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ABSTRACT: An experimental approach analyz« the arching effei in granular soil is to perform tra-
door-like tests. A granular mattress is lying ingad box of plane section 1m x 0.4m, with a cehtirap-door
of width 0.2m, instrumented with a load cell andigplacement transducer. The mechanisms are fiirstesl
under monotonic and quasi-static conditions, byelomg slowly the trap door. For the study underlicyc
load, a foam element which mimics a compressiveis@ilaced over the trap door and cycles of unifeur-
face loading and unloading are applied. For alistebe displacement field of front grains of thattress is
measured and analyzed by the use of the Digitagién@@orrelation technique. The DIC analysis indisdbeat
full arching does not occur in the soil mass anolwsha slight increase of the vertical displacemenisng
the cycles
The mechanisms have been widely studied under
monotonic load but the issue remains open concern-
1 INTRODUCTION ing cyclic loading.
In the present paper, trap-door tests are performed
The arching effect in granular soil is a transfér oon a device that allows soil displacement field ob-
forces between a yielding mass of soil and adjgininservation using Digital Image Correlation (DIC)
stationary members. The intrinsic shearing rest&an analysis.
of granular matter tends to keep the yielding mass First, ‘classical’ trap door experiments are per-
close to its original position, which results in aformed by lowering the trap door, to study the phe-
change of the pressure on both the yielding pait amnomenon under monotonic loading. Three different
the adjoining part of soil (Villaret al, 2009). This thicknesses of the granular layer are tested. Dis-
phenomenon is one of the most universal encourplacement fields and stress distribution between
tered in soils. trap-door and adjacent part of the box are analyzed
Arching effect occurs in geotechnical structures Experiments are then performed on the device
such as soil platforms placed over soft soil impav adapted in order to study the effect of cyclic iogd
by rigid piles. It has been recently studied dutimg applied on the granular layer surface. Indeed, the
French research project ASIRI “Amélioration destrap-door cannot be arbitrarily lowered, as thengra
Sols par Inclusions Rigides” (Jen&k al, 2007; lar layer and the moving part at the base arerangt
Thorel et al, 2010; Chevaliert al, 2012; IREX, interaction. A compressible foam block replaces the
2012). In this technique, when the granular magtrestrap-door, which can settle freely under the applic
is monotonically loaded, differential settlemengs a tion of the cyclic loading. Only the case of a low
pear between the soft soil and the rigid pilegjilea  thickness granular layer compared to the trap width
to arching effect in the mattress and thus to tasar is studied (corresponding to some situations ih soi
settlement reduction. Nevertheless, the question afmprovement by rigid piles).
the evolution of the mechanisms under cyclic load The present two-dimensional experiment is a pre-
deserves now a particular attention. liminary study of the mechanisms under cyclic load-
A first approach to study the arching effect ining with displacement field analysis, as it is niain
granular soils is the well-known trap-door problemqualitative and in plane-strain conditions, befoee-
(since Terzaghi, 1936) and different theoreticéliso forming three-dimensional small-scale experiments
tions have been proposed, considering different agHouda et al, 2013). However, the experiment is
proaches (experimental or numerical; elastic os-pla well adapted for two-dimensional DIC analysis and
tic soil behaviour; continuum or discrete modelling thus experimental procedure can be calibrated under
etc.). the case of cyclic loading, with a similar granular
material (gravel).



2 EXPERIMENTAL SET UP
2.1 Trap-door device A

Uniform vertical stress applied by
The trap-door experimental device is located at IUT p, water height above the granular | Rigid box
of Grenoble, in Joseph Fourier University (Chevalie mattress
et al 2012). Three sides are made of plywood while | | | | _ Thin plastic
the front side is made of Plexiglas, allowing aedir - membrane
view of the specimen during the test. The vertica h — gravel
walls are reinforced by steel frames to prevent an c
deformation. The bottom of the box has a length o oam

1m and a width of 0.4m (Fig. 1). The trap-door sec Wooden plates
tion is 0.2m x 0.4m. It can move vertically up and
down using a motor with a controlled velocity of
Imm/min. The displacement of the trap-door is
measured with a displacement sensor withu®0 L

. ] .. oad
resolution. The trap-door is made of three distinc Measurement
parts and the load is measured in the centralgyorti
of section 0.2m x 0.2m, in order to limit the influ Figure 3. Schematic view of the experimentationdeurcyclic
ence of the walls on the measure, using a 1kN-loaldad
sensor, with 1N resolution.

AA 2.2 Material used and characterization

The material constituting the granular layer isvgta
0.1m T N— with grains of random and angular shape, so arching
| effect can rapidly take place. Grain diameter range
0.2m - | between 5 and 15mm withs@@10mm. This size of
grain was chosen (instead of using sand, for in-
stance), as real soil platforms over soft soil ioved

by piles are generally made of coarse gravel and
gravel will be used on the 3D model test mentioned
o] *  inintroduction.

im A drained triaxial tests at confinement pressure
0.4m 0.2m Hidirm equal to 25kPa was performed on this soil (unit
weight 11,8kN/m) and a peak friction angle of 48°
was determined (the soil is cohesionless). Thalresi
ual friction angle is about 40°. This value was-con
firmed by the measurement of the natural slopeeangl|
Figure 1. Dimensions of the trap-door apparatus of this material.

Foam elements with various compressibility val-
When cyclic load tests are performed, the trapues were tested and the results presented heob-are

door is placed in the lowest position and a foam eltained using one type of polyurethane foam. The
ement is placed between two wooden plates (Fig. ehoice of using foam elements instead of real soll
and 3). The foam element is cut with a sectioni®.18 Was made as: _ . .

x 0.38m to avoid any contact with the walls andsthu - it permits having an independent element with-
avoid friction that could not be measured (the loadut any friction along the walls (lateral and faia

sensor is still placed under the trap-door, untler t - there is no problem of soil installation that
foam element). would lead to varying initial conditions and/or yar

ing mechanical properties, as foam elements are ho-
mogeneous and identical from one test to the other.
The behavior of the foam elements was investi-
gated under cyclic simple compression tests: the be
havior is almost elastic and the compressibility in
creases slightly during the loading-unloading cycle

0.4m

0.1m

Trap-door

2.3 Experimental procedure

Two types of tests have been performed: monotonic

Figure 2. Picture of the central part of a testamgyclic load ~ aNnd cyclic tests. For both type of tests, the gamu
(trap-door replaced by foam element) material was placed in the box always with the same



procedure: by filling 2cm thick layers, very caigfu 2.4 Tests performed

and slowly, always in the same direction, in orer Three ‘classical’ trap-door tests are presenteth wi

reach a constant density for all of the tests. myri :
soil installation, the load applied on the trap oo %ranular layer thickness of 0.1, 0.2 and 0.4m (@abl

was measured. For ‘classical’ trap door tests, thé’

load measured should correspond to the Weight_qfable 1. Geometrical parameters of the classiapldoor tests
the soil column above the trap-door (no basal dis=

placement, thus no arching effect). Nevertheless estname Test type Gra”“('r";‘]; layer thickness h
arching effect was observed (probably between the
lateral walls, due to the shape of the grains,uerte  T'aP 1 trap door 0.1

small downward movement of the trap door whenTr:ggg ggg ggg: 8'2

pouring the gravel). During soil installation, thest
generated must be cleaned along the Plexiglas;in o

der to have clean pictures to perform DIC analysis.  concerning the behavior under cyclic loading, the
For the picture acquisition (to perform DIC analy-CaS€ of low thickness mattress is considered. Granu

sis), a 12 M pixels camera is used, fixed on attip lar layers of thickness 0.1m are subjected to fesyc
connected to a laptop with dedicated software t@f loading and unloading. The test is performed
shoot (without touching the camera) and store th&Vice to analyze repeatability (Table 2).

pictures. Two 1000W lights were used to have a uni- . .

form lighting throughout the whole test (which CanTabIe 2. Geometrical parameters of the cyclicstest

last one full day). The camera should be placed horTest name Testtype  Granular layer thickness
zontally and along the axis perpendicular to tioatfr . (m)

face of the box, in order to assure good quality pi €ycl 1 cyclic 0.1

tures. Cycl 2 cyclic 0.1

During ‘classical’ trap-door tests (monotonic
conditions) the trap-door moves downwards with a
constant speed of Imm/min (quasi-static conditions)3 DIGITAL IMAGE CORRELATION METHOD
Pictures are taken every 15 seconds and acquisition
of the load is made every 5 seconds. Digital pictures are taken at several stages oftte

For the cyclic load tests, after filling the boxtkvi periment for application of the Digital Image Corre
the granular soil, the upper part of the box whsdi lation (DIC) method. DIC methods are mathematical
with water (the waterproofness with the lower partools for measuring spatial transformations between
was assured using a thin plastic membrane) usingtwo digital pictures. Several methods exist. Irsthi
water pump with a constant flow of iéin. A max-  study, a two-dimensional method is used (2D-DIC),
imum height of water of 0.8m is reached, applying dreating grey-level images. The program is called
uniform and vertical stress of 8kPa on the granulatPhotowarp” and was developed at 3SR laboratory
layer surface. During filling of the box with water by Hall et al. (2010). The NCC (Normalized Corre-
(20min duration, to fill 3200f water), pictures were lation Coefficient) is used, given in Eq. 1, whére
taken every 15 seconds. Unloading was performed@nd b are grey-level function before and after de-
20 minutes after the end of filling; also using theformation, (x, y) are the local spatial coordinadesl
pump to empty the box, with constant flow (20min(u, v) are the local displacement coordinategor
duration) and pictures were taken every 15 seconds, ) is the mean grey level computed over the corre-
A complete cycle lasts 1 hour and 6 successive cygponding pixel subsets:
cles are executed. The variation of water level ac- ([ —J[ 7])
cording to time is given on Fig. 4. Zyy y(cy)=1 1 (xruy )1,

(1)

NCQu,v) =
1 \/Z*y[ll(x y)_ll]zzxy['z(H u,y+v)‘g]2

08 A correlation pattern is defined in the program,
represented by a grey-level functiof{x]y) in the
correlation window. A comparison is made between
the two pictures and the program searches the best
correlation between the two patterns, within araare
(the search window) using the NCC, and thus the
displacement (u, v). Obtaining the displacement for
each pattern enables the calculation of the fug} di
placement field, from which a deformation field can
also be obtained. The discrete displacements ob-
Figure 4. Cycles of loading-unloading using waésel tained are integer numbers of pixels. If the carrel
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tion is perfect, the NCC is equal to 1. Then thie-su  These observations are similar to those of Cheva-
pixel approach through interpolation of the NCClier et al. 2012. The various phases are more notice-
permits to assess the non-integer values of displacable for higher thickness of granular layer (Figis7

ment. Fig. 6).
Figure 5 shows an example of correlation win-
dows (30 pixels x 30 pixels or about 5mm x 5mm) pini=1.4kPa

on an original and a deformed picture. Pictures 1 7 b W
should be contrasted in order the method is efftcie 125 | :
1 W S | |
0 20 40 60 80
Displacement (mm)

p (kPa)

Original Deformed
picture picture

Figure 6. Average vertical stress on the trap dppaccording
to the trap vertical displacement, for test Trafp £ 0.1m)

Correlation
window

i p ini = 6.0 kPa

Figure 5. Correlation windows in the original andfarmed
pictures
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In this work, the correlation is made on a regulal M
grid of nodes. A correlation window is defined ! ‘ ; | |
around each node. The method can also be applit 0 20 40 60 80
on nodes located at grain centers and then grain di Displacement (mm)
placements can be obtained.
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Figure 7. Average vertical stress on the trap dmmording to
the trap vertical displacement for test Trap 3 (h4m)

4 RESULTS UNDER MONOTONIC LOAD . : :
The DIC analysis made on a regular grid of points
placed over the pictures of the specimen shows a lo
: - lized deformation in a restricted zone above the
table 1. During each test, the load applied on th a : .
central part of the trap-door is recorded andvegi 12P-door (Fig. 8). It shows how the triangularsha
cPf the moving soil zone over the trap door, obsgrve

in terms of average vertical stress on the trap-do . ; . ,
(p) according to the vertical displacement of thedurlng phase (a) (first row of pictures), changes i

trap-door. The result for tests “Trap 1’ (h =0.1m a rectangula_r shape dl.”ing. p_hase () (seco_nd row of
and ‘Trap 3' (h = 0.4m) are given on the following plctqres). Thls_mechanlsm |s_|IIustrated by Figaire
figures. One should note that the granular layer Figure 10 gives the evolution of the vertical sires

thickness of ‘Trap 1’ test is the thickness tedtad on the trap-door p, normalized by the average verti
the cyclic tests (see table 2). cal stress at the layer basg(gqual toy.h), for the

From the stress-displacement curves of figures ﬁ:ree trap-door test configurations. p/=pl means
and 7, three phases are distinguished: at no arching effect takes place. As expected, th

- Phase (a): where the maximum load is transferre'(ffllrg.er the granular layer thickness, the less tre n
(minimum load on the trap door). It starts from themallzed stress on the trap-door so Phe more t@ loa
beginning of the test up to a trap-door displacemer]/@nSfer on adjacent parts. For test ‘Trap 1', vita

of approximately 5mm. This phase corresponds t west granu_lar thickness (h = Ozlm)’ _the archiig e
the decompression of the granular material close tigct totally disappears for a vertical displacemeint

the trap door. p has a minimum value of 1.1kPa fo e trap-door equal_to 50mm (= 0.5h). -
h=0.1m and 1.3kPa for h = 0.4m - it is noticeable able 3 summarizes the values of the initial stress

. 0 . . . e
that these minimum values are similar whatever théo'”' ~ p), the minimal stress (obtal_n_ed for a dis
mattress thickness. _placement of about 5mm) and the minimum normal-

- Phase (b): transitory phase where the load is ifzed stress measured on the trap-door. Whereas the
creasing with the vertical displacement initial values are different from one test to thbhay

- Phase (c): critical phase, with a slower increzfse (corresponds to the material weight), the minimum

the load with the vertical displacement. This phasé(alue is equivalent whatever the mattress thickness

corresponds to the classical kinematic scheme gegi® the higher the thickness, the higher the maximum

erally used for the description of the trap-doaytpr 02d transfer.
lem.

The list of the ‘classical’ trap-door tests is given
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Figure 10. Stress on the trap-door normalized leyaterage
stress due to the weight of the material

Table 3. Average Vertical Stress on the trap deddmom the
load measurement.

Test h [Ri Rnin p/F9 min
m kPa kPa -
Trap 1 0.1 1.5 1.1 0.75
Trap 2 0.2 3.0 1.2 0.41
Trap 3 0.4 6.0 1.3 0.20

5 RESULTS OF CYCLIC TESTS

The aim of the study is actually to analyze thel@evo

with test conditions and procedure as similar & po
sible, in order to assess repeatability (see @ble

The results in terms of the evolution of the stress
acting on the foam surface during the cycles are gi
en on figure 11. Both curves show similar resuits i
terms of stress evolution and the following tenden-
cies are observed:

- the initial value acting on the foam is 1.8kPa,

- the maximum value reached at each stage (for an
additional stress on surface due to water fillifig o
8kPa) is constant. It is around 4.5kPa for test
‘Cycl 1" and around 5kPa for test ‘Cycl 2’,

- the residual value measured for each unloading
phase (after water emptying) is much higher than th
initial value: it is constant and equal to 3kPatkst
‘Cyc 1’ and is subjected to a small increase frota 3
3.5kPa for test ‘Cycl 2'.

This means that arching effect is smaller after the
first unloading. From an initial value of 1, f/de-
creases to a value around 0.5 for a water level of
0.8m (P = 9.4kPa) and increases to a value of 2.1 at
the end of unloading. During unloading, the foam,
which has been subjected to an elastic deformation
during loading, tends to apply a vertical ascendant
displacement on the granular mattress. During un-
loading, the mechanisms developing are different
from those mobilized during loading. In fact, when
loading, the soil mass above the foam element
should be in an active earth pressure state. Ceaver
ly, during unloading, the soil should be in a passi
state, as the foam tends to push the soil upwdrd. T
mechanism could be also be named “negative arch-
ing effect”.

Figure 12 indicates the average settlement meas-
ured at the foam surface, at the end of each Igadin
or unloading stage. This settlement tends to irserea
slightly during the cycles. We also note that thas
sal displacement is in the range 0.3-1mm, corre-

tion of the mechanisms due to a restricted number gponding to phase (a) described in section 3, where
cycles, so only 6 cycles of loading and unloadinghe maximum load transfer takes place (for traprdoo
were applied. The same test was performed twickwering).
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cal’ trap-door tests showed the influence of thé-ma
tress thickness on the arching effect mechanisms an
displayed three different phases for the load evolu
tion, as well as for the displacement field (transf
mation of the corner of soil above the trap-doontfr

a triangular to a rectangular shape). The secortd pa

Vertical stress
on the trap door (kPa)

1 of the work concerned the development of an inno-
0:00 0 imeth) 600 8:00 vative procedure to study the phenomenon and the
mechanisms under loading and unloading cycles,
from the classical trap-door test. An importanides
ual stress acting on the foam element simulatieg th

Figure 11. Stress results under cyclic load

1

, .o N soft soil when unloaded and a slight increase ef th
207 R TN basal_dlsplacements dur_lng the cycle_s were recorded
Eos | A N b This study also permits the constitution of an ex-
£ PV LU ¢ perimental database for performing numerical mod-
e eling, with a continuum approach or using Discrete
S o

Element Modeling (Chevalieet al, 2012) to help
the understanding of the precise mechanisms under
cyclic load developing in granular mattresses.

0:00 2:00 4:00 6:00 8:00
Time (h)

Figure 12. Surface settlement of the foam durisg ‘®@ycl 1’

Figure 13 shows DIC results (vertical displace-7 ACKNOWLEDGMENT
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6 CONCLUSIONS AND PERSPECTIVES



