufacturing types, 87 

the improvement of the existing analytical design methods and the development of numerical 88 

design methods. The subgrade and the base course constitution, preparation and installation 89 

procedures are particularly detailed. Moreover, the repeatability testing of this experimental 90 

protocol and the results obtained are given in this paper.  91 
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2. BACKGROUND  92 

2.1. Experimental tests 93 

The performance of the GSY in the reinforcement of unpaved roads on soft subgrade depends 94 

on the base course properties and thickness, the subgrade properties, the GSY position and 95 

number of layers, the GSY tension stiffness. Moreover, the aggregates-geogrid interlocking 96 

effect depends on the geogrid aperture size compared to the aggregates size, the geogrid 97 

aperture shape, the shape and stiffness of ribs and the stiffness of junction between ribs 98 

(Hufenus et al., 2006; Giroud, 2009; Qian et al., 2013). 99 

The complexity of the mechanisms that govern the performance of the unpaved reinforced 100 

roads resulted in a wide research works. In fact, two laboratory test approaches have been used 101 

in the literature to evaluate the performance of the reinforcement: the monotonic plate loading 102 

and the cyclic plate loading. 103 

Dong et al. (2010) performed a static laboratory plate load test, and compared the ratio of 104 

bearing capacity of each test in order to study the influence of the changed factors: the aperture 105 

shape, the geogrid location and the number of geogrid layers. Based on their results , the authors 106 

concluded that the geogrid placed at the depth of 2/3 of the plate diameter performed better 107 

than other positions. 108 

Another static plate load test was performed by Abu-Farsakh et al. (2016) in the aim of 109 

evaluating the effect of the GSY type, the GSY location, the number of GSY layers, and the 110 

tensile modulii. Abu-Farsakh et al. (2016) performed 22 different tests, and based on the 111 

comparison of the bearing capacity ratio between these tests, they concluded that the double 112 

reinforcement location contributes to the best platform improvement. 113 

A comparison between a monotonic plate loading and cyclic plate loading was performed by 114 

Palmeira and Antunes (2010), and the results showed that the tests under monotonic loading 115 

conditions underestimate the benefits of the reinforcement. On the other hand, Palmeira and 116 
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Antunes (2010) compared the effect of the two GSY types (a geogrid and a woven geotextile) 117 

under cyclic plate load test of 566 kPa and 1 Hz of frequency, and concluded that  the geogrids 118 

provided a better overall performance than geotextiles in this application due to the interlocking 119 

effect. This study addressed the performance of these reinforced platforms after maintenance 120 

of the surface. 121 

The large geotechnical test box (2 x 2.2 x 2 m) developed at the University of Kansas was also 122 

used to perform various cyclic plate load tests at frequency of 0.77 Hz. Qian et al. (2011) used 123 

this apparatus to perform cyclic plate load tests and compared the effect of geogrid aperture 124 

shape. The experimental study showed that a triangular aperture shape performed better than a 125 

rectangular shape. Qian et al. (2013) used the same device to compare this time the effect of 126 

base course thickness. Three different thicknesses were tested (150 mm, 230 mm and 300 mm). 127 

The experimental results showed the effect of the reinforcement on the reduction of the 128 

maximum vertical stress on the subgrade surface for the three different base coarse thicknesses.  129 

Moreover, the authors concluded that the more robust and thicker the GSY is the more 130 

important is the benefit in the platform behaviour improvement. 131 

Sun et al. (2015) performed the same test procedure to investigate the effect of load intensity 132 

on pavement response. In this test, every 100 cycles, the load intensity was increased from 5 133 

kN to 50 kN.  134 

The quality control procedure was the same in these three studies. It is important to note that 135 

the geogrids tested in these studies had the same manufacturing type. 136 

More recently, Satyal et al. (2018) used this device to test the performance of geocell in 137 

improving the railways on soft subgrade. In fact, the soft soil part remained the same, and this 138 

time it was covered with 300 mm of a ballast layer reinforced by geocell. The platform was 139 

subjected to 6,000 cycles, the load amplitude increased every 1,000 cycles, starting from 10 140 
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kN and reaching 60 kN. The results showed that the geocell reinforcement decreases the surface 141 

settlement and the applied vertical stress on the subgrade surface. 142 

Kim et al. (2006) conducted cyclic plate load tests on a reinforced and unreinforced platforms. 143 

Four different GSY types and two different base course thicknesses were tested. Based on the 144 

results, the authors observed a linear relation between the thickness ratio (which is the ratio of 145 

the required thickness to achieve a target deflection for a given base course type (h) and the 146 

required thickness to achieve the same deflection for a breaker run stone (hbr)) and the GSY-147 

Base course interaction modulus, obtained from a pull-out test. 148 

Christopher and Perkins (2008) performed a cyclic plate load test regarding the AASHTO 4E-149 

SR method to evaluate the GSY drainage function in this application. The authors concluded 150 

that the non-woven geotextile due to its drainage capacity could reduce the pore pressure in the 151 

subgrade. Moreover, they stated that the rutting is highly related to the pore pressure 152 

development in the subgrade.  153 

Moreover, Gabr (2001) performed a cyclic plate load test, and illustrated the variation of the 154 

load distribution angle of the base course with the number of cycles. And based on the results 155 

of his study two analytical methods were developed to design the reinforced unpaved roads 156 

(Giroud and Han, 2004; Leng and Gabr, 2006). 157 

In order to understand the reinforcement mechanism in these structures other authors 158 

performed full-scale tests with a cyclic wheel load. Hufenus et al. (2006), Cuelho and Perkins 159 

(2009a) and Cuelho et al. (2014) performed in situ tests on an unpaved road with various GSY 160 

types, in order to compare the bearing capacity and serviceability of the platforms. In these 161 

tests, trucks were used to apply the loading cycles. 162 

The preparation of these tests takes time, and the results can be affected by the weather 163 

conditions and the non-homogeneity of the subgrade. Moreover, since the load application is 164 

not automatic the loading cycle number is limited.  165 
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Watts et al. (2004), Jersey et al. (2012), Norwood and Tingle (2014), Yang et al. (2012) and 166 

Cook et al. (2016) performed a large-scale laboratory test with a cyclic wheel load using the 167 

Accelerated Pavement Testing (APT) facilities to reduce the test variability and external 168 

influences. This indoor test facility allows the control of the load cycles magnitude, velocity 169 

and the soils parameters. However, these tests still need long preparation regarding the platform 170 

dimensions. Therefore, it is interesting to develop a full-scale test with automatic cyclic load 171 

application, and optimise the platform dimensions to reduce the test preparation time. For this 172 

reason, a Simulator Accelerator of Traffic (SAT) was developed and appropriated for this 173 

application.  174 

The work presented in this paper aimed to prepare and approve the experimental protocol 175 

before passing to the tests using the SAT machine. In the literature little information were 176 

provided regarding the soft soil preparation and control. However, in this work a special 177 

attention was given to the soil preparation and quality control in order to have a repeatable test 178 

protocol. Moreover, in the literature the tests were limited regarding the number of cycles 179 

applied at the surface. In this study, 10,000 cycles were applied on the surface even if 75 mm 180 

of surface deformation was reached.  181 

2.2. Design methods 182 

Since 1970, various empirical design methods and analytical methods have been developed in 183 

order to determine the base course thickness by considering the GSY effect. 184 

Based on a large testing program proposed by US Corps and Engineer, Hammitt and Iii (1970) 185 

proposed an empirical design method for unreinforced unpaved road. This method consists of 186 

calculating the aggregate thickness for a rutting criterion of 75 mm. Giroud and Noiray (1981) 187 

proposed another empirical formula for unreinforced unpaved road with other rutting criteria. 188 

Moreover, Giroud and Noiray (1981) proposed a theoretical design method for reinforced 189 

unpaved roads based on the large displacement mechanism. This design method was further 190 
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elaborated by Giroud (1984). The reinforcement was included in the equations as a stress 191 

distribution improvement and a normal stress difference due to the tension membrane effect. 192 

Milligan et al. (1989) developed an analytical design method based on the small displacement 193 

mechanism of reinforced unpaved road. This method allows the calculation of the tension 194 

developed in the GSY based on the stress analysis at the base and subgrade shear interface.  195 

More recent researches has been carried in this field and more analytical methods were 196 

developed (Giroud and Han, 2004; Leng and Gabr, 2006). In fact, Giroud and Han (2004) 197 

improved the methods developed earlier to determine the base course thickness of unreinforced 198 

and GSY-reinforced unpaved roads. This design method was developed for geogrid-reinforced 199 

unpaved road, and takes the interlocking between the aggregates and the geogrid into account, 200 

the in-plane aperture stability modulus of the geogrid and stress distribution angle degradation 201 

with cycles.  This design method has been included in the “GSY Design and Construction 202 

Guidelines” manual by the FHWA (2008). 203 

Leng and Gabr (2006) provided a further development in the geogrid-reinforcement unpaved 204 

roads design. This method is based on Odemark’s method, which is an approximate method to 205 

transform a two-layer system with different modulus in an equivalent one-layer system. This 206 

method takes the stress distribution angle, the base course and the subgrade moduli degradation 207 

with cycles into account. 208 

It is important to note that both methods (Giroud and Han, 2004; Leng and Gabr, 2006) were 209 

calibrated based on laboratory tests (Gabr, 2001), and these tests were performed on one 210 

specific GSY manufacturing type. Indeed, the existing design methods were calibrated and 211 

based on specific cases and configurations.  212 

The aim of this work is to compare the experimental results with the existing design methods 213 

in order to verify the reliability of these methods. 214 
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3. EXPERIMENTAL DEVICE 215 

The tested platform was placed in a box of 1.9 m of large, 1.8 m of length and 1.1 m of height. 216 

The borders of the box were covered with plastic films to prevent the water content variation. 217 

At the bottom of the box 200 mm of well-compacted aggregates were placed and covered with 218 

anti-vibration mat to limit the vibration propagation.  219 

The test consisted of applying a cyclic load using a 300 mm diameter plate on the surface of 220 

an unpaved road supported by a soft subgrade. The maximum load applied to the surface of the 221 

platform was 40 kN, which is equal to the a half-axle load (ESAL : Equivalent Single Axle 222 

Loads ) based on the American standard AASHTO (1993) with an applied pressure of 566 kPa. 223 

The cycle load waves were generated by a hydraulic loading system (Figure 1). The maximum 224 

load was maintained for 0.2 second, the unload phase was maintained for 0.5 sec, and the 225 

loading-unloading phase was done in 0.6 sec. 226 

The unpaved road tested with this facility were subjected to 10,000 cycles, with a maximum 227 

rutting of 75 mm regarding the FHWA (2008) standard.  228 

The granular platform was supported by 600 mm of artificial unsaturated soft subgrade. The 229 

CBR of the soft subgrade should be less than 3 % so a GSY reinforcement is in need regarding 230 

the FHWA (2008) standard. The soft soil composition, installation and quality control are 231 

presented in the next sections. The CBR required for the granular platform is 20 % (FHWA, 232 

2008). Two granular platform thicknesses were tested, 350 mm and 220 mm. 233 

4. TESTS  234 

As mentioned in the previous Section, this experimental protocol was developed in order to 235 

compare the effect of different GSY. In this paper, the results of six tests are presented (Table 236 

4):  237 

 Two tests with a base course thickness of 350 mm, with and without reinforcement,  238 

 Two repeatability tests with a base thickness of 220 mm, with reinforcement,  239 
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 Two identical tests without any reinforcement and with 220 mm of base course thickness. 240 

5. MATERIALS 241 

The tested platform consisted of 600 mm of soft subgrade and a variable base course thickness. 242 

In order to simulate a soft subgrade in the laboratory and to reconstitute for every test the same 243 

subgrade properties, a well-calibrated artificial subgrade was used. 244 

5.1. Soft subgrade constitution 245 

Regarding the FHWA (2008) Standard, a base course reinforcement is necessary when the 246 

CBR ratio of the subgrade layer is less than 3 %, noting that the CBR ratio is determined 247 

regarding the ASTM-D4429 Standard.  248 

In order to simulate the same subgrade with the same properties for every laboratory test an 249 

artificial subgrade was constituted of a clay and sand mixture. 250 

Different mixtures were tested to get the mixture constitution that will reach a CBR ratio of 2% 251 

at the right side of the proctor optimum, within an unsaturated situation. 252 

Two clay types were tested: the calcium bentonite and the kaolinite. The Hostun sand (HN 34) 253 

was used in all the mixtures. For each clay type, four different percentages were tested: M1 (20 254 

% Clay, 80 % Sand), M2 (25 % Clay, 75 % Sand), M3 (30 % Clay, 70 % of Sand), M4 (40 % 255 

Clay, 60 % of Sand). 256 

The particle size distribution was drawn for each mixture to verify that the two materials can 257 

be well Mixed (Figure 2). 258 

For all the mixture combinations, the Proctor and CBR curves were drawn. Based on these 259 

curves, the water content over which the mixture was compacted to get a CBR of 2 % was 260 

determined (Figure 3). 261 

The results show that when the percentage of clay increases in the mixture the percentage of 262 

saturation at the point giving a CBR of 2 % increases (Table 1). 263 
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In this test protocol, an unsaturated subgrade is considered. For this reason, the M1 (20 % Clay, 264 

80 % Sand) mixture with the Kaolinite Clay has been chosen. Indeed, the degree of saturation 265 

of this mixture at the point giving a CBR of 2 % is 75 %. 266 

5.2. Aggregates 267 

The aggregates used in these tests are non-treated aggregates with particles diameters ranging 268 

between 0 and 31.5 mm (GNT 0/31.5), which is the most commonly used material in France 269 

for road constructions. 270 

Figure 4 illustrates the aggregates size distribution. Based on the curve the Cu and Cc factors 271 

are respectively equal 20 and 5. This soil is classified as a GP (poorly graded gravel) soil 272 

regarding the USCS standard and D2 regarding the GTR standard. 273 

The CBR required for the base course layer is 20 % regarding the FHWA (2008) standard. 274 

Figure 5 illustrates the proctor and CBR curves of the aggregates. Since the plate vibrator used 275 

to compact this layer is not qualified for the compaction of this material, we will test in the 276 

large scale the compaction of the aggregates at 4% of water content and fix the compaction 277 

protocol that will give us the 20% of CBR. 278 

5.3. GSYs 279 

A layer of a thin non-woven geotextile (17 g/m2) was placed under the geogrid layer in order 280 

to separate the soils layers. The GSY used in this test is a knitted and coated geogrid (Table 2).  281 

This product has a special manufacturing process. In fact, the yarns are joined with a special 282 

knitting technology that keeps the yarns in a straight position. This straight yarns initial position 283 

allows the development of tension in the product after a relatively small deformation, which is 284 

not the case when the initial manufacturing yarns state presents curves (Figure 6). The product 285 

apertures have a square shape, with a dimension of 40 mm. The maximum tension strength is 286 

equal in both directions (Table 2). More importantly, the manufacturing technology allows the 287 

implementation of fibre optics in the product yarns during the production.  288 
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6. INSTRUMENTATION 289 

The aim of this test is to improve the knowledge regarding the mechanisms developed at the 290 

base coarse and soft subgrade interface with geosyntheic reinforcement. To reach this goal, the 291 

test was instrumented with Earth Pressure Cells (EPC), settlement sensors (S) and displacement 292 

sensor (Table 3). Inclinometers were placed on the earth pressure cells, in order to monitor the 293 

horizontality of the sensors during the test.  294 

In order to monitor the vertical stress distribution on the subgrade surface, five earth pressure 295 

cells were placed in five different positions from the plate load centre (Figure 6). Moreover, 296 

earth pressure cells were placed in different depth positions under the plate centre. In addition, 297 

five settlement sensors were placed in different positions at the subgrade surface to monitor the 298 

vertical surface displacement occurring during cycles. This settlement sensors were 299 

interconnected by means of a pressure line, an air compensation line and a digital data cable. 300 

The sensor elevation changes is measured in terms of liquid pressure variation.  301 

Two kind of data acquisition logger were used: Data Taker data logger, Scaime measurements 302 

acquisition instrument. The data taker logger was used to take static measurements between 303 

each loading series. In fact, the limitation of this logger is the measurement of continues values 304 

with high frequency. The settlement sensors and some earth pressure cells were connected to 305 

this logger. In addition, the scaime measurements acquisition instrument was used for 306 

continuous measurements during cycles. In fact, the advantage of this data logger is that it 307 

aliments the all channels at the same time and it can read continuous output values. The used 308 

sensors connected to this logger are the earth pressure cells placed at the subgrade surface, the 309 

laser sensor and the inclination sensors.  310 

A load cell was placed on the plate to monitor and control the load magnitude. In addition, a 311 

displacement laser sensor was used to monitor the plate displacement during the test, and to 312 

draw the settlement curve at the platform surface after the 10,000 cycles. Moreover, a fibre 313 
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optic sensor was placed in the GSY in order to measure the deformation developed in the 314 

reinforcement during the loading. The spread sensor technology was used in this application. 315 

This technology is based on the Rayleigh backscattering phenomenon thanks to an 316 

interferometric optical assembly based on Optical Frequency Domain Reflectometry (OFDR). 317 

These interrogators allow distributed measurements of deformation and temperature along a 318 

single optical fibre. This measurement method results in thousands of measurement points, at 319 

centimetre or even millimetre spatial resolution, over very long lengths up to 50 m. 320 

7. TEST SETUP  321 

7.1. Soft soil 322 

A grout mixer was used to mix the 80 % of Hostun sand and the 20 % of kaolinite at a targeted 323 

water content of 11.5 %. In addition, a vibrator plate compactor was used to compact the layers 324 

and get the desired dry density of 18.8 kN/m3.  325 

Several installation protocols were tested in order to establish the protocol that will give a 326 

homogenous soil over the layers with a CBR of 2 %. For each protocol, different tests were 327 

performed to control the homogeneity and the CBR all over the layer. 328 

The relevant protocol used for subgrade installation consisted of placing: 329 

 The first 200 mm are placed without any compaction, since this layer will be subjected to 330 

the compaction of the above layers. 331 

 The next 200 mm are compacted with one compactor pass by layers of 100 mm. 332 

 A layer of 100 mm is compacted with one compactor pass. 333 

 The last 100 mm of soil is not subjected to any compaction, since this layer will undergo 334 

the compaction of the gravel layer. 335 

7.2. Aggregates 336 

It is important to note that in the large-scale compaction over the soft soil the maximum proctor 337 

and the CBR of 20 % could not be reached. Many installation protocols were tested for this 338 
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layer too. The installation protocol adopted gives a dry density of 21.5 kN/m3 and a CBR 339 

ranging between 10% and 15 %. This protocol consisted of placing two layers of 110 mm and 340 

compact each layer with four compactor passes. 341 

8. QUALITY CONTROL TESTS 342 

In order to compare the effect of GSY reinforcement in this test, variability of the soils 343 

properties is not allowed. Therefore, a series of quality control tests were performed on each 344 

soil layer prepared for testing. The quality control tests consist of a water content profile, a 345 

static and a dynamic penetrometer tests.  346 

The water content profiles along the subgrade depth were plotted before and after each test to 347 

make sure that the subgrade water content does not change during the test. The results show 348 

that the subgrade water content remains constant during the test (Figure 8). Moreover, the 349 

initial water content before each test is +the same and homogeneous all over the surface and 350 

the depth.  351 

The static penetrometer test was performed in the subgrade using the CBR cone, and the results 352 

were correlated to the CBR value. Moreover, the dynamic penetrometer test was performed in 353 

the subgrade and the base course layer, and the results were as far as correlated to the CBR 354 

value using Kleyn and Van Heerden formula given by the manufacturer technical file: 355 

Log10 (CBR) =2.632-1.28 Log10 (DCP)  Eq.1 356 

Where DCP is the depression per blow (mm/blow). 357 

By comparing the results of the static and the dynamic penetrometer in the subgrade layer, we 358 

obtain the same CBR correlated value, which confirmed the correlation reliability. 359 

The dynamic penetrometer results show the CBR profile in depth plotted for the soil layers 360 

prepared before every test (Figure 9). The graphs superposition confirms the soil repeatability 361 

for different tests. In fact, the soil installation protocol mentioned above resulted in the 362 
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composition of a homogeneous and repeatable soil layers allowing the results comparison 363 

between a test and another. 364 

Moreover, it is shown in the graphs (Figure 9) that the base course CBR values for 100 mm 365 

from the surface are around 5 %, this is due to the soil repulsion on the surface. However, more 366 

in the depth the CBR varies between 10 and 15 %, it reach 20% in some points. More in depth 367 

the subgrade CBR values is constant and around 2%.   368 

9. RESULTS AND ANALYSIS  369 

During these tests, the subgrade surface displacement, the base course surface displacement 370 

and the stress distribution were monitored. The platforms were subjected to 10,000 cycles, and 371 

the maximum rutting criteria used in the work is 75 mm regarding the FHWA (2008) standard. 372 

The rut development at the platform surface is an important criterion in the results analysis, 373 

since it is the base of the design process. There are two rutting definition, the ‘elevation rut’ 374 

and the ‘apparent rut’ (Cuelho and Perkins, 2009b). The rut depth was measured using a laser 375 

sensor, and the rut was the difference in the elevation of the measurement points over time 376 

witch is referred to the ‘elevation rut’ (Figure 10). 377 

9.1. Repeatability tests 378 

Two repeatability tests were performed on a reinforced and unreinforced platform with the 379 

thickness H = 220 mm. The maximum rut for the reinforced identical tests is 69 mm and 61 380 

mm (tests 5 and 6) after 10,000 cycles (Figure 11). The maximum rut value after 10,000 cycles 381 

for the identical unreinforced tests is 90 mm and 97 mm (tests 3 and 4) (Figure 11).  382 

Moreover, Figure 12 shows that the maximum subgrade surface settlement after 10,000 cycles 383 

for the reinforced identical tests is 63 mm and 61 mm (tests 5 and 6) and 82 mm and 78 mm 384 

for the unreinforced identical tests (tests 3 and 4). A difference of 8 mm regarding the allowable 385 

rutting displacement of 75 mm can be considered as a negligible variation. The close results 386 

given by the identical performed tests are more obvious in Figure 13. Indeed, the two identical 387 
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performed tests give the same settlement evolution curves. These identical profile shapes and 388 

values given for the identical repeatability performed tests in both reinforced and unreinforced 389 

cases prove a good repeatability of the test and the installation protocol. It is important pointing 390 

out the symmetric settlement profile shape shown in Figure 11. This explains the 391 

instrumentation of one-half of the platform. 392 

9.2. Base course thickness influence 393 

Two tests were performed with a base course thickness of 350 mm, one with reinforcement 394 

(test 2) and another without reinforcement (test 1). Figure 11 shows a small difference in final 395 

rutting for H = 350 mm between a reinforced and an unreinforced platform. In fact both curves 396 

for H = 350 mm have the same shape with an average maximum rut of 44 mm for the 397 

unreinforced platform and 50 mm for the reinforced platform. The results shows that the 398 

reinforcement effect can be negligible for a base course thickness of 350 mm. Moreover, this 399 

can be shown in the subgrade surface settlement Figure 12.  400 

It is worth pointing out that the base course thickness has the most significant influence on the 401 

surface rut development. In fact, by comparing the two unreinforced tests for H=220 mm and 402 

for H=350 mm, an evident rut reduction is observed (Figure 11). For 130 mm of base course 403 

thickness variation, the surface rut pass from 44 mm to 89 mm. 404 

9.3. GSY benefit 405 

The maximum rut for the unreinforced platform is 90 mm and 69 mm for the reinforced 406 

platform (tests 3 and 5). The reinforcement reduced the surface rutting of 20 mm (22%). The 407 

same is shown in Figure 12, a reduction of the maximum settlement at the subgrade surface of 408 

21 % after 500 cycles and 24 % after 10,000 cycles.   409 

Regarding the settlement curve developed on the subgrade surface, it is shown in Figure 12 410 

that at 400 mm and 600 mm from the plate centre at the subgrade surface the settlement is null 411 

for reinforced and unreinforced case. 412 
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In order to clarify the effect of reinforcement on the rut and settlement development, Figure 13 413 

and Figure 14 show the evolution of the maximum settlement at the subgrade and the base 414 

course surface with cycles. Without reinforcement, the maximum allowable rutting of 75 mm 415 

is reached after 350 cycles, while with reinforcement this allowable rutting is reached after 416 

8500 cycles. Both rutting evolution curves (Figure 14) show a linear evolution after 2,000 417 

cycles. This linear part is characterised by a slope of 1.4% without reinforcement and 1% with 418 

reinforcement. In addition, the subgrade settlement curves (Figure 14) show a linear evolution 419 

after 2,000 cycles, and this part is characterised by a slope of 0.085% without reinforcement 420 

and 0.053% with reinforcement. 421 

However, it is shown in the graph (Figure 14) that for the first cycle the difference in rut 422 

development between a reinforced and unreinforced platform is equal 9 mm, and after 10,000 423 

cycles, this difference is equal 20 mm. It is then worth pointing out that the GSY, effect is more 424 

important more the settlement is important, and this is because of the tension developed in the 425 

GSY. 426 

Moreover, Figure 13 and Figure 14 show a lag between the settlement developed on the base 427 

course layer and the settlement developed over the subgrade surface for both cases. This lag is 428 

due to the base course thickness reduction with the cycles. The evolution of the base course 429 

thickness reduction with cycles is shown in Figure 15. The graph (Figure 15) shows an 430 

influence of the reinforcement on the base course thickness reduction. In fact, with the 431 

reinforcement inclusion the base course thickness reduction decreases.  432 

Figure 18 shows an important influence of the reinforcement on the maximum vertical stress 433 

at the subgrade centre either for the first cycles or for the further cycles. In fact, after 500 cycles, 434 

the maximum stress decreases from 290 kPa without reinforcement to 220 kPa with 435 

reinforcement (tests 3 and 5), and after 10,000 cycles the maximum stress decreases from 296 436 

kPa without reinforcement to 246 kPa with reinforcement. 437 
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This stress reduction can be due to the increasing of the base course stress distribution angle or 438 

to the resultant of the tension membrane developed in the reinforcement. In fact, in Figure 16 439 

the distribution stress curve seems to be the same for both reinforced and unreinforced cases, 440 

but the difference could occurs between 200 mm and 400 mm from the centre plate. 441 

Unfortunately, the rotation of the earth pressure cells between 200 mm and 400 mm reduces 442 

the accuracy of the results in this area.  443 

Figure 17 shows the central stress profile variation with depth for different cycle’s states. The 444 

position variation of the earth pressure cells with the soil settlement during cycles is taken into 445 

consideration in this graph. This graph (Figure 17) shows that at 600 mm in depth from the 446 

platform surface the central vertical stress is not affected by the reinforcement. On the other 447 

hand, at 400 mm in depth from the platform surface the central vertical stress decreases about 448 

30 % with reinforcement. In addition, the central vertical stress at the subgrade/base course 449 

interface is subjected to a reduction of 17% with the reinforcement. Moreover, it is shown in 450 

the graph (Figure 16  & Figure 17) that the central vertical stress increases with cycles. This 451 

can be due to the base coarse layer degradation with cycles. 452 

In order to highlight the reinforcement benefit the traffic benefit ratio (TBR) was calculated, at 453 

45 mm, 60 mm and 75 mm of surface rutting:  454 

𝑇𝐵𝑅 =
N𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑑

𝑁𝑢𝑛𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑑
      Eq.2 455 

Where Nreinforced is equal to the number of load cycles for the reinforced base at a certain 456 

permanent deformationand Nunreinforced the number of load cycles for the unreinforced base at 457 

the same permanent deformation. 458 

Table 5 presents the number of load cycles for the three different settlement values for the 459 

reinforced and the unreinforced platforms for the base course thickness of 220 mm and the 460 

TBE values. In fact, the reinforced platform reaches 45 mm of rutting after 100 cycle, while 461 

the unreinforced platform reaches this rutting after 50 cycles.  462 
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It is shown (Table 5) that the TBR increases depending on the allowable rutting criteria. In fact, 463 

for 45 mm, the TBR is equal 2 and for 75 mm the TBR is equal 24.3. We can state that the 464 

GSY benefit is more important for high allowable rutting criteria. 465 

Moreover, Figure 18 illustrates the subgrade central vertical stress state for this same three 466 

rutting displacement. This graph (Figure 18) shows clearly the stress increasing for the 467 

reinforced platform with rutting development. 468 

9.4. GSY strain 469 

A fibre optic sensor was placed inside the GSY. Due to the OFDR technology, the continuous 470 

strain developed in the GSY was measured even during the cycles. Measurements were taken 471 

even after the base course installation. Figure 19 illustrates the developed strain in the GSY 472 

during the base course installation; it shows that the developed strain is in average equal to 473 

1,500 με. From the strain, the tension developed in the GSY is calculated knowing that the 474 

product stiffness is equal 1,000 kN/m. The developed tension is equal 1.5 kN/m, which is 1.5% 475 

of the product ultimate tensile strength.  476 

After the base course installation, the strains are put again to zero in order to measure the 477 

deformation due to the loading.  478 

Moreover, Figure 20 shows the developed strain in the GSY after the application of 1,000 479 

cycles, under applied load and during the unloading stage. The maximum strain reached at the 480 

centre during the loading is equal to 13,000 με, and during the unloading, is equal 8,000 με. 481 

This shows the elastic and the plastic deformation developed in the GSY during the loading 482 

and unloading. In fact, the plastic deformation is about 60% of the total deformation developed 483 

during the loading. Moreover, regarding the force developed in the GSY during the loading, it 484 

is equal 15% of the ultimate tension strength.  485 

At a distance of 200 mm from the box edge, the deformation due to the loading is null. This 486 

shows that there is no Anchorage effect on the results and the GSY behaviour and that the 487 
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developed tension in the GSY is taken by the interaction with the base course layer before it 488 

reaches the box edges.   489 

10. EMPIRICAL AND ANALYTICAL DESIGN METHODS 490 

The design methods proposed in the literature allow the aggregate thickness determination 491 

based on the rutting development, the cycle number, the subgrade and base course stiffnesses 492 

and the GSY reinforcement contribution. 493 

Hammitt and Iii (1970) proposed the following empirical formula for unreinforced unpaved 494 

road with rutting criteria of 75mm: 495 

𝐻 = (0.0236 log𝑁 + 0.0161)√
𝑃

𝐶𝐵𝑅
− 17.8𝐴  Eq.3 496 

Giroud and Noiray (1981) proposed another empirical formula for unreinforced unpaved road 497 

with rutting criteria (r) other than 75 mm: 498 

ℎ =
(0.190𝑙𝑜𝑔𝑁+0.445(𝑟−0.075))

𝐶𝐵𝑅0.63
    Eq.4 499 

Where, 𝐻 and r in meter; N = passages number of standard axle load 80 kN. This method is 500 

not recommended for N higher than 10,000 cycles or less than 20 cycles. 501 

More recently, the analytical methods where developed to determine the aggregate thickness 502 

for reinforced unpaved roads on soft subgrade. Giroud and Han (2004) proposed the following 503 

: 504 

𝐻 =
(0.868+(0.661−1.006.𝐽𝐴𝑆𝑀

2 )).(
𝑎

ℎ
)
1.5
.log𝑁

1−0.204.(𝑅𝐸−1)
.

(

 
 

√

𝑃

𝜋𝑟2

(
𝑟

𝑓𝑠
).(1−0.9𝑒

(−(
𝑎
ℎ
)
2
)
).𝑁𝐶.𝑐𝑢

− 1

)

 
 
. 𝑟  Eq.5 505 

𝑐𝑢 = 𝑓𝑐 𝐶𝐵𝑅𝑠𝑔      Eq.6 506 

𝑅𝐸 = min (
𝐸𝑏𝑐

𝐸𝑠𝑔
, 5) = min (

3.48𝐶𝐵𝑅𝑏𝑐
0.3

𝐶𝐵𝑅𝑠𝑔
, 5)    Eq.7 507 
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Leng and Gabr (2006) developed the following analytical solution to calculate the aggregate 508 

thickness:  509 

𝐻 =
(1+((

𝑎

ℎ
)
0.81

(0.58−0.000046𝐽𝑡
4.5)).log𝑁)

tan𝛼1
. (√

p𝑐

(
𝑟

𝑟𝑐𝑟
).(1−𝑒

(−0.78
𝑎
ℎ
)
).𝑁𝐶.𝑐𝑢

− 1) . 𝑎 Eq.8 510 

These empirical and analytical methods were used to design such structure in the case of an 511 

unreinforced platform. For the empirical method (Hammitt and Iii, 1970), the 𝐶𝐵𝑅𝑠𝑔 was taken 512 

equal to 2%, the platform was designed to support 10,000 load passes of 40 kN, noting that the 513 

rutting criteria in this method is 75 mm. The same parameters were used for the empirical 514 

method of Giroud and Noiray (1981), while the N was taken equal 5,000 cycles, since in this 515 

method N is the passages number of standard axle load 80 kN. 516 

Also for unreinforced case, the analytical method of Giroud and Han (2004) was used with the 517 

following parameters: Nc = 3.14; 𝐶𝐵𝑅𝑠𝑔= 2 %;  𝐶𝐵𝑅𝑏𝑐=12 %; P = 40 kN; pi = 560 kPa; N = 518 

10,000 cycles; 𝐽𝐴𝑆𝑀= 0 mN/°; s =75 mm; fs = 75 mm. In addition, the analytical method of 519 

Leng and Gabr (2006) was used with the same parameters, only Nc is taken equal to 3.8 in 520 

unreinforced case, and 𝐽𝑡 is taken equal to 0 kN/m. 521 

The design of the reinforced platform with the previous analytical methods is not possible is 522 

this case. In fact, the geogrid type used in this work has a negligible aperture stability modulus 523 

𝐽𝐴𝑆𝑀 (mN/°). Moreover, this geogrid has an average geogrid tensile strength at 2% of strain of 524 

20 kN/m, and in  the analytical method of Leng and Gabr (2006), the expression involving the 525 

geogrid characteristics is negative for 𝐽𝑡 > 8 kN/m. Therefore, the comparison with the 526 

empirical and analytical methods was done only for unreinforced conditions. 527 

Table 6 resumes the design results of the empirical and analytical methods. Moreover, the 528 

designed base course thicknesses were compared to the experimental base course thickness 529 
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taken equal to 350 mm, since the experimental surface rutting after 10,000 cycles is equal to 530 

44 mm smaller than the rutting criteria of 75 mm. 531 

As shown in Table 6, the empirical methods proposes a base course thickness of 460 mm 532 

without reinforcement, which is higher than the experimental base course thickness for about 533 

30%. 534 

The highest required thickness is given by Leng and Gabr (2006) and it over estimates the 535 

thickness of about 40%, regarding the proposed experimental base course thickness. It is 536 

evident that the procedure proposed by Leng and Gabr (2006) is more conservative comparing 537 

to the procedure of Giroud and Han (2004). In fact, the design dimension proposed by Giroud 538 

and Han (2004) is the lowest value and the closest one to the experimental proposed thickness. 539 

However, these conclusions are limited to the unreinforced platforms and to the experimental 540 

conditions taken in this work. 541 

11. CONCLUSIONS 542 

This paper presents an experimental study on the unpaved roads over soft subgrade. The aim 543 

of this experimental protocol is to characterise the influence of GSY reinforcement in this 544 

application. In this paper, we presented the first tests performed in order to validate the 545 

installation and preparation protocol, and verify the test repeatability. This validation tests were 546 

performed in order to prepare for further tests with different GSY types and positions. 547 

Moreover, circulation tests will be performed with the simulator accelerator of traffic 548 

developed at INSA Lyon especially for this application.   549 

This experimental protocol allowed the subgrade and the base course settlement, the GSY 550 

deformation and the vertical stress distribution on the subgrade monitoring.  551 

The unpaved road platform was subjected to cyclic plate loading. The surface rutting, the 552 

subgrade settlement and the stress distribution were monitored during tests. A special attention 553 
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was given to the layer installation and the quality control, in order to reconstruct the same soil 554 

properties for every tests and insure a good repeatability. 555 

 Two tests were performed with the same configurations to check the repeatability, the 556 

measures of stress and vertical displacements validated this repeatability. 557 

The reinforced and unreinforced tests performed on a thin (220 mm) and thick (350 mm) 558 

platforms show that the reinforcement has a negligible effect for thick platforms.  559 

The comparison between a reinforced and unreinforced thin platform (220 mm), proves the 560 

efficiency of the reinforcement in rut development reduction. Indeed, for monotonic loading, 561 

the base course rut is decreased of 22% with reinforcement.  The reinforcement decreases the 562 

central vertical stress at the interface subgrade/base course of about 17%. In addition, for cyclic 563 

loading, the GSY benefit was highlighted with the TBR ratio calculated for three different 564 

rutting: TBR45mm = 2, TBR60mm = 7.5 and TBR75 mm = 24.3. This shows that the reinforcement 565 

benefit is more important for high allowable rutting criteria.   566 

It is worth it to point out that those results are limited to the geogrid type used in this study; 567 

future works will allow testing and comparing different geogrid types. 568 

The technology of the fibre optic sensors allowed the measurement of the developed strain in 569 

the GSY during the cycles. It shows that after 1,000 cycles, the developed tension in the GSY 570 

during the loading is equal 15% of its ultimate tensile strength. Moreover, it shows that the 571 

plastic strain is about 60% of the total deformation during the loading. More importantly, it 572 

shows that there are no influence of the borders anchorage of the GSY on the results. 573 

Based on the comparison between the design method and the experimental base course 574 

thickness required, we conclude that the design methods provided in the literature overestimate 575 

the required base course thickness in the case of an unreinforced platform. Moreover, the 576 

analytical design method proposed by Leng and Gabr (2006) is more conservative than the 577 

method proposed by Giroud and Han (2004) for the unreinforced case. However, these design 578 
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methods could not be used with this specific GSY product to estimate the reinforced base 579 

course thickness. 580 
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13. LIST OF SYMBOLS 586 

A Tire contact area (m²) 

a Radius of the equivalent tire contact area (m) 

Cu Subgrade undrained cohesion (kPa) 

CBR California bearing Ratio  

CBRsg California bearing ratio of the subgrade soil 

CBR bc California bearing ratio of the base course soil 

Ebc Elastic modulus of the base course 

Esg Elastic modulus of the subgrade 

fs Factor equal 75 mm 

fc Factor equal to 30 kPa 

H Base course thickness (m) 

JASM Aperture stability modulus of geogrid (mN/°) 

Jt Average geogrid tensile strength at 2% of strain (kN/m) 

N   Passages number 

Nc Bearing capacity factor  

Nreinforced Number of load cycles for the reinforced base  

Nunreinforced Number of load cycles for the unreinforced base 
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P Wheel load (kN) 

pc Tire contact pressure (kPa) 

r Rutting criteria (m) 

rcr Critical subgrade deformation (mm) 

RE Limited modulus ratio 

𝛼1  Initial stress distribution angle (°) 

 587 
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 Figure 1 - Test setup 654 

  655 
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Figure 2 - Particles size distribution (20 % Kaolinite 80 % Sand mixture) 656 
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Figure 3 – 20 % Kaolinite 80 % Sand mixture Proctor and CBR curves 658 
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Figure 4 - Aggregates size distribution 660 

  661 

0

20

40

60

80

100

0.01 0.1 1 10 100

P
as

si
n

g 
(%

)

Sieve Diameter (mm)



 

35 
 

Figure 5 - Aggregates Proctor and CBR curves 662 
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Figure 6 - The used GSY structure. 664 
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Figure 7 - The sensors installation plan 666 
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Figure 8 - the water content in depth for each prepared subgrade 668 
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Figure 9 - CBR profile based on the dynamic penetrometer results correlation 670 
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Figure 10 - Illustration of rut measurement 672 
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Figure 11 - Base course surface settlement after 10,000 cycles 674 
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Figure 12 - Subgrade surface settlement evolution with the cycles, (a) after 500 cycles, 676 

(b) after 10,000 cycles 677 
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Figure 13 - Maximum settlement evolution with cycles at the centre of the subgrade 680 

surface for H = 220 mm 681 
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Figure 14 - Maximum settlement evolution with cycles at the centre of the base course 683 

for H = 220 mm 684 
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Figure 15 - Base course thickness reduction with cycles 686 
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Figure 16 - The vertical stress distribution at the subgrade surface, (a) after 500 cycles, 688 

(b) after 10,000 cycles 689 
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Figure 17 - Vertical stress distribution along the subgrade depth 693 
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Figure 18 - Maximum vertical stress at subgrade surface for specific base course 695 

settlement (45-60-75 mm) for H = 220 mm  696 
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Figure 19 - The Strain/Force developed in the GSY during installation 698 
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Figure 20 - The Strain/Force developed in the GSY after 1,000 cycles, during the 700 

loading and unloading 701 
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Table 1 – Degree of saturation measured for 4 mixtures  703 

Mixture 

20 % Clay  

80 % Sand 

25 % Clay  

75 % Sand 

30 % Clay  

70 % Sand 

40 % Clay  

60 % Sand 

Kaolinite Sr (CBR 2 %) = 75 % Sr (CBR 2 %) = 80 % Sr (CBR 2 %) = 90 % Sr (CBR 2 %) = 95 % 

Calcium 

Bentonite 

--- Sr (CBR 2 %) = 90 % Sr (CBR 2 %) = 95 % Sr (CBR 2 %) = 95 % 
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Table 2 - Geogrid properties 705 

Name Type Nature 

Stiffness at 

2 % (kN/m) 

square 

Aperture 

(mm) 

Maximum tensile strength 

(kN/m) 

SP* ST* 

GSY 

1 

NotexC  PET 1,000 40 100 100 
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Table 3 - Used sensors properties 707 

 Type Size Range 

Earth Pressure Cells Electrical pressure cell 100 x 200 mm 0-500 kPa 

Settlement sensors Hydraulic settlement sensor Φ 50 x 62 mm 0-300 mm 

Displacement sensor Laser sensor -- 0-200 mm 
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Table 4 - Tests details 709 

Test 

number 

Base course 

thickness (mm) 

Reinforcement Test status 

Test 1 350 Without reinforcement Reference test 

Test 2 350 GSY GSY improvement test 

Test 3 220 Without reinforcement Reference test 

Test 4 220 Without reinforcement Repeatability test 

Test 5 220 GSY  GSY improvement test 

Test 6 220 GSY  Repeatability test 
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Table 5 – Number of Cycles and TBR for specific base course settlement for H = 220 mm  711 

Base course Settlement (mm) Nreinforced Nunreinforced TBR 

45 100 50 2 

60 750 100 7.5 

75 8,500 350 24.28 
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Table 6 - Designed base course thicknesses estimation in the unreinforced case 713 

The design methods 

Designed base course 

thickness (mm) 

Experimental base 

course thickness (mm) 

Hammitt and Iii (1970) 460 

< 350 

Giroud and Noiray (1981) 460 

Giroud and Han (2004) 390 

Leng and Gabr (2006) 590 

 714 


