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Abstract. Subsidence can result from the collapse of underground cavities. The impact of the movements on
existing structures and infrastructures is generally dramatic. Geosynthetic sheets (RG) can be used to reduce their
impact. This paper focuses on the use of large-scale physical modelling to study the subsidence mechanisms and
to estimate the RG efficiency for cohesive or granular soil layers. The results have shown that the RG reduced
the ground movement even under important overload. The deformation of the RG and the surface settlement
depend both on the soil type and overload intensity. The experimental results are compared to analytical solutions
proposed to design the RG for cohesive and granular soils. Stress distribution on the RG was investigated. The
analytical and experimental results are rather similar, that shows the relevance of the analytical models to predict

the behaviour of reinforced soil layers.

1 Introduction and objectives

The French territory contains ubiquitous occurrences of nat-
ural or anthropic cavities. These cavities can collapse and
cause damage to structures and infrastructures. Prediction,
prevention and mitigation are the main tools to avoid the po-
tential damage.

The mitigation methods are divided into two categories:
active and passive techniques. The use of geosynthetic sheets
as reinforcement (RG) is one of the active mitigation tech-
niques. It prevents the collapse of the soil and limits sub-
sidence at the land surface. The estimation of the surface
settlement of RG reinforced soil layers depends on the
dimensions of the cavity, the soil embankment thickness,
the RG stiffness, the mechanical properties of the soil, the
soil/geosynthetic frictional interface parameters and the type
of the overloading. Different design methods can be used to
estimate the surface subsidence and to design the geosyn-
thetic sheet: Giroud model (1995), the British Standard BS
8006, and the analytical methods derived from RAFAEL re-
search program (Briancon and Villard, 2008; Hassoun et al.,
2018, etc.). The domain of validity of these methods is re-
stricted to the case of granular soil. For the case of a co-

hesive substrate, Huckert (2014) has proposed an analytical
model taking into account block fracturing of the cohesive
soil layer. The objective of the present work is to compare
and validate the analytical models proposed for granular and
cohesive soils, using experimental results obtained consider-
ing progressive loadings.

2 Physical model (1g) and tests description

Ineris has developed a test platform to study the risks associ-
ated with the collapse of underground cavities (Fig. 1). The
model consists of a tank designed to receive up to 6m> of
soil. The test platform is equipped with 15 jacks associated
each to a square trapdoor 0.25 m by 0.25 m. Thus, the physi-
cal model allows reproducing the formation of a total cavity
of 1.25m by 0.75m. The model is equipped with: (i) two
cameras, in order to detect the 3D movements of the surface,
(ii) 7 radars used to measure the vertical displacements of
the RG and (iii) 7 sensors to measure the stress within the
soil around the cavity (Fig. 1).

3 tests were carried out to reproduce the formation of a
cavity at the base of a granular (SF) or cohesive soil (SK)
(H = 12.5cm) reinforced by RG. The cavity has a square

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.

(S70S].L) @ouspisgng pue] uo wnisodwAg jeuoneudlu] Yylus|



722

£ £
£ EEE § B« §E E EEE 3 5
o T - S T - 2
- P Nl A
&
& i 7
- H ’E &
a

CBlRY BG RS R3 RZ Rl Cio (] 3 g
EIEIEIRIECEN- B - | --3- - - - -

12em 13om

Figure 1. Description of the 3D-1g physical model and location of
the radars “R” and of the pressure measurement cells “C”.

Figure 2. 3D soil vertical displacements W after cavity opening.

section (B = 50 cm). The ratio between the thickness of the
soil layer and the width of the cavity is: H/B = 0.25. Two
types of soil were used: Fontainebleau sand (SF) and co-
hesive soil (70 % dry Fontainebleau sand 430 % dry kaolin
with a water content of 8 %: SK). The sand is characterized
by its friction angle (35°) and the cohesive soil by cohesion
(35kPa) and friction angle (29°). The RG is characterized
by failure strength (11.9kN m~!), failure strain (12 %) and
the initial tensile stiffness corresponding to 2 % of strain is
approximately 170kNm~!. The 1.7m x 1 m RG sheet was
roughly attached around the tank, but not enough to prevent
slippage, especially along the axis of 1m length, so that as-
sumption of unidirectional reinforcement was achieved. The
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Figure 3. Vertical displacements of the RG after the cavity forma-
tion and surface subsidence W.
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Figure 4. Initial and final stress at the base of the soil layer in the
case of the granular soil (Fontainebleau sand).

test procedure is: soil installation and compaction, lowering
of the jacks to simulate the cavity formation, progressive
loading on the soil surface and unloading. The result anal-
ysis is performed at each step of the procedure.

3 Results discussion

3.1 Granular soil — Fontainebleau sand

In the absence of the RG, the opening of the cavity created a
complete void at the surface. The presence of the RG limits
the soil collapse and induces subsidence with a maximum oc-
curring in the centre of the cavity equal to 27.8 mm (Fig. 2).

The subsidence surface is slightly larger than the area of
the cavity. The deformation of the RG is flattened, mainly in
the central part above the cavity (Fig. 3). This is explained
by the fact that the load acting on the RG is not uniform. The
displacements of the soil surface are smaller than those of
the RG thanks to the expansion of the granular soil volume.
Figure 4 presents the measurements of the vertical stresses
before and after the formation of the cavity. The initial stress
measured is of the order of 40 % compared to y H. The dif-
ficulty of measuring the stresses in that the sand is very well
identified (Hassoun et al., 2018). The final stresses increase

proc-iahs.net/382/721/2020/
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Figure 5. RG stress distribution above the cavity (a) 2D represen-
tation on the central geosynthetic strip and (b) 3D representation.
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Figure 6. Comparison of experimental and analytical RG vertical
displacements after cavity opening — granular soil.

by 80 % after the formation of the cavity close to its bound-
ary.

The vertical displacements of the RG were calculated
analytically (Briancon and Villard, 2008). The two fric-
tion angles of the interface (geosynthetic/soil and geosyn-
thetic/wood plate friction) in the anchor zones are estimated
at 30 and 22° respectively. The analytical solution is devel-
oped for 2D conditions and the RG is assumed to be uni-
directional (Briancon and Villard, 2008). The load transfer
hypothesis proposed by Terzaghi for circular cavities (Eq. 1,
1946) leads to a theoretical value of the uniformly distributed
load oy acting on the RG of 1.82kN m~!2. The soil charac-
teristics are: K =0.27, y = 15.3kNm~! and ¢ =35°. K is
assumed to be the active earth pressure coefficient (K) but
its value is not well established. Following 2D laboratory ex-
periments, Chevalier et al. (2012) has proposed values of K
equal to 0.55 and 1.2 for coarse sand and gravel respectively.
P is the overload applied on the surface.

__Br
4K tang

The 2D design method (Briangon and Villard, 2008) is ap-
plied to the geosynthetic strip, sited in the axis of the cavity.
Load distribution is assumed to be uniform or to have an in-
verse triangular shape in 3D as presented in Fig. Sb. Figure 6
presents the analytical and experimental results. As it can be
seen, the proposed load distribution, in form of an inverse tri-
angle, allows to obtain a better concordance between the ex-
perimental and analytical deformations of the geosynthetic.

H H
07 = Oy (1 _e4Ktan<p§) +pe4Ktan<p§ 1)
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Figure 7. Evolution of the RG displacements during loading and
unloading.
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Figure 8. Evolution of the vertical stress during loading — granular
soil.

Effect of overload: after the opening of the cavity, the soil
surface is overloaded in the centre of the cavity on a 15cm
wide square surface. The overload was applied progressively
in three phases: 15, 35 and 55 kg. Figure 7 shows the vertical
displacements of RG. The application of a localized overload
in the axis of the cavity increases the RG deflection mainly
in the central part of the cavity. The unloading phase resulted
in an elevation of the RG. The RG deflection obtained at the
end of the unloading remains greater than the value before
loading, due to the sliding of the geosynthetic in the anchor-
age areas and the presence of the soil layer that collapsed on
the GR and whose behaviour is not reversible (Fig. 7).

To compare the analytical deformation of the RG to the ex-
perimental ones, three geometries of stress distribution on the
RG have been studied (Fig. 9). The analytical displacement
is calculated on the geosynthetic strip, sited in the axis of the
cavity. The different load distributions proposed respect the
total load calculated using Terzaghi equation 1 (equivalent
loads of p respectively 0.6, 1.4 and 2.2kNm~! were used
to take into account the overloading of 15, 35 and 55kg).
Based on this assumption the maximal value of the overload-
ing for the parabolic distribution is Q = 8/m oy, and for the
inverted triangular distribution is Q = 3/20v, instead of for
the inverted triangular distribution (Q = 3/20vy).

Table 1 compares the analytical and experimental results.
The stress distribution acting on the RG, for localized load-
ing, is no longer inverse triangular. Therefore, loading the
soil surface modifies the geometry of the load distribution

Proc. IAHS, 382, 721-726, 2020




Figure 9. 2D stress distribution geometries (a) uniform, (b) inverse
triangular and (c) parabolic.

Table 1. Maximum deflection of the RG.

Deflection  Experimental Analytical (mm)
Overload (mm)  Uniform Inverse-  Parabolic
(kg) triangular

0 39.8 442 344 52.9
15 53.2 48.5 37.6 59.5
35 71.1 53.8 39.3 66.8
55 84.5 58.6 424 75.6

on the RG, from initially inverse triangular to a distribution
whose maximum value is in the centre of the cavity.

3.2 Cohesive soil: sand-kaolin

Two tests with the cohesive soil (SK1 and SK2) were carried
out. Under the self-weight of the soil, the cohesive soil lay-
ers bridge the cavity area and behave as a flexural slab which
limits the vertical displacement to values smaller than 2 mm.
The maximal vertical displacement of the RG in the axis of
the cavity is 7 mm due only to its self-weight. After the open-
ing of the cavity, the stress measured by the sensors closest
to the cavity C7, C8 and C13, C10 increase (Fig. 10). The
furthest sensors from the cavity (C2, C3 and C4) recorded
a small stress increase. The comparison of stress measure-
ments between granular and cohesive soil is presented in
Fig. 11. The load of C2, C3 and C4 cells, the furthest away
from the cavity, are greater in the case of the granular soil
than those obtained with the cohesive soil, for which very
small increases in stress are recorded.

As a result, in the case of granular soils, the transferred
loads are less intense and more diffuse, whereas they are, due
to the beam-like behaviour of the cohesive soil layer, more
intense and localized at the edge of the soil.

Effect of overload: a progressive overload was applied on
the soil surface in the axis of the cavity. Sudden collapse oc-
curred at a load of 55 kg (breakage stress of 24.5 kPa). The
collapse of the soil layer leads to a localized subsidence re-
stricted to the loading surface. The volume of collapsed soil
is approximately a truncated pyramid of height H with a base
equal to the size of the cavity (50cm x 50cm, Fig. 12). The
collapse of the soil layer leads to a vertical displacement of
the RG of 54.6 and 58.6 mm for the two tests SK1 and SK2.
The average horizontal slippages of the geosynthetic at the
right and left edges of the cavity for SK1 and SK2 are 2 and
0.75 mm, respectively.

Proc. IAHS, 382, 721-726, 2020
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Table 2. Input parameters of Huckert model (2014).

Parameters J 2121 2P Up/Up
&Nm~Y) (m) &Nm™)H)  (mm)
Values 170  0.15 39 2/0.75

45
+240% +287%
a
+177%

35 4200%
3

25
2

15 +11%

+7%
1 +3%
. n i | 1 11
0
[w] [:] i3 [or) 10 4 a

HInitial stat Final stat

Increasing of the charge relative to yH

Figure 10. Initial and final (after opening cavity) vertical stresses
for cohesive soil.

The comparison of the RG deformations between the ex-
periments with Fontainebleau sand and the sand-kaolin mix-
ture (performed under the same conditions), shows (Figs. 7
and 14) that the deformation of the RG is flattened in the case
of the cohesive soil. This flattened shape is a consequence
of the breakage in blocks acting in a specific way onto the
geosynthetic. Figure 15 compares the maximum RG deflec-
tion for both soils. There is a gradual evolution of the geosyn-
thetic deflection in the case of the sand soil layer whereas a
sudden soil movement is obtained in the case of cohesive
soil. In addition, the deformations of the RG in the central
part of the cavity in the case of the cohesive soil are always
smaller than those obtained with the sand, even after unload-
ing.

Analysis of stresses evolution: After the cavity opening
and for a load of less than 55 kg, the sensors C2, C3 and C4,
furthest away from the cavity, did not detect any increase in
stress. The largest load transfer increase was measured by the
C8 sensor for which the stress is increased by 720 %. The two
sensors C7 and C13, sited symmetrically to the axis of the
cavity, have measured three times the initial value obtained
before the cavity opening, i.e. 331 % and 301 % respectively.
For an overload of 55kg for which the soil layer was broken,
the collapse of the soil layer lead to a sudden drop in stress
on various sensors, particularly those closest to the collapse
zone.

Analysis of load transfer mechanisms: the collapse mech-
anism obtained in Fig. 12 is quite similar to the one proposed
by Huckert (2014), who assimilates the action of the col-
lapsed blocks to punctual loadings. Based on experimental
observations, a truncated pyramid shape has been proposed
to describe the geometry of the collapsed soil zone (Fig. 13).
The 2D design method is applied to the geosynthetic strip,
0.15cm in width, sited in the axis of the cavity that is as-
sumed to be submitted to the maximum loading (self-weight

proc-iahs.net/382/721/2020/
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Figure 11. Comparison of load transfer in cases of granular soil
(average of SF1 and SF2) and cohesive soils (SK1).
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Figure 12. Collapsed zones of the cohesive soil layer following a
surface loading.

of the soil and overloading). We assumed that the weight of
the collapsed soil (block A) and the surface overload (2P) af-
ter collapse are totally transmitted to the RG (i.e., a total load
per meter of width of (55+44.5) x9.81/0.15=3.9 KNm™).
The weight of the two parts B and C on the RG at the edges
of the cavity is assumed negligible compared to the inten-
sity of the stress induced in the central part of the cavity by
the overload at failure (55kg). The input parameter values,
deduced from observations and experimental measurements,
for the use of the Huckert model (2014) are summarized in
Table 2. Ua and Ug are the average horizontal displacements
of the geosynthetic at the left and right edges of the cavity
due to geosynthetic slippage, respectively. As presented in
Fig. 15, the analytical results give a reasonable approxima-
tion that can be used to design a GR in the case of a cohesive
soil layer prone to subsidence.

4 Conclusions

Three laboratory experiments were carried out to compare
the behaviour of reinforced soil layers located above cavi-
ties for both granular soils (Fontainebleau sand) and cohesive
soils (Sand-Kaolin). For the granular soil: a progressive sub-
sidence mechanism on the surface is obtained. To compare
with the analytical solution of the literature, three shapes of
load distributions on the RG were analysed: uniform, inverse
triangular and parabolic. The inverse triangular shape stress
distribution fits better with the experimental results. In this
case, the vertical displacement of the RG is less important
than in the case of a uniform stress distribution. Stress mea-
surements showed a maximum load increase at the edges of

proc-iahs.net/382/721/2020/
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Figure 14. Evolution of the RG displacements after the collapse of

the cohesive soil layer.

the cavity which decreases progressively far away from the
cavity.

For a cohesive soil, when a significant overload is applied
on the surface, a sudden break occurs and the measured stress
values at the base of the soil layer in the anchoring zones de-
crease substantially. The cohesive soil layer breaks up into
several collapsed blocks which exert localized loading on the
RG that deforms into a flattened geometry. The comparison
of the experimental and analytical results shows that the an-
alytical models can be reasonably used to predict the subsi-
dence of reinforced soils.
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