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Abstract Granular soils have the inherent ability to
develop load transfers in their mass. Mechanisms of load
transfers are used as a basic principle of many civil and
geotechnical engineering applications. However, their
complexity makes it difficult to formulate relevant design
methods for such works. The trapdoor problem is one of
the ways to reproduce load transfers by the arching effect
in a granular layer in non-complex conditions. In addition,
many analytical solutions for the prediction of load transfer
mechanisms are based on the trapdoor problem. However,
some of the parameters required are still being widely
discussed, in particular the ratio of horizontal stress to
vertical stress. For this paper, an experimental device for
trapdoor tests in plane strain conditions was created and
several geomaterials were tested. Three phases in the
response of the materials were consistently observed. Each
of these phases corresponded to a specific displacement of
the trapdoor. A first phase of high load transfer was
observed followed by a transition phase which was
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followed by a critical phase for which the load transfer
amplitude increased and stabilized. Analytical solutions
and experimental values of load transfers were compared.
Considerable differences between the stress ratio needed to
fit the experimental data and the stress ratio proposed in the
analytical models were noted. Based on the conclusions of
the experimental study, the discrete element method was
used to model the same trapdoor problem. A wide range of
granular materials was modeled and tested in the trapdoor
problem. The three phases in the response of the layer were
also observed in the numerical modeling. In addition, it
was shown that the shear strength of the material is the key
parameter of load transfers: peak shear resistance for the
small displacements of the trapdoor and critical shear
strength for the larger displacements. A micro-mechanical
analysis showed that the effective stress ratio in the sheared
zone does not vary as much with shear strength. Stress
ratios here were again greater than those proposed in the
analytical solutions. Nevertheless, the relevance of the
solution of Terzaghi was confirmed as soon as the stress
ratio was correctly chosen.

Keywords Discrete element method - Friction angle -
Granular materials - Load transfer - Trapdoor problem

1 Introduction

Numerous civil and geotechnical engineering applications
involve the use of granular layers that play a specific role in
the distribution of the forces caused by the weight of the
superstructure and any overloads applied. For example, in
the technique of reinforcement of soft soil by rigid inclu-
sions, a granular layer located over the piles is used to
increase the load supported by the piles and consequently
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to decrease the load acting on the supporting soil and
subsequently surface settlement [12]. In the case of
embankments reinforced with basal geosynthetic sheeting
on soft soils [28], the granular material used for the
embankment construction creates an arching effect over
sinkhole cavities, thereby reducing the load applied to the
reinforcement and thus limiting surface settlement [43].
Several codes of practice operate on the observations made
on the trapdoor problem to estimate the loads acting on
buried structures and resulting from a vertical displacement
of a granular mass moving between fixed parts of material.
This is the case for flexible ditch conduits [1], for geo-
synthetic sheets used as reinforcements in subsidence areas
[7, 19] or for tunnel-boring machines.

In order to improve the behavior of these structures, a
tri-dimensional numerical model based on the discrete
element method (DEM) was developed. To test the ability
of the numerical model to describe the load transfer
mechanisms, numerical and experimental studies in plane
strain conditions of the trapdoor problem were carried out.

The trapdoor problem [40, 41] consists in moving ver-
tically a trapdoor located at the basis of a granular layer
(Fig. 1). During the tests, the pressure acting on the trap-
door decreases due to load transfers occurring in the
granular material. Load transfers are the consequences of
intergranular rearrangements and modifications of the ori-
entations of contact forces according to the pattern of an
arch above the trapdoor. This problem is similar to the
study of the pressures in silos, described analytically by
Janssen [25], where the pressure p acting at the bottom of a
silo of width 2B filled with a granular material of density 7,
is given by

_ BV _ ,—(Kh/B)tan (}))
p_Ktancﬁ(l e (1)
where K represents the ratio of horizontal stress to vertical
stress on or near the walls of the silo, ¢ the friction angle
between the granular material and the walls and h the

height of the granular material in the silo. For the specific
case of pressure in silos, the coefficient K has been

M A N
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volume 1 volume
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Fig. 1 Description of the trapdoor problem
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discussed by many authors in the past decades [25, 26, 44,
45].

Terzaghi [40] extended this analytical solution to the
trapdoor problem by studying the equilibrium of forces on
a horizontal layer of soil located above the trapdoor. Thus,
the boundaries represented by the walls in the silo problem
are replaced by two vertical planes (A and A’ in Fig. 1)
starting at each edge of the trapdoor.

The difficulty in this analytical solution lies in the
determination of the following two values ¢ and K:

e in the special case of the trapdoor problem, the angle of
friction ¢ should be obtained in plane strain conditions
and, depending on the amplitude of the trapdoor
displacement, for lesser or greater strains,

o the stress ratio K is itself linked to ¢.

For K, there are several propositions based on different
assumptions concerning the behavior of the granular
material at the boundaries between the soil located just
above the trapdoor and the remainder of the material.
Marston and Anderson [29] used an analytical solution
similar to Eq. 1 for predicting the pressure acting on con-
crete pipes taking into account a stress ratio K equal to the
active earth pressure coefficient [33].

K:Ka_lfsinqﬁ

Y @)

The definition of the stress ratio K = a,/0, equal to the
active earth pressure coefficient K, implies that ¢, and o,
correspond to the principal stresses. Handy [23] pointed out
that this assumption is not compatible with the existence of
vertical tangential stresses and he proposed another stress
ratio resulting from the equilibrium of a catenary shaped
stratum. This new assumption implies that the principal
stress directions differ from the vertical and horizontal
directions. The new stress ratio K,, [30] is defined by

K:Kw:1.06[0052<§+§>+K”Sin2(§+§>:| (3)

Other solutions exist for the stress ratio, notably based
on the theory of shear banding. For example, Vardoulakis
[42] considered the two vertical planes (A and A’ on
Fig. 1) as a zone of localization of the shear strains: two
different stress ratios were proposed, each associated with
a value of the friction angle ¢ of the material within the
shear band. Corresponding to the Coulomb solution, the
first of these is

=9, (4)

where ¢, is the critical friction angle of the granular
material. The second value of the estimated friction angle
within the shear band is given by Roscoe [34] and is
defined by
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tan ¢ = sin ¢, (5)

Vardoulakis defines a stress ratio K, depending on the
inclination f§ of the minor principal stress at the outer edge
of the shear band going in the opposite direction to the
shear band:

.l —sing,cos2(n/2 + )
K=k = 1 + sin ¢, cos2(n/2 + B)

where [ is defined by

(6)

tanf = 2, — /2 — 2* (7)
with

sin ¢,
fe = tan ¢(1 — sin ¢,.) ®)
)= tan G + %) 9)

If the minor principal stress direction is perpendicular to
the vertical plane (assumption of Marston and Anderson
[29] which implies unrealistic frictionless interactions
within the vertical planes), the value of K, is equal to the
active earth pressure coefficient K,. The Coulomb
assumption ¢ = ¢. leads to a first value of the stress
ratio referred to as K,; and deduced from Eq. 6). In
practice, the association of the assumption of Roscoe (Eq. 5
and the Eq. 6) leads to a stress ratio K,, = 1.

The previous analytical solutions do not take into
account the amplitude of the vertical displacement of the
trapdoor. Yet, this displacement clearly influences the
amplitude of the strains induced in the granular material.
Papamichos et al. [32] have proposed a new mechanism
analysis to describe the behavior of a granular layer sub-
jected to very minor trapdoor displacements: in this case,
the loading, acting on the trapdoor, results from the weight
of the granular material located in a cone-shaped failure
zone. For a circular trapdoor, this failure zone was assumed
to make an angle with the horizontal direction equal to
/4 — /2.

To investigate the role of the value K and the influence
of the trap displacement on the load transfer in the trapdoor
problem, an experimental study involving real geomaterials
(sand and gravel) is proposed in this paper. Different
analytical solutions in the literature are compared with the
authors’ new experimental results. Moreover, to emphasize
the influence of the mechanical characteristics of the
granular material on the response of the layer, numerical
modeling is carried out by means of the DEM. The DEM is
indeed a particularly relevant numerical tool for the mod-
eling of granular material behavior. In addition, the
mechanical and physical parameters of this method—
similar to real parameters give ample scope for the

reproduction of soil properties such as dilatancy, critical
state. .. The numerical results are analyzed at both mac-
roscopic (granular layer) and microscopic scales (grains
and contact levels).

2 Experimental study
2.1 Methods
2.1.1 Experimental device

The physical model consisted of a wooden box 1.0 m wide
and 0.4 m deep, with a plexiglas front horizontally rein-
forced with steel bars. Depending on the case studied, the
height of the test box ranged from 0.15 to 0.80 m. As
shown in Fig. 2, a 0.20 x 0.40 m trapdoor was located in
the bottom of the box. The trapdoor was moved downwards
incrementally to induce load transfers in the granular layer
placed above it. The vertical critical effort, called F,
applied by the granular layer on the trapdoor was measured
using a load cell with an accuracy of 1 N. In order to limit
wall boundary effects on the measurements, the critical
effort F' was obtained by a load cell in the centered half of
the trapdoor (Fig. 2).

The mean pressure p acting on the trapdoor was deduced
from F and from the trapdoor dimensions. A test indicator
dial gave the trapdoor vertical displacement J, ranging
from 0 to 0.10 m with an accuracy of 0.01 mm. The
kinematics of the granular layer was deduced from the
displacement of horizontal colored strips of the granular
matter using digital image analysis software.

In the trapdoor apparatus, the plane strain conditions
were respected and the horizontal stress perpendicular to
the plexiglas was not measured.

0.40m

ﬂm/ 0.40m
iﬂ“,/
-

.«-“”"V*AOQOm

\

trap-door

Fig. 2 Diagram of the test box
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2.1.2 Characterization of the granular materials

Dry sand and gravel were tested in a loose initial state. The
grading and the snapshots of the particles of the two
granular materials are given respectively in Figs. 3 and 4.
The sand is referred to as Sy and the gravel G..

The physical properties of the materials tested are
given in Table 1. dy is the size of the particles in such a
way that X percent (in volume) of the grains are smaller
than dy. Consequently, the ratio C, = dgo/dio given in
Table 1 quantifies the relative width of the particle size
distribution. A value of C, close to 1 corresponds to a
narrow particle size distribution (gravel); inversely, a
greater value corresponds to a wide ranged particle size
distribution (sand).

The frictional parameters of the different materials were
deduced from axisymetric triaxial tests with a constant
confining stress o, and a constant strain rate & ~5 X
103 s~! in the compression direction. In order to test the
samples in similar stress states to those observed in the test
box, very low confining stresses were used: 5, 10 and 15
kPa. These confining pressures were obtained with a vac-
uum pump by applying an equivalent negative pressure
(related to atmospheric pressure). To keep a satisfactory
ratio between the grain size and the diameter of the tested
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Fig. 3 Grading of the materials
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Fig. 4 Snapshots of the materials. a Sz b G,
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Table 1 Physical and mechanical properties of sand and gravel
granular materials

Sp G,
Minimal diameter dmin [mm] 0.01 5.0
Mean diameter dso [mm)] 0.5 8.0
Maximal diameter dmax [mm] 6.3 12.5
Uniformity coefficient C, [—] 4.09 1.61
Density Vs [kN/m?] 26.1 26.5
Apparent density Vi [kN/m?] 17.0 15.2
Peak friction angle o, [°] 49 54
Critical friction angle . [°] 39 40

samples, the materials Sy were tested in a 70 mm diameter
test cell, whereas G. were tested in a 150-mm-diameter test
cell.

The samples for the triaxial tests were prepared by
pouring the granular material into a cylindrical box with no
drop height. This classical laboratory procedure enables
samples to be obtained with very low solid fraction.

In addition, a correction was applied to the radial con-
fining stress given by the stiffness of the latex membrane
surrounding the samples [27]. The effect of the self-weight
of the samples was also considered. However, since the
self-weight influences the axial stress, its effect on the final
value of the measured friction angle was negligible.

From these triaxial tests, two angles of friction can be
measured: a peak friction angle ¢, corresponding to the
maximum strength and a critical friction angle ¢, charac-
terizing the mechanical strength for high values of vertical
deformation (g > 15%). These friction angles are shown in
Table 1.

The reader is asked to bear in mind that the friction
angles are obtained by means of triaxial compression
testing in axi-symetry conditions. However, the problem of
the trapdoor is a plane strain problem and it is generally
accepted that in these conditions, the measured friction
angles are greater than in non-plane strain conditions.
Thus, the angles given in Table 1 should be considered as
minimum values for friction angles.

2.1.3 Trapdoor test procedure

Several 2-cm-thick strata were successively dropped into
the test box without compaction in order to form a loose
granular layer A thick. The initial apparent density of the
material y; (Table 1) was equal to its minimal density.
The layer thickness ranged between 0.05 and 0.60 m. The
pressure acting on the trapdoor during the filling process of
the test box was compared with the theoretical value y; h: a
gap less than 2 % was observed between the measured and
expected values.
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The total trapdoor displacement was referred to as o.
The trapdoor was moved at a rate of 1.0 mm per min. and
stopped for several positions corresponding to different
values of J: every 0.1 mm increment for 0 < 6 < 5 mm,
then every 0.5 mm increment for 5 < ¢ <25 mm and
finally every 1.0 mm increment for 6 > 25 mm. Due to this
test procedure, the problem was considered to correspond
to quasi-static conditions.

The portion of granular material located under the bot-
tom of the test box and above the trapdoor (Fig. 5) did not
participate in the load transfer but contributed to the
increase of p when the trapdoor moved downwards. It is
then advisable to use the variable ¢ corresponding to the
mean pressure acting at the initial position of the trapdoor
(at the bottom of the test box). Assuming that the load
transfer between the granular material and the walls around
the trapdoor tends to zero, the value of g can be written

qg=p—70 (10)

assuming that the density of the granular material under the
bottom of the test box is equal to the initial apparent
density.

2.2 Results

The load responses obtained with each granular material
and for each layer % thick broke down into three charac-
teristic phases that corresponded to precise conditions with
regard to kinematics and to load transfer amplitudes. A
typical response is given in Fig. 6 and showing p versus
for a 0.20-m-thick layer of G.. The granular layer response
for this test consisted in

(i) phase (a): a phase of maximal load transfer during
which the pressure reached a minimum value pip.
This phase occurred as soon as the trapdoor was moved

- )<

volume
interface correction
without
friction

— b

Fig. 5 Definition of the pressure ¢ acting on the trapdoor depending
on the volume of the material located under the bottom of the test box
and not participating in the load transfer

3.75
G,
h=020m -
250
T o
A
=
2,
125 |
= L
£ |
=, b .
0.00 . . . .
° 20 40 60 80 100

6 [mm)]

Fig. 6 Description of the three successive phases of the trapdoor
problem (case G, h = 0.20 m): (a) maximal load transfer, (b) tran-
sitional phase, (c) critical phase

downwards from its initial position 0.3 < ¢ < 4.5 mm,
depending on the granular material tested,

(ii) phase (b): a transitional phase during which the
pressure p increased with 0 (the increase rate of
p with 0 was constant for all tests for a given
material),

(iii) phase (c): a critical phase during which two vertical
shear bands were observed starting at each edge
of the trapdoor. During this phase, the pressure
p increased continuously with ¢ but at a reduced rate.
The first observation of the vertical shear band gave
the critical pressure notes p.,.

Figure 7 shows load transfer p obtained with various
layer thicknesses for materials Sy and G..

2.2.1 Phase (a): Maximum transfer phase

The maximal load transfer phase, referred to as phase (a),
corresponded to the minimal pressure p.,;, measured on the
trapdoor or to the minimal corrected pressure g, on the
trapdoor.

As shown in Fig. 7, minimal pressure was reached for a
very small displacement of the trapdoor. Figure 8 shows
the displacement J required to reach p,,;, versus the height
of the granular layer for both materials. Phase (a) was
obtained for lower values of ¢ in the case of Sy than in the
case of G.. The mechanism observed in the trapdoor
problem corresponds to the mobilization of the friction on
the interfaces between the soil above the trapdoor and the
material on either side. Thus, the relative displacement
between both parts required to fully mobilize the friction
on these interfaces was greater for G., which presented a
larger particle size.

@ Springer
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Fig. 7 p versus § for Sy and G, and for various layer thicknesses h; the square symbols correspond to the first observation of vertical shear
banding (the symbol dagger underlines a change in the scale of the y axis). a Sand. b Gravel
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Fig. 8 Trapdoor displacement ¢ necessary to reach maximal load
transfer, corresponding to minimal pressure

Figure 9 shows the relation between the weighted min-
imal pressure gmin/y; and the thickness of the layer for Sy
and G. Without any load transfer, a granular layer of
thickness 2 and volumetric weight y; would apply a pres-
sure equal to g, = hy; on the trapdoor which corresponds
to the solid line of slope 1:1 in Fig. 9. The experimental
results showed that g¢,,;,/y; reached a threshold as the
thickness of the layer exceeded a specific value 4*, which
depended on the material:

e for Sg gmin/y; =~ 0.08 for A > h* = 0.10m,
o for G.: gmin/y; ~ 0.05 for h > h* = 0.15m.

The relation of minimal pressure with & was computed
using Eq. 1 in which a coefficient K and a friction angle ¢

@ Springer
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Fig. 9 gmin/y; versus h for Sy and G.. The line corresponds to the
values predicted by the Eq. 1 using the angle of friction ¢, of each
granular material and the following stress ratio: K = 1.17 for Sy and
K = 1.46 for Gravel

are needed. The friction angle ¢, is strongly correlated
with the initial state of the granular layer and is obtained
for a level of minor strain. Due to the small displacement
level involved in phase (a), the peak friction angle ¢, was
chosen. The dashed lines in Fig. 9 shows that Eq. 1,
obtained by adjusting K, is an acceptably close fit to the
experimental values.

©_ [ 117006,
~ { 1.46 +0.03,

for Sy
for G.~ (1)

Briefly presented in Sect. 1, most of the analytical
solutions involving a coefficient K related to the value of
the friction angle ¢ of the granular material. Due to the
assumed kinematics along the vertical planes, K is often
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assumed to correspond to the active earth pressure
coefficient K, [29, 30] taking values always lower than
1.0. However, the values of K resulting from the fit were
greater than 1.0. Consequently, for phase (a), K could not
correspond to the active earth pressure coefficient.
Furthermore, the reliance of K on ¢ for phase (a) rep-
resented a real problem and other effects might influence
the behavior of the granular layers for phase (a): material
grading, ratio of mean particle size to trapdoor size, initial
relative density of the granular soil. The experimental
study involved natural geomaterials which presented
numerous differences as far as physical parameters were
concerned such as grain shape, surface properties. An
attempt to highlight the influence of the friction angle ¢
and grain shape with the DEM is proposed in Sect. 3.

2.2.2 Phase (b): The transitional phase

The transition phase between the maximal load transfer
phase and the critical phase corresponded to the increase of
p and g with §. During this phase, the soil above the
trapdoor progressively expanded as the trapdoor moved
downwards. The weight of granular material supported by
the trapdoor increased. An expansive zone delimited by
two inclined planes starting at each edge of the trapdoor
was observed in Figs. 10 and 11. At the end of the tran-
sitional phase, these planes were vertical. Two parameters
characterized phase (b): the interval of displacement
“d-range” necessary to make the transition and the gradi-
ent k = dg/do.

In Fig. 12, it can be observed that the interval d-range of
phase (b) increased with the thickness i of the layer and
was greater for G, than for Sy The values of the pressure g
versus O corresponding to phase (b) are shown in Fig. 13
for materials Syand G.. For a given material, the gradient of
g with ¢ during the transitional phase was independent of /
if h>h*. For each material, once h is greater than h*, a
linear regression of the experimental measurements gave
the values of gradient k:

Fig. 10 Transitional phase: expansion zone

Fig. 11 Snapshot of the expansion zone during transitional phase
(case of S, h = 0.20 m, 6 = 10 mm)

100

501

&-range [mmy]

25t

Fig. 12 J-range during which the transitional phase occurs versus the
layer thickness i for Sy and G,

3.75
Sy

k= 135.5kN.m™3

2.50

q [kPa]

G,
k= 18.3kN.m3

0.00

20 20
6 [mm]

Fig. 13 Corrected pressure ¢ versus J for phase (b) for Syand G, and
for h > h*

for Sy (12)

L 13554 26kNm>,
o forG,’

18.3 +0.5kNm3,

The value of k represents the ability of the granular
material to maintain the load transfers obtained at the end
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of phase (a): the high values of k mean that the load
transfers decrease rapidly, whereas the low values of k
correspond to a good conservation of load transfers. The
difference between the values of k for Sy and G, showed
that the gravel was much more able to transfer the load
from the expansion zone to the remaining parts of the
layer.

An estimation of the intensity of load transfers during
phase (b) was made: the volumes of expansion zones were
deduced from image analysis. The pressure g, induced by
this volume on the trapdoor was calculated as if no load
transfer existed between the expansion zone and the
remaining material. To do so, the surface s of the vertical
cross section of the expansion zone was deduced from
image analysis. The resulting weight of the expansion zone
was then calculated based on a material density equal to ;.
The resulting expression of g, is:

s
4w =735~ 9) (13)
where 2B is the trapdoor width, y; the initial apparent
density and s the area of the expansion zone in a vertical
cross section of the test box (Fig. 14). Figures 15 and 16
show the comparison of data (9, ¢,,) and (J, q).

A new gradient k,, was calculated from the data (9, g,,),
this gradient corresponded to a response without load
transfer. For G, the analysis of two trapdoor tests gave a
mean value k,(G.) = 56.7 kN m~>. For Sy, the analysis of
four tests gave a mean value k,(Sp = 147 & 60 kN m .
The comparison of the increase rates k and k,, confirmed
the difference in behavior of the two materials tested for
the transitional phase:

T

=

Fig. 14 Area s of the expansion zone in a vertical cross section of the
test box
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beginning of critical phase
0 20 40 60
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Fig. 15 Comparison of ¢ and ¢, versus ¢ for G. and 7 = 0.20 m

ky/k=1.10+0.45 forS, (14)
kw/k=3.05+£045 forG,’

A ratio k,/k~ 1 means that no load transfer exist
between the expansion zone and the remaining material,
whereas a ratio k,/k > 1 means that load transfers exist.
Basically, &, /k <1 is not physically correct. Assumptions
made for the computation might explain the inconsistency
of some results: the failure zone observed through the front
plexiglass wall was assumed to be representative of the
whole layer. For Sy, the ratio k,,/k was centered on a value
of 1.10, which corresponds to a quasi no load transfer
mechanism from the expansion zone to the remaining
material. For G, the ratio was about 2.6: the gravel was
thus much more able to mobilize friction at the interfaces
than the sand.

2.2.3 Phase (c): The critical phase

During the critical phase, the whole column of soil over the
trapdoor was involved in the sliding movement, contrary to
previous phases. Phase (c) corresponded to the classical
description of the trapdoor problem with a considerable
displacement: two vertical planes, starting at each edge of
the trapdoor, marked the boundaries between a volume of
granular material sliding between two fixed parts (Figs. 17
and 18). The pressure p. on the trapdoor for the critical
phase was measured at the beginning of the phase, i.e. as
soon as the boundaries of the slipping zone became
vertical.

During phase (c), the surface of the layer settled because
of the substantial displacements involved. Consequently, a
corrective value i’ of the height 4 of the granular layer was
defined (Fig. 19). The evolution of g, according to &’ given
in Fig. 20 showed that there was a value of A’ = 0.27m for
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3.75
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* x % x
ﬁ ¢ RN P
beginning of critical phase
125
[/ A—
qw *
0 1 1 1
0 20 40 60
(@)

8 [mm]

3.75

Fig. 16 Comparison of ¢ and ¢,, versus 6 for S. a h=0.20m, b 2 =0.30 m

Fig. 17 Critical phase: vertical boundaries of the sliding zone of the
granular layer

Fig. 18 Snapshot of the granular layer during critical phase (case of
S, h =020 met 6 =40 mm)

which ¢, reached a maximum. For G ¢, reached a
threshold.

Once again, phase (c¢) was associated with considerable
deformations. It seemed fairly intuitive to accept that the
shear strength of the material to be considered corre-
sponded to the critical friction ¢,.. Despite very close

g
beginning of critical phase
125 {7
q
qw *
0 L
0 20 40 60
(b)
6 [mm]
effective height
h/
: volume : :
[ correction
\—‘:: 7 ::'—A

Fig. 19 Corrections for critical phase on the effective height of the
granular layer

3.75}

2.5}

qc [kPa]

1.25¢

Fig. 20 Critical pressure ¢, versus /' for Syand G,
values of critical friction angles for both materials

— ¢ = 39° for Sy and ¢. = 40° for G.—the critical pres-
sures g. were approximately twice as great for Sy as for G...
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The results obtained for phase (¢) were compared with the
predictions of the analytical solution of Eq. 1. Since the
analytical solution does not consider the vertical dis-
placement of the trapdoor J, the value of the prediction was
assumed to be equal to the equivalent pressure at the level
of the bottom of the test box.

no_ BV _ (—KIW/B langbL.)
9c() - Ktan @, (1 eI (13)
where 2B = 0.20 m is the width of the trapdoor, ¢, the
critical friction angle along the vertical failure planes, /' is
the effective height of the layer and K a coefficient cor-
responding to the ratio between the horizontal and the
vertical stresses. The volumetric weight y used here was the
initial volumetric weight of the granular layer 7;.

The analytical solutions were compared with the
experimental results for phase (c¢). The coefficients K given

2
G,
15 P ]
= 1 X
<
05}
X fitted curve
/ experimental results ... e
ol

0 01 02 03 04 05 06
' [m]

Fig. 21 Comparison between the experimental results and the
analytical description of Eq. 15 leading to a coefficient
{K}p =1.19+£0.04

qc [kPa]
N

fitting curve e

experimental results —g—

0 0.1 0.2 0.3 0.4 0.5 0.6
h' [m]
Fig. 22 Comparison between the experimental results and the

analytical description of Eq. 15 leading to a coefficient
{K}ﬁt =0.30+£0.03
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by the different analytical solutions were compared with
the coefficient {K }ﬁ.t able to fit the experimental data with
respect to Eq. 15. For the gravel G, the shape of the
experimental curve giving g. versus A’ reproduced the
Eq. 15 with K = 1.19 &£ 0.04 well (Fig. 21).

For the sand Sy, the experimental curve giving g, versus
I broke down into two parts separated by a break of slope
for A’ = 0.27m. This shape could not be efficiently repro-
duced by Eq. 15 (Fig. 22). A minimal value of K could be
obtained by fitting the first part of the curve. The values of
the coefficient K given by the analytical model and by the
approximation to the experimental data are given in
Table 2.

For G, the value of {K}g = 1.19 required to fit the
experimental data was greater than any proposition of the
analytical models. Moreover, this result showed that hori-
zontal stress should be greater than vertical stress: the soil
was under extension conditions.

For S, the fitting of the experimental data with the
Eq. 15 for # <0.30 gave a coefficient {K };, = 0.30, which
was not very far from the coefficient proposed by Marston
and Anderson. However, the break of slope obtained could
not be analytically obtained. The decrease in critical
pressure p. as h increased was in contradiction with the
results obtained with the gravel but also with all the ana-
lytical solutions. The solutions predicted indeed that a
threshold convergence of the pressure should be reached
but not a decrease. Consequently, the last experimental
points should be considered carefully. Some experimental
artefacts might have disturbed the response of the sand
layers for high thickness values and high values of trapdoor
displacements.

2.2.4 Synthesis of the experimental part of the study

A systematic break down of the responses of the granular
layers into 3 phases was observed. These phases showed
that the load transfers in the granular layers were directly
correlated with the value of the trapdoor displacements.
The maximal load transfer amplitude was observed at the
beginning of the trapdoor movement.

Table 2 Coefficient K predicted by some analytical models based on
Eq. 15

Sp G.
Marston and Anderson 0.23 0.23
Handy 0.40 0.38
Coulomb 0.44 0.43
Roscoe 1.00 1.00
Fit 0.30 + 0.03 1.19 + 0.04
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The minimal pressure g, on the trapdoor increased
with the granular layer thickness & as long as h<h* and
then reached a threshold for 4 > A*, with A* =0.15 m
for the sand Sy and h* = 0.10 m for the gravel G.. The
evolution of g, with & was reproduced successfully by
the solution of Eq. 15. The analytical modeling of g,
highlighted the importance of the stress ratio K. For both
granular soils, K was greater than 1.0 so the horizontal
stresses were bigger than the vertical ones. As soon as
h > 0.1 m, it was observed that transfers were higher for
gravel than for sand. Moreover, the amplitude of trap-
door displacement J,,;, corresponding to ¢;, was higher
for G, than for S; indicating that a correlation might
exist between J.,;, and the grain size.

The load transfers initially developed during the first
phase gradually decreased during the second phase. The
increase of the pressure on the trapdoor, due to the
progressive loosening of the soil over the trapdoor,
evolved linearly as the trapdoor was moved downwards.
The gradient dg/do was constant for a given material:
this gradient—which depends on the interaction between
the unpacked soil and the adjacent areas—showed the
ability of the granular material to maintain the load
transfer initially developed. This ability was obviously
greater for G, than for S. From a kinematics point
of view, this phase was associated with an expansion of
the failure zone from the bottom of the layer to its
surface.

Finally, for considerable displacements of the trapdoor,
the pressure on the trapdoor reached a threshold in most
cases, depending on the thickness of the layer. Two tests
on sand showed a drop in pressure for extensive dis-
placement of the trapdoor: it occurred for a substantial
height of the granular layer; therefore, a “silo effect” with
walls might have modified the testing conditions. The
behavior during phase (c) corresponded to the sliding of
the material located above the trapdoor between two
vertical failure planes. The pressure on the trapdoor could
be modeled by the equation of Janssen Eq. 15 by an
adjustment of the stress ratio K. This modeling was par-
ticularly satisfying in the case of the gravel layers. Many
analytical expressions of the stress ratio K were calculated
and compared with those obtained by fitting with the
experimental data. For sand, the coefficient K was con-
sistent with the range of analytical values. For gravel, K
was greater than 1.0 which is consistent with the situation
in which a granular layer is subjected to a vertical
extension.

In order to clarify these observations, a set of very well-
controlled materials were needed and consequently, a
numerical modeling of the trapdoor problem involving the
DEM was carried out.

3 Numerical study

The DEM is a useful and relevant numerical tool for the
modeling of granular materials such as those dealt with in
the first part of this paper. The full control of parameters
such as particle shape, grading and macro-mechanical
parameters is a means of answering the questions raised
previously.

3.1 Methods
3.1.1 The discrete element method (DEM)

The principle of the DEM is to model granular materials
with non-deformable particles that interact with each other
through contact points. While the Contact Dynamics
method [31] governs contact behavior in Signorini condi-
tions (rigid contact), the Molecular Dynamics approach
used here takes into consideration contact elasticity [17].
The kinematics of the media is governed by the equations
of motion applied to each particle:

Mi,:ZFfﬁwrr (16)
J

16, =3 T s m, (7)
J

where:

e M is the mass of particle i and £ its matrix of inertia,

e X; is the translation acceleration of i and ®, its angular
acceleration,

e F s the force applied by particle j on i, V™" is the
moment induced by F/™,

e 1 represents the action on i of external forces and m,
the moment induced by r on the center of gravity of i.

The double integration of the equations of motion is
carried out according to an explicit Verlet numerical
scheme [3]. In addition, a local damping coefficient is used
at each time-step to reduce the unbalanced forces acting on
the particles. A new term is added to Newton’s second law
of motion because of this damping [18]. This damping
method influences acceleration values and is expressed
through a non-dimensional parameter o. In the modeling
presented in this paper, the damping coefficient was set at
o = 0.75. Since the numerical study consisted of succes-
sive equilibrium states, the damping method did nothing
more than enable a stable mechanical state to be reached
rapidly. There was no influence of « on the results
observed.

At each contact point, normal and tangential compo-
nents of the contact force are governed by linear contact
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laws. The normal component of the contact force applied
by particle j on particle i can be written as follows

fimi = K,h" (18)

where K, represents the normal contact stiffness and 4;; the
overlap of the two particles i and j with h; > 0 for the
overlapped particles. No traction was considered here
between particles. The tangential component of the contact
force £/~ is linked to the relative tangential incremental
displacement du, of particles i and j with a stiffness K, [17]
by the following expression
d[J£; "]

dom K, (19)

and is bound by a Coulomb friction criterion
7711 < fy ! (20)

with u the contact friction coefficient between particles
i and j.

The code used was SDEC software [20] developed in
the 3S-R laboratory, which is based on 3D molecular
dynamics.

3.1.2 Granular model

Two kinds of particles were used (Fig. 23):

e spherical particles,
e complex particles, referred to as clusters.

A cluster is a perfectly rigid assembly of two over-
lapped, identical spheres of diameter d. Two different
values of the distance between the centers of spheres of the
cluster were modeled: 0.20d and 0.95d. Finally, three
particle shapes were then modeled: spheres (S), clusters
with a distance between the centers of spheres of, 0.20d
(C*) and clusters with a distance between the centers of
spheres of, 0.95d (C*).

The concavity of cluster particles implies that two of the
latter may be in contact through more than one contact
point. In addition, simple spheres can roll without slipping
on each other, this phenomenon is no longer valid in the
case of cluster particles due to the concavity and the
increased interweaving of the particles. Consequently,
using clusters introduces a geometrical resistance to this

(a) (b) (0

Fig. 23 Particle types: a spherical, b cluster 0.20d, ¢ cluster 0.95d
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rolling, and the range of shear strength attainable with such
assemblies is much greater than that for spherical particles
[11, 36, 38, 39]. Friction angles as high as those found with
the geomaterials used in the experimental study were thus
modeled.

The grading of the modeled particle assemblies
(Fig. 24) was characterized by a ratio of the maximal
diameter to the minimal diameter

Dux _ 5 66 (21)

Within this range of diameter, particle sizes were ran-
domly chosen in such a way that the coefficient of uni-
formity of the assemblies was equal to C,, = 1.52. In the
experimental study, the gravel G, presented a uniformity
coefficient of, C, = 1.61 (Table 1).

3.1.3 Numerical parameters and mechanical properties

The aim of the numerical study was to investigate the
influence of the macro-mechanical parameters of a granular
material on its response to the trapdoor problem. Load
transfers in granular materials are closely linked to shear
strength and particularly to friction angles in both peak and
critical states. Consequently, several granular assemblies
with various macro-mechanical parameters were modeled.

The macro-mechanical parameters of an assembly of
particles depend on:

e physical parameters such as porosity, grading [10],
particle shapes [11, 36, 38, 39],

e mechanical parameters of contact laws such as stiff-
nesses and friction coefficient in the case presented in
this paper [2, 6, 14, 35],

100

80+

60+

40}

percentage finer in volume [%]

20+

0 0.2 0.4 0.6 0.8 1
d— dmin

dmax— dmin

Fig. 24 Grading of numerical particle assemblies
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e the way used to prepare granular assemblies [4, 5, 9,
16]

The mechanical characterization of each type of
assembly was carried out by modeling triaxial tests on
samples of 8000 particles with a constant confining stress
03 = 5 kPa.

To set contact stiffness, rigidity x of the granular
assembly was used. The parameter x [15] is a non-
dimensional parameter used to quantify contact deforma-
bility. It is related to the mean overlap (k) of particles in an
assembly. With this parameter, the stiffnesses of the
experimental and numerical samples can be compared. For
a linear normal contact law in 3 dimensions, « is defined by

(K _(d)
)P~ )

(22)

where (K,,) is the mean normal stiffness of the contacts, P
is the equivalent isotropic pressure on the assembly and
(d,) is the mean diameter of the particles. The stiffness
level of the sample modeled in this study was equal to
x = 3,125. This value presents the same order of magni-
tude as for monodisperse glass beads submitted to an iso-
tropic pressure of 100 kPa. For tangential stiffness K,
Schifer et al. [37] and Combe [13] showed that a value of
K,;/K, between 0.5 and 1 has no significant influence on the
simulated mechanical behavior. Emeriault et al. [22]
showed that K,/K,>1 could lead to assemblies with
negative Poisson ratios. Consequently, the ratio K;/K, was
fixed at 0.75.

For the triaxial tests, numerical samples were generated
using Radius Expansion with the Decrease of Friction
process (REDF) [9]. Particle diameters were progressively
increased until an isotropic pressure threshold P,,,x = 500
Pa was reached on the walls. After that, the porosity # of
the assembly was assumed to be maximal #§ = #,.x. As the
isotropic pressure could not be lowered below the threshold
value, the contact friction coefficient p was progressively
reduced so that particle expansion could proceed until the
contact friction coefficient reached the value of u = 0. The

Table 3 Physical and mechanical properties of particle assemblies

Shape S, Sy S; (oo LN o SN o &
— spherical — cluster 0.20d  cluster 0.95d
n (=) 0.401 0.379 0.355 0.354 0.300 0.405
Nmin (=) 0.347  0.347 0.347 0.295 0.347
Nmax (—) 0402 0.402 0.402 0.394 0.444
u(=) 1.466 1.466 1.466 1.466 0.521 1.466
E (MPa) 339 579 725 7.09 1378 495 588
¢, (©) 245 307 37.1 372 490 352 462
¢ (©) 217 224 222 246 245 313 313

porosity was then minimal, = #,;,. With this generation
method, the assembly could be generated with any desired
value of porosity within the range [1,in, fmax)- The poros-
ities of the different assemblies are summarized in Table 3.

Assemblies of different particle shapes and porosities
were set up in order to obtain an extensive range of mac-
roscopic peak and critical friction angles: ¢, € [24.5°,49°]
for the peak friction angle and ¢, € [21.7°,31.3°] for the
critical friction angle. Each particle shape gave a unique
value of the critical friction angle. For samples of particles
S and C*, only the initial porosity of the sample was
modified. For samples of particles C°>, only the contact
friction coefficient was modified. In order to focus on the
effect of the particle shape, the ranges of peak friction
angle associated with each shape have to overlap each
other. The value of friction coefficient had to be unique for
almost all cases. These two conditions led to choose a
value of friction coefficient ¢ = 1.466 (Table 3).

The responses of the samples giving the ratio
(61 — 03)/(01 + 203) (with o the axial stress) and the
volumetric strain &, versus axial strain & are given in
Fig. 25. The mechanical properties of all the assemblies are
summarized in Table 3.

3.2 Test procedure and granular layers
3.2.1 Test procedure

The assemblies of particles were placed in a test box pre-
senting the same geometry as the experimental device in x
and z-axis directions (Fig. 26). In the y-axis direction, the
test box width was equal to 0.10 m. The thickness of every
layer tested here was equal to 2 = 0.20 m. The number of
particles was equal to N = 23,000. The granular assem-
blies were prepared in this test box without any gravity by
using the REDF procedure [9]. After generation of the
assembly, gravity forces were applied to the sample. As for
experimental tests, the trapdoor was moved downwards at a
constant rate and stopped every 1.0 mm increments for
pressure measurements. For each increment, an equilib-
rium state was reached with the following criterion:

1 —% <107? (23)

where F, represents the vertical resultant force applied by
the sample on the test box and W is the total weight of the
granular layer.

3.2.2 Initial state
Before moving the trapdoor, the initial states were checked

with regard to distribution of the horizontal and vertical
stresses in the sample, orientation of the contacts and
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Fig. 26 Diagram of the modeled test box
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trap-door

homogeneity of the porosity. The characterization of the
initial state is presented here for sample C7°.

Figure 27 gives the distribution of the vertical and
horizontal stress versus the depth of the granular layer. In a
volume V, the stress tensor was calculated by

A
oy = D i (24)
o=1
where N, is the number of contact points in V, f the pro-
jection of the contact force f on i-axis and # the projection
of the branch vector 1 on j-axis with i = x, y, z and
Jj = x, v, z [46]. The branch vector 1 is defined by the vector
linking the centers of particle masses in contact. The vol-

ume V consisted of horizontal slices of the layer, each one
0.025 m thick.
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Fig. 27 Distribution of horizontal and vertical stresses o, and o,
versus the depth in the layer for the C° sample

As expected, Fig. 27 shows a depth-proportional distri-
bution of the vertical and horizontal stresses, g, and ¢,. In
addition, the ratio between ¢, and ¢, was constant and
around o, /g, ~ 0.4, except at or near the top of the layer,
where the stress state was expected to be isotropic (fluid
zone) [21].

The orientations of the contacts with respect to the
z-axis direction were computed. The angle 0 between the
normal to contact plane and the z-axis direction was cal-
culated. The distribution of | cos 0], referred to as P(cos 0)
can be decomposed with Legendre polynomials [21].
According to this decomposition, an isotropic distribution
of contacts corresponds to §->_y cos’0 =1/3 and

N2, cost 0 = 1/5.

0.8

P(cosB)

0.6}

0.4

0.2}

0 0.2 0.4 0.6 0.8 1
|cos 6]

Fig. 28 Distribution of the orientation of contacts P(cos ) with a
vertical direction in the central part of the sample C7° in the initial
state

The statistical distribution of the orientation of the
contacts P(cos 0) is given in Fig. 28 for sample C7°. Only
the central part of the sample was considered in this dis-
tribution, in order to deactivate the effect of the walls. The
initial state was very close to an isotropic state. In this
example, NLZN cos? ) =0.3328 and NLZN cos* 0 =
0.2001 were obtained. These values are very close to those
expected in isotropic conditions.

3.3 Trapdoor tests: 3 phases

The responses to the trapdoor test of all the samples are
shown in Fig. 29 in terms of pressure p and corrected
pressure g on the trapdoor, versus trapdoor displacement .
As with the experimental tests, three phases were observed
in the response of the materials to the trapdoor test. The
boundary of each phase is more precisely shown for
material C}> on the curve giving corrected pressure g ver-
sus o in Fig. 30.

Figure 31 shows the displacement fields in the vertical
cross section of the layer which was analyzed for different
values of d, corresponding to the different phases observed
experimentally. A good qualitative and quantitative
agreement existed between the numerical modeling using
the DEM and experimental testing. The three phases were
underlined in this section for sample C7°.

3.3.1 Phase (a)

As in the experimental tests, the mean pressure on the
trapdoor decreased from the initial value to a minimal
value g, as soon as the trapdoor was moved (Fig. 30—
part a). At the same time, a wedge-shaped zone located
above the trapdoor appeared on the displacement field
(Fig. 31a) while the remaining part of the layer was not
affected by trapdoor displacement.

The experimental results in Fig. 9 show that the minimal
pressure gmi, depended on A and on the granular material.
In addition, phase (a) was associated with minor dis-
placements in the bulk, a correlation between g, and ¢,
was assumed. Figure 32a gives gmin/y; versus ¢, for each
numerical material tested. The experimental results
obtained for sand and gravel layers 0.20 m thick are also
shown in this figure. The lower ¢, was, the greater was the
pressure on the trapdoor, i.e., the lower the load transfer
was.

In addition, the three materials S, Cao and Ch with
values for the peak friction angle ¢, between 35° and 37°
gave very similar minimal pressures g¢m;,. The key
parameter for the amplitude of load transfer during phase
(a) was in this case ¢,, and no effect from the particle
shape was observed on the load transfer and kinematics.
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The only influence of shape acts indirectly through the
peak friction angle.

3.3.2 Phase (b)

After it reached its minimal value ¢, pressure g
increased rapidly and regularly with 6 between 3 mm and
40 mm (Fig. 30—part b). At the end of phase (b), the
pressure on the trapdoor reached a value of, g.. In terms of
kinematics, this phase corresponded to the expansion
toward the surface of the previously formed wedge-shaped
zone, as shown in Fig. 31b, c.

@ Springer

3.3.3 Phase (c)

Finally, pressure g reached a threshold (Fig. 30—part c).
The boundaries of the slipping part of the granular material
above the trapdoor consisted of two vertical planes starting
at each edge of the trapdoor (Fig. 31d). This mechanism
was very close to the one observed experimentally and also
corresponded to the classical description of the phenome-
non used in analytical models.

Phase (c) was associated with greater displacement
values of the trapdoor, corresponding to substantial strains
in the sample. In this case, a correlation between the
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Fig. 30 Corrected pressure versus trapdoor displacement ¢ for
material C}° (h = 0.20m)

corrected pressure g, at the beginning of phase (c) and the
critical friction angle, ¢, was assumed. Figure 32b shows
q. versus ¢, for all samples. Pressure g. corresponding to
the beginning of phase (c) slightly decreased with ¢,. Here,
the effect of ¢. could not be disconnected from the effect
of particle shape, since each particle shape S, C*° or C*°
was associated with a unique value of ¢..

3.4 Micromechanical analysis

The DEM gives a means to observe the mechanisms
occurring at contact level between grains, in particular
through displacement fields or local stress and strain ten-
sors. It is possible to highlight numerous differences
between the granular layers tested here with regard to the
trapdoor problem. The influences of particle shapes and
friction angles were investigated from a micro-mechanical
point of view.

3.4.1 Calculation of stresses and strains in discrete
particles assemblies

Stress tensors were calculated on volumes of constant size,
each volume containing around 72 grains, all over the
granular layer using Eq. 24. Each volume covered the
whole width of the test box in the y-axis direction and was
2.5 x 2.5 mm in the xz plane and each volume contained
between 170 and 320 contact points, depending on particle
shape and porosity.

In terms of strain, the distributions of first and second
invariants of strain tensors were calculated [8]. The net-
work formed by the centers of mass of the particles was
converted into an assembly of tetrahedrons. Between two
successive configurations of the granular layer, the strain
tensor for each tetrahedron can be written

1 Gui auj . .
)8 e

j = 'x7y7 Z?
(25)

where u is the displacement field of the tetrahedron
between the two configurations. The mean gradient of the
displacement field u of the tetrahedron can be assessed by

au,- 1 al/t,'
— ) == | =—dV 26
(&) -v/5 26)

Vv

with V the volume of the tetrahedron. However, the Green-
Gauss theorem gives

6u,~
Vv

ov

with n; the normal exterior of the OV boundary of V.
Assuming that the components of the displacement field u
vary linearly between the vertex of the tetrahedron, the
strain tensor of a tetrahedron between two configurations is
given by

1
Ejj :ﬁz /M,dS nj+ /quS n; (28)
S

k s

where k is the index of the faces of the tetrahedron.
3.4.2 Qualitative analysis of kinematics

The purpose here is to evaluate the possible effects of
particle shapes and macro-mechanical shear resistance
characteristics on the changes in orientation of the network
of contact forces. The Fig. 33 shows the distribution of the
normal components of contact forces in a sample made of
C_%O, for 6 = 10 mm (phase (a)). For a more accurate
analysis of the mechanisms involved, the analysis of load
transfer mechanisms was based on the distribution of shear
strains and the principal stress directions. The analyses of
phase (a) of maximal load transfer and of critical phase
(c) are presented separately.

3.4.2.1 Case of phase (a) Three granular layers were
chosen with different particle shapes for each and with
similar peak friction angles ¢, and minimal pressure gmin:
Ss, C%O and C?S . Figure 34 shows the distribution of the
second invariant of strain tensor I, and of the principal
stress directions in the plane (O,x,z) for 3 materials in
phase (a).

The distribution of 15, and the principal stress directions
both clearly revealed the arch pattern obtained due to
trapdoor movement. The arch spanned the trapdoor and
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Fig. 31 Particle displacement fields in a vertical section of the layer for the numerical assembly C7°, for different values of trapdoor
displacement 0 in the (x,z) plan (for 6 = 1 mm, vector length is equal to 2.5 times particle displacement, 1 time for others) (A = 0.20m).

ad=1mmbd=10mm,cd=37mm,dod=62mm

stood on each side of the fixed part of the bottom of the test
box. The arch followed the path formed by the directions of
major principal stresses from one side of the trapdoor to the
other. The path corresponded to strong shear strain zones.
No significant differences could be found in the shape or
width of the arches for these 3 materials. Therefore, for a
given peak friction angle, no effect of particle shape was
observed on the arch pattern.

Three other materials were then chosen, again with
different particle shapes and peak friction angles ¢,.
Figure 35 shows respectively the distributions of the
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second invariant of strain tensor I, and the principal stress
directions in the plane (O,x,z) for the materials S;, C}°
and C%O in phase (a).

In Fig. 35, the arch pattern was still observable. How-
ever, for a lower value of ¢, the arch was higher and its
branches wider. In addition, the directions of principal
stresses under the arch were not sorted. Contrary to this, for
a higher value of ¢,, the arch was thinner and affected only
the lower part of the granular layer: shear strain was more
localized. In this case, the principal stress directions were
properly sorted. Thus, the effect of the peak friction angle
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Fig. 33 Distribution of the normal contact forces f, in the sample
made of C3° particles. A thin dark line corresponds to a small value of
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values of f,, are linearly distributed between thin to wide and black to
white lines

on the arching mechanism was clearly identified for this
phase.

3.4.2.2 Case of phase (c) As defined previously, the
critical phase corresponds to the vertical sliding of the part
of the granular layer located above the trapdoor. Phase (c)
is associated with extensive displacements and strains in
the granular layers. The friction mobilized in the granular
layer is associated with the critical friction angle ¢,.. For
the materials presented here, ¢. depended on particle shape
only. Consequently, the possible effects of particle shapes
and ¢, could not be separated, as for phase (a). The

comparison presented in this section was carried out with
the following materials:

e S;and S;: ¢p. = 22°,
o (2% and 3 ¢. = 24.6°,
e (P and C5°: ¢, = 31.3°

Figure 36 shows the distributions of the values of the
second invariant of strain tensor I, > 15% in the (O, x,z)
plane for a trapdoor displacement of 6 = 59 mm. The areas
with the highest values of I, changed. The arch pattern
was no longer observed. Two vertical shear bands devel-
oped at the edge of the trapdoor instead. From this point of
view, the experimental observations agreed with the
numerical modeling. The mechanism observed also corre-
sponded to the classical analytical description of the
trapdoor.

The shear localization pattern was very similar from one
granular layer to the other. No significant differences could
be observed based on particle shape or critical friction
angle. The shear bands spread wider in the case of the
material S, which corresponded to the lowest value of the
peak friction angle value.

3.5 Correspondences with the analytical solution

In the experimental study, average stress on the trapdoor
was predicted using the analytical solution of Eq. 1. It was
shown that the required values of stress ratio K to be
considered in order that a fairly good prediction of the
average stress on the trapdoor was obtained were very far
from the values recommended by some authors [40], such
as the active earth pressure coefficient K.
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Fig. 34 Arch pattern for the maximal load transfer phase, for materials S5 with ¢, = 37.1° (a), 3 with ¢, =37.2° (b) and P with
¢, = 35.2° (c). a Second invariant of the strain tensor. b Principal stress directions
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Fig. 35 Arch pattern for the maximal load transfer phase, for materials S, with ¢, = 24.5° (a), P with ¢, = 352° (b) and 3 with
¢, = 49.0° (c). a Second invariant of strain tensor. b Principal stress directions

In the numerical analyses, profiles of stress ratio K could
be calculated with a micromechanical analysis. The ratio
K of the horizontal stress to the vertical stress was calcu-
lated in the parallelepiped volumes described in Section
3.4.1.

The consistency of the stress ratios K was checked for
two positions of the trapdoor. Profiles of K at the right and
left ends of the test box were calculated. Figure 37 shows
the profiles of K for material C3, obtained for trapdoor
displacements of 6 = 10 mm and 6 = 59 mm on the left-
hand and right-hand ends of the test box. The profiles of
K obtained were stationary as the trapdoor was moved;
they were found to be consistent with the at rest earth

@ Springer

pressure ratio proposed by Jaky [24]. The values of
K obtained close to the top surface of the layer were much
higher, consistent with the observations of Emam et al.
[21].

The profiles of K were also calculated above each edge
of the trapdoor. These parts of the granular layer corre-
sponded to the shear bands which developed as the trap-
door moved downwards, as shown in Fig. 36. Figure 38
shows the profile of K along this direction for phase (a) and
(c). Despite observation of some dispersion, the values of
K obtained were relatively stationary as the depth changed
and greater than 1.00 on average. In addition, the values of
K increased as the trapdoor displacement increased.
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Fig. 36 Distributions of the second invariant of strain tensor I, > 15% in the (O,x,z) plane for critical phase (6 = 59mm)
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Fig. 37 Profile of average stress ratio K at left and right ends of the test box, versus the z-position (case of Cho; the vertical dashed line
represents the at rest earth pressure ratio [24]). a 6 = 10 mm. b § = 59 mm

For each profile, an average value K of K(z;) was cal-
culated weighted by the corresponding mean stress 6(z;) at
the considered depth z;

> K(z)o(z)
> 0(z)
The dispersion within the profile of K(z;) was estimated

with the standard deviation weighted by the mean stress at
the considered point.

K= (29)

Figure 39 shows the values of K obtained for all the
materials, versus the friction angle of the material: ¢, for
0 = 10 mm and ¢, for & = 59 mm. The values of K ranged
between 1.1 and 1.3. No relation could be found between

the stress ratio K and peak friction angles for the position
of the trapdoor corresponding to phase (a). For 6 = 59 mm
and phase (c), K increased slightly as ¢, increased.

A prediction of the average stress on trapdoor g was
computed with the values of K using Eq. 1. Peak friction
angle ¢, was used for the prediction of the stress for phase
(a) and the critical friction angle ¢, for phase (c). The
prediction results are shown in Fig. 40 and compared with
the values obtained with numerical modeling and also with
experimental testing. The prediction of the mean stress on
the trapdoor was very good. The relation between friction
angle ¢ and ¢ obtained with numerical modeling was
correctly reproduced.
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Fig. 38 Profile of stress ratio K at the edges of the trapdoor versus the z-position (case of Cy). a 6 = 10 mm. b § = 59 mm
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Fig. 39 Weighted mean stress ratio K at the edges of the trapdoor versus the friction angle; error bars represent the weighted standard deviation

on the profile. a 6 = 10 mm. b 6 = 59 mm

The analytical solution proposed by Terzaghi [40] gives
satisfying results for both phases of the trapdoor as long as
the value of stress ratio K is appropriately chosen. The
active earth pressure coefficient could definitely not be
used to predict the load transfers. The range of materials
tested showed that the value of stress ratio K was not so
dependent on the value of the friction angle and varied
between 1.1 and 1.3.

3.5.1 Conclusion

The trapdoor test was accurately reproduced with the
DEM. The response of the granular layers was divided into

@ Springer

three successive phases, as described in the experimental
study. A series of granular materials was modeled with
similar particle size distribution. The friction angles of the
materials were found to be the key parameters in the
response of the granular layers. The first phase of maximal
load transfer was clearly associated with the peak friction
angle, while the critical phase was associated with the
critical friction angle. The shape of particles influenced the
values of the friction angle but for a given friction angle
and different particle shapes, no differences were observed
on the kinematics or on the amplitude of load transfers.
Regarding the analytical solution of Terzaghi, the numer-
ical modeling showed that the stress ratios K were very
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Fig. 40 Comparison of stress on trapdoor obtained with numerical
model with predictions computed using analytical solution of Eq. 1
with stress ratios K for phase (a) and (c)

close from one material to the other, and also greater than
1.00. Using such stress ratios, the mean stress of the trap-
door was satisfactorily predicted by the analytical solution.

4 Conclusion

The trapdoor problem involving granular materials was
studied both experimentally and numerically. The experi-
mental part was carried out with the use of two real
geomaterials presenting high shear strength parameters.
Differences existed between these two materials, particu-
larly with regard to their particle size distribution. A sub-
stantial number of experimental trapdoor tests were
conducted, involving different layer thicknesses: the ratio
of the thickness to the trapdoor width varying from 1/4 to
3. The testing apparatus showed some limitations for the
tests with the highest ratio, especially for extensive trap-
door displacements.

First, there were systematically 3 typical phases in the
behavior of the granular layer. These three phases could be
clearly identified in each test, despite the differences in
materials:

e phase (a): occurring for very minor displacements of
the trapdoor, corresponding to the maximal load
transfers observed in the layer,

e phase (b): associated with a progressive expansion of
the material above the trapdoor from the bottom to the
top of the layer and with a gradual orientation of the
failure plane starting from each edge of the trapdoor in
a vertical direction,

e phase (c): corresponding to the classical description of
the trapdoor problem: the volume of material located
above the trapdoor slipping between the stable parts of

the layers on each side of the trapdoor; the amplitude of
load transfer during this phase tended to stabilize.

The pressure on the trapdoor resulting from the experi-
mental tests was compared with the values obtained with
the analytical solution of Terzaghi. The comparison
showed that the ratio K between horizontal stress and
vertical stress was a key parameter. Great differences in the
response of both the materials tested showed that K cannot
be deduced simply from classical earth pressure theory.
Thus, a DEM study of the trapdoor problem was con-
ducted, using experimental results as validation data for the
numerical model.

In the numerical study, only one value of layer thickness
was used in order to focus on the effect of the physical and
mechanical parameters. The three phases of the response
were observed. Load transfer amplitude of phases (a) and
(c) were linked respectively to the peak and the critical
friction angles of the materials. The variation of particle
shapes had a great influence on the macro-mechanical
parameters and shear strength in particular. In fact, particle
shape influenced indirectly the response of the layer.
However, layers with different particle shapes and similar
shear strength presented similar behavior during tests.

A micro-mechanical analysis was performed in order to
investigate the localization of the shear strains and the
distributions of stresses. During phase (a), an arch pattern
developed above the trapdoor: as soon as the trapdoor was
moved, the force paths were immediately re-oriented
toward stable areas. The height and width of the arch
pattern decreased as the peak friction angle increased.
Phase (¢) corresponded to a mechanism similar to the
classical description of the trapdoor problem: the whole
height of the layer above the trapdoor was affected by the
displacement of the latter. The disturbance was concen-
trated above each edge of the trapdoor. As the critical
friction angle increased, the width of the shear bands
decreased. No direct influence of particle shape on the
mechanisms was observed.

Finally, the stress ratios K were calculated along the
vertical planes starting at each edge of the trapdoor.
The stress ratios K ranged between 1.0 and 1.3 for all the
materials, and for both phase (a) and (c). Considering the
range of peak and critical friction angles involved, these
variations of K could be considered minimal. Predictions of
the stresses on the trapdoor with the analytical solution of
Terzaghi were computed using the peak friction angle for
phase (a), the critical friction angle for phase (c¢) and the
values of K obtained previously. The correlation between
prediction and numerical results was very good.

In conclusion, trapdoor displacement greatly influences
load transfer amplitude. Load transfers can be fairly well
estimated with the analytical solution of Terzaghi. In this
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solution, the amplitude of trapdoor displacement must be
considered within the friction angle of the material: peak
friction angle for minor displacements and critical friction
angle for greater displacements. For parameter K, values
between 1.0 and 1.3 were obtained in this particular study,
but these values corresponded to specific particular particle
size distributions. However, it was confirmed by both
experimental and numerical studies that K cannot be
deduced from earth pressure theory.

Moreover, the numerical study focused on a single value
of the thickness of the granular layer, for which the whole
thickness was mobilized by the procedure: this may not be
necessarily true for thicker layers. Consequently, further
study should focus on the effect of particle size distribution
and on the thickness of the granular layer.
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