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ABSTRACT12

This study focuses on the evaluation of the load transfer mechanism and the determination of13

the shape of the load distribution transmitted to the geosynthetic layer when a cavity appears under14

granular and cohesive backfills. Trapdoor experimental technique with high speed acquisition of15

digital images and continuous monitoring of load and displacements were used for this purpose.16

Testing different soil types, it has been demonstrated that an approximate parabolic or inverted17

triangular load distribution seems acceptable for granular soil layer, whereas for cohesive backfill18

the load distribution could be approximately represented by two concentrated forces near the edges19

of the cavity. In both cases, an important overload on the soil surface could change the shape20

of load acting on the geosynthetic sheet. Experimental results are then approached by Terzaghi's21

formulation with an appropriate shape of load distribution and a convenient value of the earth22

pressure coefficient. Finally, recommendations are proposed to promote a better design of such23
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reinforcement structures.24

Key words: Sinkhole, geosynthetic, design, trapdoor, granular and cohesive soils25

INTRODUCTION26

Localized collapse (sinkhole) can occur in karstic regions, former mining areas or in zones of27

poor geotechnical characteristics. Ground subsidence represents a significant geo-hazard not only28

to infrastructures but to residential properties as well (Al Heib et al., 2013). The geosynthetic29

reinforcement (GR) is an economic and effective solution to reduce the total and differential30

settlement problems when limited construction time is available and small deformation is allowable31

(DGGT, 2012). When a geosynthetic layer is placed on a deformable soil on which vertical loads32

are further applied, loads are transmitted to the geosynthetic layer relieving the subsoil unable to33

support them. In this case, the geosynthetic takes up the vertical loads and diffuses them in the34

form of tensile forces transfered by friction in the anchorage areas.35

The design of such geosynthetic reinforcement layer goes through two main steps: Step (1)36

calculates the effective amount of the applied load on the GR layer, where a load transfer mechanism37

should be taken into account. Step (2) determines the maximum GR strain on the basis of the result38

of step (1); load distribution over GR, subsoil reaction, and GR stiffness should be known. Finally39

knowing the maximum GR strain and the GR stiffness gives the mobilized tensile force which40

should be smaller than the long-term GR tensile strength.41

Several methods are available to design a GR over cavities (RAFAEL, 1997; Briançon and42

Villard, 2008; BS8006, 2010; DGGT, 2012), all with their own hypotheses for the design calculation.43

The difficulty is that these models give results that largely differ, and may lead to more expensive44

design than necessary (Huckert et al., 2016).45

The objectives of the experimental study are to determine with precision the load transfer46

mechanism that develop within shallow granular and cohesive backfills subjected to localized47

subsidence and the corresponding load distribution on the GR layer and further to validate an48

appropriate analytical design model with these results.49
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LITERATURE REVIEW50

A localized loss (sinkhole) of ground support generates a local redistribution of stress and51

deformation within the soil mass, often known as arching. Soil arching is defined by Mc Nulty52

(1965) as the ability of a material to transfer loads from one location to another in response to a53

relative displacement between the locations. The pioneer work on this subject was performed by54

Marston and Anderson (1913) and Terzaghi (1943) who reproduced this effect with a trapdoor test55

by imposing a localized displacement to a horizontal rigid support. The classical experimental setup56

to investigate load transfer in the trapdoor test has been reviewed by many authors, (Vardoulakis et57

al., 1981; Evans, 1983; Stone and Muir Wood, 1992; Costa et al., 2009; Chevalier, 2008; Iglesia et58

al., 2014; Cox, 2014) under normal gravity as well as under an increased gravitational field using59

a centrifuge facility. All researchers observe that the movement of an active trapdoor causes an60

instantaneous reduction of soil stresses (initially geostatic) above the trapdoor and an increase of61

stresses in the adjacent soil mass, but they seldom agree on the value of this reduction. Terzaghi62

(1943) assumed that the lateral load transfer occurs through shear stresses along vertical planes63

going from the edges of the trapdoor to the ground surface. Iglesia et al. (1999) investigated64

the load transfer effect using a trapdoor apparatus in a geotechnical centrifuge and postulated the65

loading profile on the trapdoor as well as the arching evolution.66

While many researchers have chosen one shape to represent the zone affected by the subsoil67

collapse (Guido et al., 1987; Carlsson, 1987; Hewlett and Randolph, 1988; Han and Gabr, 2002),68

centrifuge tests performed by Iglesia et al. (1999) suggested that the volume of soil supposed to69

act on the area of subsoil of poor mechanical characteristic goes through a series of stages between70

curved, triangular and prismatic shape before coming to rest or collapse. Stone and Wood (1992)71

and Chevalier (2008) have reported under shallow conditions (H/B ≤ 2) a mechanism similar to72

that given by Iglesia et al. (1999). The mechanism reported for shallow backfills observed by Stone73

and Wood (1992) and Chevalier (2008) involves the development of multiple (internal and external)74

failure surfaces in the region above the trapdoor, with soil directly above the trapdoor remaining75

essentially rigid. This failure mechanism differs significantly from those observed by Costa et al.76
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(2009) under deep conditions, where the failure surface is observed involving a single and well77

defined internal failure surface which becomes gradually more inclined to the vertical when the78

downward movement of the trapdoor increases. This sequence of arching evolution explains the79

variation in stress acting on the trapdoor.80

There are several other recent studies focused on the numerical modeling of the load transfer81

effect (Le Hello and Villard, 2009; Chevalier, 2008; Han et al., 2011; Pardo and Sáez, 2014;82

Huang et al., 2015; Villard et al., 2016; Rui et al., 2016). Rui et al. (2016) observed numerically83

three soil evolution patterns in multiple trapdoor systems. The focus of previous studies on active84

trapdoor has been mainly limited to the failure mechanism, arching evolution within soil mass85

and the interpretation of the loading curve on the trapdoor, where no geosynthetic reinforcement86

has been used or fully studied. Based on true scale experiments (Villard and Briançon, 2008),87

numerical studies of the behavior of a reinforced thin granular layer (ratio between the thickness88

of the embankment and the width of the cavity H/B = 0.25) were performed (Villard et al., 2009;89

Yan and Bathurst, 2017). Comparisons were mainly based on the load transfer mechanisms, the90

surface settlements and the tensile strains of the geosynthetic. The DEM-FEM model (Villard et91

al., 2009) provides additional results that cannot be obtained during the experiment, as for example92

the strain pattern within the granular layer under large deformations. The existing conclusions93

concern the granular material case (cohesionless frictional backfills), and cannot be easily used for94

a cohesive soil layer. Huckert et al. (2016) have experimentally simulated sinkholes under both95

granular and cohesive soil layers reinforced with geosynthetic. Different collapse mechanisms have96

been underlined for granular and cohesive backfills. A particular load transfer mechanism has been97

proposed as well as the corresponding deflected shape of the geosynthetic layer above void in the98

case of cohesive soil, while literature analytical assumptions inspired from the granular backfill99

case have been shown unsuitable for the design of the geosynthetic layer. Therefore, researches100

investigating such behavior are strongly needed.101

TRAPDOOR APPARATUS AND MODEL TEST102
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Trapdoor apparatus103

As shown in Fig.1, the test set-up consists in a rigid base, a subsidence simulator and a box.104

The box is 1000mm in length, 400mm in width, and 200mm in height. Only shallow embankments105

are considered in this study. The front wall of the box consists in a transparent Plexiglas plate used106

to enable visualization of the models during testing, while the other sides were made of wood. The107

subsidence simulator (Trapdoor) has a fixed width B = 200mm and is located in the bottom of the108

box in its center. The trapdoor can move downwards to 50mm with a speed of nearly 0.016 mm/s.109

This causes the creation of a void within the soil mass with a predetermined vertical displacement110

δ measured with linear variable displacement transducer (LVDT). The displacement transducer has111

an accuracy of 0.05 mm. The vertical effort, called (P), applied by the soil material on the trapdoor112

was measured using a load cell with 1N of precision. In order to limit the wall boundary effects on113

the measurements, (P) is measured in the central part of the trapdoor of 200 mm x 200 mm. The114

corresponding average vertical stress (p) is deduced from (P) and the dimensions of the central115

part of the trapdoor. Test model is designed to reproduce a prototype scaled by factor n = 10 on116

lengths, where the real state of stress is not respected. This type of scaling neglects the influence of117

the modulus of the backfilled soil and of gravity on the backfill behavior. Rigorous scaling factors118

of the proposed tests at 1g proved difficult to ascertain (Zhu et al., 2012). Consequently, it will119

be difficult in this context to make quantitative interpretation of the experimental results. Scaling120

factors of the main parameters of the model test are resumed in Table 1. The use of a flexible rubber121

membrane for the reinforcement at the base of the soil layer does not allow measuring the total load122

acting on the trapdoor. Therefore, an original specific process using photogrammetry technique123

has been used to determine the reinforcement strain and deduce the vertical load distribution acting124

on the membrane all over the void.125

Soil and reinforcement properties126

The considered soil layers are either made of a granular (cohesionless) material or a cohesive127

sandy-clay. The shear strength parameters of these geomaterials have been obtained from conven-128

tional triaxial compression tests (Table 2). In order to obtain the stress levels during the triaxial tests129
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comparable to those observed in the trapdoor tests, the confinement stress was relatively low with130

σr = 5, 10, 15kPa. The gravel of a specific gravity γ = 15.2kN/m3 has a maximum and minimum131

particle size dmax and dmin of 12.5mm and 5mm respectively, a coefficient of uniformity Cu of 1.61,132

a peak and residual friction angle φpeak , and φres of 53.6° and 40.1° respectively. The sandy-clay133

material has a dry unit density γd = 13.8kN/m3, a friction angle φ = 35°, a 15% moisture content134

and a cohesion C = 5.5kPa. The liquid limit WL, plastic limit WP and plasticity index IP are135

respectively 37 ; 20 and 17%. The sandy-clay soil grains have a maximum diameter of 7mm where136

97.8% of them are < 2mm, 67.7% are < 80µm and 23.6% are < 2µm. A 2 mm-thick flexible137

rubber membrane has been used to represent the geosynthetic reinforcement in order to respect the138

condition of similarity and to allow measuring the tensile strain using a photogrammetry technique.139

The tensile behaviour of the membrane has been characterized in tensile tests on 20 ± 1mm wide140

specimens. Load - extension curves show a non linear elastic behavior of the tested membrane, the141

variation of the axial stiffness J defined per unit length of the geosynthetic layer in the range of142

strain measured in trapdoor tests is given in Fig.2. Considering the scaling factor of n = 10 a value143

of the tensile stiffness equal to 20 kN/m in the small model corresponds to a value of 2000 kN/m144

in the full-scale case which is a classical value used in reinforcement applications.145

Test program146

The model tests using gravel have been carried out for three different overburden heights, i.e.,147

H/B = 0.25, 0.5 and 0.75 respectively. Tests 1-3 have been carried out without GR, however in148

Tests 4-6 the GR is used to conclude on the effect of the GR on the load transfer mechanism and149

backfill soil behavior. Only one GR layer with a unique tensile stiffness is tested here. A soil layer150

with H/B = 0.25 has been tested for the sandy-clay layerin tests 7-8. This study mainly deals with151

the behavior of shallow backfill over cavity where (H/B ≤ 0.75). The test program is listed in152

Table 3.153

We note that each presented test has been repeated three times, 24 tests have been carried out in154

total, all results are similar and will therefore be given in the format of the mean experimental value155

± the maximum average spread.156
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In Tests 4-6 and 8, the soil surface is loaded successively by two linear uniform loads (Q1 and157

Q2) placed above the middle of the trapdoor using steel bars of 25 ± 1mm in width, 50 ± 1mm in158

height and 400 mm in length. Each steel bar Q1 and Q2 has a total weight of 23 N. These loads have159

been applied to investigate the reinforcement response against such surface loading, and purposely160

to produce the collapse of the cohesive backfill in Tests 7-8.161

Photogrammetry162

A key requirement of the research is to provide accurate measurements of soil movement and163

GR displacements in ordre to determine accurately the vertical load distribution acting on the GR.164

Digital images have been captured remotely via a PC mounted next to the model test using 15165

Megapixels cameras. Images have been processed using the image analysis software VIC 2D. Full166

field two-dimensional displacement and strain data are thus provided for both the soil layer and the167

GR sheet. Determining the strain distribution at different points on the GR sheet over cavity is a168

big issue since it is further used to calculate the tension force induced in the GR and also the shape169

and intensity of the load transmitted to the GR due to the cavity appearance as explained in the next170

section. The soil layer is considered as having naturally a large enough variation in texture to allow171

an accurate tracking from one image to another. In addition, a speckle pattern has been projected172

on the edge of the GR using spray cans to enable the use of digital image correlation technique173

(DIC) on this thin structure. The GR is sufficiently separated from the box boundaries to avoid any174

interaction that could disturb the results.175

Note that in order to effectively filter out scatter in experimental measurements, displacement176

curves have been smoothed. Smoothness of both vertical and horizontal measurements is essential177

in order to obtain clearer estimations for strain and load distribution. Smoothing was applied178

using an interpolation spline, which fits a smooth curve exactly through the given data points.179

The used spline is defined piecewise by polynomials, using this smoothing theory avoids Runge's180

phenomenon and provides the best smoothing curve (Birkhoff and de Boor (1965)). The 1-181

standard deviation confidence in the match at a correlated point changes from 0.0125 to 0.115182

pixel (1pixel = 0.105948mm). A 0 value indicates a perfect match; higher numbers indicate a183
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noise.184

GR response: Exploitation method185

The GR strain is calculated successively between every two points i and i + 1 of GR layer all186

along the trapdoor by comparing their initial coordinates noted (xi, yi) and (xi+1, yi+1) and their187

corresponding final positions after the trapdoor has moved down noted (x
′

i
, y
′

i
) and (x

′

i+1
, y
′

i+1
)188

respectively (Fig.3). The strain between points i and i + 1 is obtained, considering no change in189

curvature between the two points. The strain εi,i+1 between points i and i + 1 is obtained by:190

εi,i+1 = ε j =

√

((x
′

i+1
− x

′

i
)2
+ (y

′

i+1
− y

′

i
)2)

((xi+1 − xi)
2
+ (yi+1 − yi)

2)
− 1 (1)

The induced tensile force defined per unit width of the geosynthetic is then deduced by:

Tj = J (ε)ε j (2)

Knowing final positions of points on the GR, the GR inclination with respect to the horizontal

direction could be determined at any point along the GR layer as following:

tan α j = (y
′

i+1 − y
′

i )/(x
′

i+1 − x
′

i ) (3)

Using the induced tensile force and the GR sheet inclination in Eq. 2 and Eq. 3, the vertical

component of the tensile force can be calculated with:

Tv, j = Tj sin α j (4)

Finally, the vertical load acting at any point of the GR layer over the cavity is obtained considering

the vertical equilibrium of a part of the GR of length △x (Fig.3):

q j, j+1 = qk =
△Tv

△x
=

Tv, j+1 − Tv, j

x j+1 − x j

(5)
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Where qk expressed in kN/m2 is the vertical surface load between two points j and j+1 on the191

GR over the cavity, whose abscissa difference is noted △x, and △Tv is the associated variation in192

vertical component of the tensile force defined by meter width. It should be noted that shear forces193

along GR over the cavity originating from soil / geotextile interaction are not taken into account in194

the derivation of Eq.5.195

Experimental validation of the procedure for the load distribution determination196

In this section, we report on experiments designed to test the effectiveness of the exploitation197

procedure presented above to deduce the distribution of load transmitted on the GR over cavity.198

The presented experimental results aim to secure that the exploitation method is satisfying with199

respect to representativeness, reproducibility and repeatability. Validation experiments consist in200

the loading of the GR layer with a cylindrical metal tube with a weight of 22N and a diameter201

equal to 50mm spreading over the model box width (400mm) with a gap of 2mm. Three tests202

(Tests (a), (b) and (c)) have been carried out in the same conditions and compared in terms of strain203

distributions. No soil mass is used in these tests, the GR layer is stabilized with a 300N metallic204

plate on each anchorage side next to the trapdoor edges. The plates have the same dimensions as205

the anchorage zones and their weight is supposed uniformly distributed over the whole anchorage206

area (400mm x 400mm) (Fig.4).207

Strain distributions of GR for three identical tests are presented in Fig.5a. Experimental values208

show a good convergence with almost a linear strain distribution over the trapdoor. These results209

are close to the theoretical estimation (ε = 1.25%), obtained from the analytical resolution of the210

GR sheet equilibrium under cylindrical tube loading assuming no friction between the flexible211

rubber membrane and the tube, a constant value of the GR tensile strain over the void and an212

horizontal displacement of the GR in the anchorage area (0.28 mm as experimentally observed).213

Strain distribution is slightly antisymmetric over the cavity, this could be explained by the fact that214

the anchorage conditions were not perfectily identical on both sides of the anchorage zones, and215

that the GR layer was not fully mobilized. Fig.5b shows the vertical tension curve, obtained from216

the average smoothed strain distribution in Fig.5a applying Eq.4. An approximately constant value217
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of Tv, j is observed between the two edges of the cavity.218

If we note A and B the points of the GR at the edge of the cavity, we obtain Tv,A = 30.3N/m219

and Tv,B = 24.7N/m ( Fig.5b). The weight of the cylindrical tube could be estimated using:220

Q2Tv = 0.4(Tv,A + Tv,B) = 22N which is equal to the real weight of the cylinder.221

Using Eq.5, the shape of load distribution transmitted to the GR can be determined as shown in222

Fig.5c. Transmitted load reaches a maximum at the tube/GR interface, then drops suddenly to nearly223

zero along the GR over the rest of the trapdoor. The weight of the cylinder could be also calculated224

by the integration of the load distribution curve over cavity saying : QInt =

x=+100
∫

x=−100

z=400
∫

z=0

qk dx dz =225

22.56N . The integration of the load distribution curve over cavity seems also satisfying to estimate226

the real applied load on the GR. Q2Tv and QInt are relatively equivalent.227

The exploitation procedure is therefore judged reliable and fulfilling the intended purposes. All228

the results presented thereafter are based on the average strain between repeated tests.229

UNREINFORCED GRANULAR SOIL: TESTS 1-3230

Loading response - Arching theories vs. experimental results231

Fig.6 shows the trapdoor average vertical stress p normalized by the geostatic stress p0 = γH ,232

against the trapdoor displacement δ normalized by the trapdoor width B.233

Similar trends are obtained in Tests 1-3 with a good general agreement with Chevalier (2008)234

and Iglesia et al. (2014) findings. As the trapdoor is lowered, the stress on the trapdoor drops rather235

abruptly to reach a minimum value generating maximum arching and then gradually increases236

(approximately linearly) before being roughly constant until the trapdoor cannot move down any237

further. The most significant difference between Tests 1-3 is the stress reduction amount and the238

ultimate recovered stress. The displacement corresponding to the minimum load on the trapdoor239

tends to fall within a wider range (δ/B ≈ 1.35%) for all tests. This range is in full agreement with240

results reported by Chevalier (2008). Initial stress is reduced to 68 %, 55% and 35% of p0 for241

respectively H/B = 0.25, 0.5 and 0.75 due to load transfer effect. A higher reduction is observed242

for thicker soil layers. Unlike deep soil layers, loading curves obtained for both small values of H/B243

and large trapddor displacement δ, show different minimum absolute stress (p), which increases244
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with soil depth. This could be explained by the fact that the load transfer action is not identical and245

prevented from effectively forming in Tests 1-3, i.e., arching cannot be fully sustained in regular246

manner when the overburden is relatively shallow and the ratio of soil height to trapdoor width247

(H/B ≤ 0.75) is lower than the lower limit (1.5 ≤ H/B ≤ 2) estimated by Terzaghi (1943) to have248

a stable arching action.249

In addition, for the ultimate state reached for large trapdoor displacement δ (i.e. δ/B = 100%),250

Test-1 with H/B = 0.25 shows that the initial geostatic pressure is approximately fully recovered,251

whereas in Tests 2 and 3 with H/B = 0.5 and 0.75 a reduction of 13% and 20% respectively is252

still observed.253

In this section, more attention is payed to the estimation of the maximum stress reduction254

generated by load transfer mechanisms. A summary of the equations proposed in previously255

published arching theories to estimate minimum and ultimate loading caused by active trapdoor256

movements is provided in Table 4.257

Among the minimum load expressions proposed in the literature, Engesser (1882), Iglesia et258

al. (2014), Bierbaumer (1913), Evans (1983) and Guido et al. (1987) are chosen for general259

comparison. Horizontal lines in Fig.6 represent the maximum stress reduction estimations of260

different analytical equations for Test-3.261

Engesser (1882) formulation that adopts an initial parabolic shape of the collapsed backfill zone262

at the maximum load transfer provides an estimation close to experimental results. Modifications263

on Engesser (1882) formulation proposed by Iglesia at al. (2014) gives the best estimation of the264

maximum load transfer mechanism in the case of unreinforced granular soils.265

Vertical displacement analysis266

Fig.7 shows the contours of vertica granular soil displacements (Sv), for trapdoor displacements267

equal to (a) 0.75 %, (b) 1.65 %, (c) 3.5 % and (d) 9.5 % of the trapdoor width B. The general pattern268

of displacements is shown to change with δ. Loading curve response and vertical displacement269

fields illustrate the three main stages of the behavior of a shallow granular backfill.270

Initial or maximum load transfer: as soon as the trapdoor is moved, the soil grains come271
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immediately into contact with each other and allow the formation of a force (arch) path oriented272

toward stable areas. The moving area is located above the cavity in the shape of an inverted273

parabola (Fig.7a). At this point, the maximum load transfer mechanism is obtained. Chevalier274

(2008) reported that this stage corresponds to soil decompaction.275

Loading recovery: this stage is a transition from the maximum load transfer (minimum loading)276

to the ultimate state. The moving zone of soil is larger and reaches the soil surface, the initial277

parabolic displacement pattern cannot be sustained and evolves towards an approximately trape-278

zoidal one (Fig.7b). Thus, Fig.6 shows that stress variation in this stage is almost linear, the slope279

represents the way the load transfer decreases progressively as trapdoor move down. Fig.6 shows280

that load recovery index decreases with the ratio of the height of the soil layer to the trapdoor width.281

This can be explained by the fact that arching is more efficient with thicker backfills.282

Ultimate state: as the trapdoor continues to move. the whole height of the backfill above the283

trapdoor is affected by the displacement of the latter, the arch pattern doesn’t exist anymore and284

two vertical shear bands develop at the edge of the trapdoor instead (Fig.7d).285

The soil immediately above the trapdoor is moving at the same rate as the trapdoor displacement286

δ. On the opposite, the ratio of the settlement at the soil surface to the trapdoor displacement δ is287

significantly lower than 1, indicating the zone of soil above the trapdoor is dilating.288

REINFORCED GRANULAR SOIL: TESTS 4-6289

For these tests, due to the presence of the GR, neither subsidence displacement δ nor the applied290

stresses on trapdoor have been measured.291

The mechanism observed for the three backfill heights (H/B = 0.25, 0.5 and 0.75) used in the292

previous section have been reconsidered this time with a geosynthetic reinforcement layer. The293

same GR layer has been used in the three tests. Direct measurements of the displacement have been294

performed on both granular soil layer and along the GR layer using DIC technique. The influence295

of GR on the displacement field in the overlying soil layer is qualified, and analytical estimations of296

the load acting on the GR layer proposed in the literature are compared to the experimental results.297

Placed directly on the rigid base of the trapdoor model, the GR layer has been anchored on each298
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side over 400mm from the trapdoor edge under only the weight of the soil backfill. Data acquisition299

stops when the trapdoor loses any contact with the GR layer.300

Vertical displacement analysis301

Vertical settlements are significantly smaller than those obtained in the unreinforced soil case302

not only at soil surface but also at different depths in the backfill. For Test 6, the maximum vertical303

displacement at soil surface appear in Fig.8 as reduced 35% compared to the unreinforced backfill304

in Test 3 for the same final trapdoor displacement (9.5% of B) at which the GR takes off from the305

trapdoor. This observation is explained by the mobilization of the GR layer that prevents the soil306

above the edges of the cavity to move downwards and thus reduces its deformation and expansion.307

GR behavior: Strain and load distribution308

Tensile strain and load distributions along the GR layer determined by photogrammetry analysis309

are presented in this section. The results of Tests 5 and 6 showed similar trends, therefore tensile310

strain and load distributions are given for only Tests 4 and 6. For Tests 5 and 6 (under backfill311

weight and overloads), the tensile strain of the GR at the edges of the trapdoor are generally larger312

than those obtained at midspan, while the tensile strain variation of the GR in the central part of the313

trapdoor is quite small even after surface loading (Fig.9). The reason of the higher strains in GR at314

the dges of the trapdoor than in the adjacent zone is due to the vertical stress concentration at the315

edge of the trapdoor shown hereafter,which is similar to the abrupt-increase strain in geosynthetic316

at the edges of piles firstly discovered by Han and Gabr (2002). Obtained strain patterns, above the317

cavity and in the anchorage zones, are similar to the analytical, numerical and full-scale experiment318

results founded by Villard and Briançon (2008), Villard et al. (2009). On the opposite, the GR319

tensile strain in Test 4 is approximately constant over the length of the trapdoor for unloaded case320

(Fig.10). This phenomenon is explained by the large amount of sliding of the GR layer in the321

anchorage areas where the confinement stress is very low and unable to effectively counterbalance322

the load transmitted to the GR on top of the trapdoor. The tensile strain in the GR reaches a323

maximum in the center of the trapdoor and decreases gradually towards the trapdoor edges, the324

load transfer mechanisms are thus strongly affected.325

13 HASSOUN et al., March 29, 2018



Accordingly, Fig.11 concludes that the load distribution in the GR over the trapdoor determined326

by the established experimental analysis procedure approaches for Tests 5 and 6 an inverse triangular327

distribution. Arching mechanism effect is well observed. Contrary to RAFAEL (1997), BS8006328

(2010) and EBGEO (2011) hypothesis, a non uniform distribution was shown. The obtained shape329

of the load distribution meets experimental and numerical conclusions of Villard et al. (2016) and330

Han and Gabr (2002).331

Further loading of the soil surface with Q1 and Q2, the shape of load distribution in Test 5 does332

not significantly change, a small increase in the stress in the center and at the trapdoor edges is333

observed. The backfill in Test 6 appears to be less influenced by surface loading. On the other hand,334

for unreinforced Test 4 the load distribution does not reflect an effective load transfer mechanism.335

Loading the soil surface drastically changes the shape of the load distribution acting on the GR,336

with a concentration of stress near the center of the trapdoor (Fig.12).337

The stress reduction ratio (SRR) is defined as the ratio of total load Q transmitted to the GR above338

the trapdoor and calculated experimentaly with Q = 0.4(Tv,A+Tv,B), to the initial average geostatic339

stress applied by the backfill weight (E) plus eventual surface loads Q1 and Q2. The lower the value340

of SRR, the greater the arching effect, a SRR of 1.0 implies no arching.341

SRR = Q/(E + Q1 + Q2) (6)

As expected, Fig.13 shows that SRR decreases with an increasing backfill height, a larger342

soil arching effect being underlined for thicker soil layers. Stress reduction ratio is approximately343

70%, 45% and 35% in unloaded Tests 4, 5 and 6 respectively. Arching in Test 5 is shown to be344

maintained after Q1 was applied. Arching effect is even more relevant in Test 6, where a constant345

SRR is calculated for all loading cases.346

For Test 4, the large displacement of the granular layer due to the sliding of the GR in the anchorage347

areas, combined with the frictional mechanism at the interface between GR and the granular348

particles, lead to complex load transfer mechanisms that increase with additional overloads. A349

remarkable point, that needs to be pointed out, is that SRR values for Tests 4-6 (with reinforcement)350
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are approximately equal to the maximum stress reduction ratio in unreinforced Tests 1-3 (Fig.6).351

This observation leads to conclude that the reinforcement layer has maintained the “maximum load352

transfer” stage mentioned earlier even for larger subsidence.353

Comparison with analytical approaches of the GR deflection and strain354

Several analytical models for the design of GR layer are available in literature. An analytical

model requires two elements: an arching model that provides the stress applied on the GR layer

and the shape of the load distribution on the GR above void. From these elements, the equilibrium

equations can be established and the corresponding GR tensile strain and induced tension are cal-

culated. These models generally differ in arching values and load distribution shapes. Considering

the equilibrium of a differential rectangular element on trapdoor, Terzaghi (1943) estimates the

ultimate vertical applied stress σv for unloaded cohesionless backfill as follow:

σv = q0 =
γB

2K tan φ
(1 − exp2K tan φH

B ) (7)

Where K is the ratio between the horizontal and vertical stresses (K =
σh
σv

).355

Terzaghi formula provides a stress estimation that depends to a large extent on the value of K .356

Various authors have used this theory but with different assigned values for K , which is difficult357

to be determined experimentally with an accurate value. The different proposed values of lateral358

earth pressure coefficient K are shown in Table 5.359

Fig.14 shows a comparison of average soil pressures acting on the GR calculated by Terzaghi360

formula for different K expressions given in Table 5 with Tests 4-6 results. The sensitivity of361

Terzaghi equation (Eq.7) on different formulations of K is clearly illustrated, high disparity between362

different estimations of vertical stress is observed. The calculated soil pressures using K proposed363

by Aubertin et al. (2003), and Chen et al. (2010) underestimate tests results. On the opposite,364

Handy (1985) and Marston & Anderson (1913) highly over-estimate experimental measurements.365

Terzaghi (1943) proposition appears as a secure choice. Huckert et al. (2014) estimation of K from366

true scale experiments approaches at best the obtained experimental results.367
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The shape of the load distribution on GR layer is also of high importance. Here various geometries368

for the distribution of vertical stress have been tested in terms of maximum GR deflection and369

tensile strain. All the considered distributions have the same average stress intensity, as defined by370

Terzaghi in (Eq.7), with K = 1.3 as proposed by Huckert et al. (2014). φ is assumed to be the371

peak friction angle of the granular material. The use of φpeak is based on the results obtained in372

the previous section where a maximum arching effect was proved at the end of Tests 4-6. Only the373

cases without loading at the soil surface are considered in this section. Analytical developments374

proposed by Huckert et al. (2016) and Villard et al. (2016) have been used for comparison with the375

experimental results. The main assumptions of the proposed analytical model are a non uniform376

load on the GR over the cavity, the sliding and the friction of the GR in the anchorage areas on each377

side of the cavity.378

Parabolic and inverted triangular load distributions are proposed to match the experimental379

results. Equilibrium equations for the corresponding load distribution are given in Table 6. The380

effect of both null and low (denoted NZ for Non-Zero) values of the stress at the center of the381

trapdoor has also been studied. For the NZ cases, the vertical stress at the trapdoor center is382

assumed to be equal to 0.22kPa as shown in Fig.12 and Fig.11.383

Importance of GR displacement at the edge of the cavity (UA) on its maximum deflection and384

tensile strain is also highlighted by using experimental values of UA (UA = 1.34, 0.82, 0.77mm) for385

Tests 4-6 respectively. Comparison between analytical and experimental results for Tests 4-6 in386

terms of maximum GR deflection and strain is presented in Table 7.387

The comparison shows that NZ parabolic or inverted triangular load distributions are required388

to estimate accurately the maximum deflection and tensile strain in the GR. This conclusion is389

valid for granular cohesionless backfills and considering an adequate value of K = 1.3 as proposed390

by Huckert et al. (2014) and the displacements of the GR layer at the edges of the cavity as391

recommended by Villard and Briançon (2008) in such case.392

393

TESTS WITH A COHESIVE SOIL BACKFILL TESTS 7-8394
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Few experimental tests have been carried out so far to simulate the sinkhole opening under a395

cohesive soil layer. The mobilized failure mechanisms in such cohesive soil under localized sinkhole396

being still not clearly identified, the main objectives of this section are a better understanding and397

description of the total transferred load, of the shape of the load distribution on the GR layer and398

of the GR behavior in anchorage zones.399

In Test 7, an unreinforced layer of manually compacted cohesive soil with H/B = 0.25 has400

been observed bridging the trapdoor cavity with very small maximum deflection (0.35%B) after401

the trapdoor was moved down. The cohesive backfill behaves as a slab with small deflection at its402

center. No cracks appeared neither at the edges nor at the center of the cavity. In this case, the403

soil layer ensures its own stability thanks only to its cohesion (Fig.15a). Similarly to reinforced404

granular Tests 4-6, when the trapdoor reaches its lower position, loads Q1 and Q2 have been applied405

on the ground surface to cause the backfill failure. Q1 appears as the minimum load required for406

the collapse of the unreinforced soil layer associated with the development of several relatively big407

blocks on the trapdoor as observed in Fig.15b.408

The previous collapse mechanism has not been fully observed when the cohesive layer is409

reinforced (Test 8). Firstly, the cohesive soil layer lost instantaneously the contact with the trapdoor410

and the GR layer deflects due to its own specific weight, the slab behavior is the same as in the411

unreinforced case. Loading the soil layer, a large volume of cohesive soil falls principally in one412

block on the GR. Approximately the same overload (Q1) has been required to cause the failure as413

for the unreinforced backfill, no influence of the GR is shown at this stage. The main fallen block of414

cohesive soil has a characteristic geometry (trapezoidal one), limited by major cracks propagating415

from the edges of the trapdoor up to the area close to the loaded surface (Fig.16a). Increasing the416

surface load to Q2, cracks within the soil layer continue to develop with greater thickness and the417

GR layer is more curved at the trapdoor centre under the block of collapsed soil (Fig.16b).418

The speckle pattern projected on the GR layer allows to determine the profiles of horizontal419

and vertical displacement after the rupture of the cohesive soil layer and to deduce therefrom the420

tensile strain distribution in the GR layer using (Eq.1).421
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It can be seen that tensile strain distribution in GR shows a constant value above the trapdoor422

under Q1 and a slight variation under Q2 (Fig.17).423

Applying the same procedure as in the granular case, after calculation of different tension424

components with the corresponding GR inclination, the vertical stress qk acting at all points of the425

GR layer is obtained using the relation with vertical component of the tension Tv in (Eq.5). The426

stress distributions obtained after the collapse of the cohesive soil layer due to loading Q1 and Q2427

are presented in (Fig.18).428

For the two loading phases, a high concentration of stress is observed near the edges of the429

cavity due to the block collapse mechanism. On the other hand, the stress is very low in the central430

part for loading with Q1 but more important under Q2. The small vertical stress value on the central431

part of the GR layer especially under Q1 could explain the flat shape of the GR layer in this part432

(Fig.16a).433

Integrating the vertical stress distributions in Fig.18, the total load transmitted to the GR for Q1434

and Q2 loading cases is respectively 34 N and 60 N, i.e. 54% and 70% of the total collapsed weight435

above the trapdoor (weight of the collapsed soil block + overload). These values clearly lower than436

100% could be explained by the collapse mechanism, where the cohesif soil layer breaks in blocks437

and that the forces are transmitted from one block to another and to the GR layer only at the contact438

points. The soil layer does not collapse completely on the GR and the soil blocks touch the edges439

of the trapdoor.440

The obtained collapse mechanism is very close to that proposed by Huckert et al. (2014).441

Huckert et al. (2014) proposed to represent its effects by a localized action (stress) applied by the442

collapsed block on the GR layer. The distance between the two localized force is equal to the length443

of the base of the collapsed soil volume.444

The analytical approach proposed by Huckert (2014) assumes a collapse of the cohesive soil445

layer in blocks when subjected to a concentrated load at the soil surface. The principle of this446

model is then to transfer the weight of the collapsed soil block and the surface overload to the GR447

layer by means of two vertical forces (2P) defined per meter of width of the geosynthetic sheet448
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(Fig.19). The collapsed block is further considered rigid, undeformable and dimensionally stable.449

The proposed analytical model consists in solving Eq.8 for the horizontal tension Th.450

UA + [

√

1 + (
P

Th

)2 − 1](l − B/2) =
Th

J (ε)
[(1 + (

P

Th

)2)(l − B/2) + l] (8)

Huckert assumed that the length 2l between the forces representing the effect of the collapsed451

block could be estimated with: 2l = (l1 + 2H tan φ) where l1 is the upper base of the collapsed452

block that could be approximated by the overload application length (equal to 50 mm for Q2 loading453

case). The horizontal displacement UA is here replaced by its experimental value (0.51 and 1.55mm454

for Q1 and Q2 respectively).455

The mechanical behavior of the GR layer, at the right of the cavity, is then given by the456

expressions of maximum deflection, tension and GR deformation as follow:457

f =
P

Th

(B/2 − l) (9)

Tmax = TA = TB = Th

√

1 + (
P

Th

)2 (10)

εA = TA/J (ε) εB = TB/J (ε) (11)

The comparison of the analytical results obtained with Huckert’s model and the experimental458

results for the two loading phases Q1 and Q2 in Test-8 is given in Table 8, the geometrical properties459

of the collapsed soil block being deduced from experimental observations.460

Despite its simplicity, the analytical approach proposed by Huckert (2014) describes in a461

reasonable way the experimental results. The strong hypotheses made on the geometry of the462

deformed GR layer (straight segments) and on load transfer explain the gap on the maximum tensile463

strain and deflection of the GR layer which presents a slight curvature in the experiment. The464

application of the load via two localized forces can also be questioned, in particular when the465

intensity of the overload applied at the soil surface becomes important compared to the weight of466

the collapsed soil blocks and the stress becomes larger near the centre of the cavity.467
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CONCLUSION468

A series of experimental tests using classical trapdoor apparatus have been carried out to inves-469

tigate soil arching effect, load transfer mechanism and soil - geosynthetic reinforcement interaction470

due to local subsidence for both granular and cohesive backfills. A specific methodology was devel-471

oped in this work based on the treatment of the experimental results obtained by photogrammetry472

technique (DIC) to determine the interaction forces between GR and soil.473

In the case of a granular soil, the main finding is that:474

• Among the different propositions of load distribution, the inverted triangular or parabolic475

shapes appear to be the most adapted to describe accurately the experimental results.476

• An additional surface loading leads to a change in the load distribution on the GR close to477

the middle of the cavity in the case of small H/B ratios (i.e. 0.25 in Test 4) whereas the478

shape is not modified for larger values of H/B.479

• The GR displacement and deformation in the anchorage zones are well accounted for. The480

intensity of the load transfer mechanism can be approached by Terzaghi’s formulation using481

appropriate value for the ratio between horizontal and vertical stresses (K = 1.3).482

• Depending of the ratio H/B the load transfer coefficient SRR varies from 35% to 70%.483

A preliminary analysis has also been proposed in the case of a cohesive soil showing that:484

• The load distribution on the GR is only measured when a surface load is applied and large485

enough to induce the failure of the soil layer that bridges the cavity.486

• The resulting block applies loads on the GR that are localized close the cavity edges.487

• The measured strains and tension in the GR validate to a certain extend the analytical488

approach proposed by Huckert et al. (2014).489

The proposed experimental procedure can be further applied for other material properties and490

different loading configurations and will enable to propose and validate design methods, notably in491

the case of a cohesive backfill.492
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NOTATION493

The following symbols are used in this paper:494

B = trapdoor width (mm);

C = soil cohesion (kPa);

dmax , dmin = soil maximum and minimum particle size respectively (mm);

E = real total weight applied on the GR above the cavity (N);

J = axial stiffness defined per unit length of the GR layer (kN/m);

H = backfill height (mm);

K = coefficient of lateral earth pressure;

l1 = upper base of the collapsed sandy-clay block (mm).

2l = distance between the two forces (2P) (mm);

P = vertical effort applied by the soil material on the central part of the trapdoor (N);

p = average vertical stress acting on the central part of the trapdoor (kPa);

p0 = geostatic vertical stress applied on the trapdoor (kPa);

(2P) = two vertical forces defined per meter of width of the GR (N/m);

Q = total calculated weight transmitted to the GR above the cavity (N);

Q1 , Q2 = overloads at the backfill surface (N);

qk = vertical load acting at any point k of the GR layer over the cavity (kN/m2);

Sv = vertical soil displacement (mm);

SRR = stress reduction ratio;

Tj = total tensile force defined per unit width at any point j of the GR (N/m);

Tv, j , Th, j = vertical and horizontal components of the tensile force at any point j of the GR (N/m);

UA = horizontal displacement of the GR at the edge of the cavity (mm);

WL, WP ,IP = liquid limit, plastic limit, plasticity index of sandy-clay soil respectively (%);

W = moisture content in soil (%);

(xi, yi) = initial coordinates of point i on the GR before moving trapdoor;

(x
′

i
, y
′

i
) = final coordinates of point i on the GR after the trapdoor has moved down;

ε j = GR tensile strain at point j (%);

δ = trapdoor displacement (mm);

γ = specific gravity of soil (kN/m3);

γd = dry unit density of soil (kN/m3);

σr = confinement stress in triaxial tests (kPa);

σv = average stress on the trapdoor calculated by Terzaghi's formulationi (kN/m2);

φpeak , φres = peak and residual interna soill friction angle (°);

495
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TABLE 1. Scaling factors of model parameters

Parameter Symbol Unit Scaling factor

Length l m 1/n

Gravity g m/s2 1

Stress q kPa 1/n

Deformation ǫ - 1

Specific weight γ k N/m3 1

Friction angle φ ° 1

Young's modulus E Pa 1/n

Poisson's ratio v - 1

Tensile stiffness of geosynthetic J k N/m 1/n2
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TABLE 2. Mechanical properties of the backfill soils

Soil Shear test Grading characteristics

γd (k N/m3) w(%) φpic / φres (°) C (kPa) dmax (mm) dmin (mm) Cu

Gravel 15.2 - 53.6/40.1 0 12.5 5 1.61

Sandy-Clay 13.8 15 35 5.5 2 < 0.002 -
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TABLE 3. Test program

Backfill material Test H/B Description

Gravel

1 0.25 Unreinforced

2 0.5 Unreinforced

3 0.75 Unreinforced

4 0.25 Reinforced

5 0.5 Reinforced

6 0.75 Reinforced

Sandy-Clay
7 0.25 Unreinforced

8 0.25 Reinforced
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TABLE 4. Derived expressions for the calculation of the stress reduction on an underground

structure caused by arching

Reference Equation

Stress reduction at maximum arching

Engesser (1882)
p

p0
=

B
H

(
Ka

2 tan φ B

H
Ka

+
tan φ

6
)

Bierbaumer (1913)
p

p0
=

B
4H tan φ

Evans (1983)
p

p0
= 1 − H

B
tan φ

Iglesia et al. (2014)
p

p0
=

B
H

(
KE

2 cot φ+ B

H
KE

+
cot φ

6
)

Guido et al. (1987)
p

p0
=

B
4H

Carlson (1987)
p

p0
=

B2

4H tan φ
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TABLE 5. Literature expressions of K

Reference Expression of K

Marston and Anderson (1913) K = Ka = (1 − sin φ)/(1 + sin φ)

Terzaghi (1943) K = 1

Handy (1985) K = 1.06(cos2 θ + Ka cos2 θ)

Ladanyi et al. (1969) K = KE = (1 − sin2 φ)/(1 + sin2 φ)

Aubertin et al. (2003) K = Kp = tan2 θ

Huckert et al. (2014) K = 1.3

Chen R.X et al. (2010) K = (cos2 θ + Kp sin2 θ)/(sin2 θ + Kp cos2 θ)

φ is the soil friction angle and θ = π/4 + φ/2
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TABLE 6. Equilibrium equations used in analytical models for different load distributions

Inverted triangular distribution shape Parabolic distribution shape

Stress equation q(x) =
2q0

B
x q(x) = (

12q0

B2 x2)

Deformed shape Y (x) =
2q0

3BTh
(x3
−

B3

8
) Y (x) =

q0

Th
( x4

B2 −
B2

16
)

β =
dy

dx
(x = B/2) β =

2q0B

4Th
β =

q0B

2Th

Max. tension Tmax =
2q0B

4β

√

1 + [
4βx2

B2 ]2 Tmax =
q0B

2β

√

1 + [−β x3

B3 ]2

Max. deflection f =
βB

6
f =

βB

8

B: is the cavity's diameter

Th: is the horizontal component of the tension force in the GR

(Equations are given for positive horizontal coordinates x, x = 0 at the center of the cavity)
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TABLE 7. Analytical approach of the experimental results in Tests 4-6 in terms of maximum GR

deflection and strain

GR displacement at the edge of the cavity UA = 0 GR displacement at the edge of the cavity UA , 0

Parabolic
Inverted

triangular

Parabolic

NZ*

Inverted

triangular NZ*
Parabolic

Inverted

triangular

Parabolic

NZ*

Inverted

triangular NZ*

Experimental

results

Reinforced and unloaded granular embankment with H/B = 0.25 (Test 4)

fmax

(mm)
10.54 12.59 13.48 14.24 14.46 16.76 17.89 18.84 18.8 ± 0.30

εmax

(%)
1.32 1.45 1.46 1.55 1.02 1.14 1.15 1.22 1.10 ± 0.08

Reinforced and unloaded granular embankment with H/B = 0.5 (Test 5)

fmax

(mm)
11.88 14.19 14.40 15.54 14.47 16.94 17.26 18.41 17.9 ± 0.60

εmax

(%)
1.69 1.86 1.8 1.94 1.45 1.60 1.56 1.68 1.73 ± 0.10

Reinforced and unloaded granular embankment with H/B = 0.75 (Test 6)

fmax

(mm)
12.36 14.76 14.77 16.03 14.92 17.49 17.56 18.85 18.30 ± 0.75

εmax

(%)
1.84 2.01 1.94 2.09 1.59 1.75 1.69 1.83 1.96 ± 0.11

NZ* : with a non zero stress value at the center of the cavity, determined based on experimental results for load distribution in Tests 4-6
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TABLE 8. Comparison of experimental and analytical results in Test 8 (H/B = 0.25)

Loading Q1 Loading Q2

Results f εA, εB TA,TB f εA, εB TA,TB

mm % kN/m mm % kN/m

Experimental 14.1 1 0.133 22.3 1.75 0.210

Analytical 11 1.35 0.183 18.6 2.11 0.254
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Figure Caption list: 

Fig. 1. Experimental model – Trapdoor 

Fig. 2. Evolution of GR axial stiffness with tensile 

Fig. 3. Initial and final positions of the GR layer  

Fig. 4. Validation test configuration. 

Fig. 5. Experimental validation results 

Fig. 5a. Tensile strain distribution repeatability of validation 

Fig. 5b. Vertical tension distribution above trapdoor for the average smoothed tensile strain curve 

Fig. 5c. Vertical stress distribution above trapdoor for the average smoothed tensile strain    curve 

Fig. 6. Normalized stress evolution with trapdoor displacement 

Fig. 7. Vertical displacement evolution with trapdoor displacement of unreinforced and unloaded 

granular embankment of H/B=0.75 in Test-3 (vertical dashed lines indicate the trapdoor position 

Fig. 8. Vertical displacement evolution with trapdoor displacement of reinforced and unloaded 

granular embankment of H/B=0.75 in Test-6 (vertical dashed lines indicate the trapdoor position) 

Fig. 9. Tensile strain distribution evolution with loading over void and in the anchorage zones for 

Test 6 (H/B = 0.75) 

Fig. 10. Tensile strain distribution evolution with loading over void and in the anchorage zones for 

Test 4 (H/B = 0.25) 

Fig. 11. Evolution with loading of vertical stress distribution transmitted to GR for Test 6 (H/B = 0.75) 
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Fig. 12. Evolution with loading of vertical stress distribution transmitted to GR for Test 4 

(H/B = 0.25) 

Fig. 13. Load transfer variation with embankment height and surface loading for Tests 4-6 

Fig. 14. Comparison of average stress results for various K expressions versus experimental 

measurements 

Fig. 15. Unreinforced cohesive backfill behavior over trapdoor Test 7 (H/B = 0.25) 

Fig. 15a. Unreinforced cohesive embankment bridging trapdoor void 

Fig. 15b. Unreinforced cohesive embankment collapse due to surface loading 

Fig. 16. Reinforced cohesive backfill behavior under loading in Test 8 (H/B = 0.25) 

Fig. 16a. Reinforced cohesive soil layer collapse under Q1 

Fig. 16b. Reinforced cohesive soil layer collapse under Q2 

Fig. 17. GR tensile strain distribution over trapdoor and the anchorage zones due to cohesive 

backfill surface loading in Test 8 (H/B = 0.25) 

Fig. 18. Vertical stress distribution on GR over trapdoor due to cohesive backfill surface 

loading in Test 8 (H/B = 0.25) 

Fig. 19. Model proposed by Huckert et al. (2014) to design the GR layer under collapsed 

cohesive embankments 


