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Arching in granular materials is a general phenomenon that exists in different domains of engineering such as
design of silos and hoppers as well as geotechnical engineering problems. Due to the interaction among particles
that are flowing through an opening, an arch-like structure comes into existence that causes the particles to be in
a stationary state. Few researches have explored the formation of stable arches. In this study, the characteristics of
statically stable arches generated in purely cohesionless granular materials are investigated experimentally. A
developed form of the so-called trapdoor test was implemented in which, the opening width can be increased
incrementally. The test box can also be inclined with respect to the horizontal direction in order to consider
the gravity effect on the arch formation. Investigations on the self-supported arches indicate that the arch height
increases as the arch width increases. However, there is fall in the height of the critical arch, which is the arch
with the biggest possible width. The results also indicate that the frictional parameters of granular materials
have major influence on the arch formation. The dimensions of stable arches are a function of the peak friction
angle, while the critical state friction angle dominates the height of the critical arch. Furthermore, the results
show that the unit weight of the granular materials has minor effect on the critical arch formation rather than
frictional parameters.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Arching is a general phenomenon in granularmaterials that is gener-
ated from interactions among contacting particles. Due to particulate
nature of the soil, arching effect has beenwidely studied in different do-
mains of geotechnical engineering problems such as underground
structures [1,2], soil reinforcement with pile [3–5] and geosynthetic
layers [6,7], and earth pressure over walls [8,9]. Arching may also refer
to spontaneous formation of an unsupported stable arch upon an open-
ing during gravitational flow.Many researches have been carried out on
the study of arching in hoppers [10–12] and silos [13–17].

Trapdoor test is one experimental approach to evaluate the arching
effect in granular materials. Terzaghi [18] initially conducted trapdoor
experiments and described the arching effect as the load transfer
through granular materials. Many other researchers performed this
test with various goals [19–23].

The formation of stable arches in granularmaterials is an interesting
issue in different domains of engineering. The challenge in this regard is
that for purely cohesionless granular materials, the conventional con-
tinuum mechanics predicts no formation of stable arches [12,24,25],
which is inconsistent with experimental observations. Therefore, more
ia).
experimental investigation on the arch formation in such stress-free
surface problems is priority.

In the literature, there is limited number of studies focused on the for-
mation of stable arches. Sakaguchi et al. [26] tried to interpret the mech-
anism of arch formation and plugging of granular flow of spherical
particles by using a structural method. Hidalgo et al. [27] derived an ex-
pression for the shape of arch between two rough vertical walls. They
both found that the arch had a parabolic shape if it was isolated from
around medium. McCue and Hill [12] derived a solution for free-surface
problems within the framework of continuum mechanics and showed
that, in contrast with experiments, no arch could form in cohesionless
materials. Pardo and Sáez [25] performed trapdoor tests using coarse
sand and then examined the ability of two different elastic-plastic consti-
tutive soil models including Mohr Coulomb model and a multi-surface
yielding model (called as Hujeux) to reproduce this phenomenon. They
concluded that both constitutive models satisfactorily reproduced the
soil displacement field with some small errors; however, larger differ-
ences between both models were found regarding the redistribution of
stresses. In case of using the simpleMohr-Coulombmodel, the best result
pertains to the conditionwhere a traction cutoff (in terms of cohesion) is
considered in order to simulate the arching effect. Guo and Zhou [28] pre-
sented experimental and analytical investigations on the formation of
stable arches via granular materials. In their research, they presented an
apparatus in which, a single layer of nearly mono-sized particles were
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placed on an inclined base plate in order to simulate plain strain condi-
tion. They focused on the critical width of stable arches formed in spher-
ical beads and coarse sand byusing amodified trapdoor test. Based on the
experimental results, they showed that the critical arch width after
which, no stable arch is formed, is approximately five to seven times par-
ticle size. They also concluded that the friction angle has aminor effect on
the critical width rather than the cohesion. Furthermore, by using a
micromechanical analysis approach, they showed that stable arches
may form in cohesionless granular materials. When yielding takes place
in the material, however, such condition can only be satisfied in granular
materials with cohesion.

In the literature, there is a debate about the existence of such a crit-
ical outlet size above which clogging is not possible [29–33]. Chevalier
et al. [19] performed some experimental and numerical (by using dis-
crete elementmethod) trapdoor tests and showed that the load transfer
in the arch is a function of macro-mechanical frictional parameters of
the soil. No effort was done in any research on the study of the charac-
teristics of stable arches before the last stable arch collapses.

In the present study, a new developed trapdoor apparatus is imple-
mented in order to investigate more accurately the formation of stable
arches in cohesionless granular materials. The apparatus is comparable
with the one presented by Guo and Zhou [28] from two viewpoints.
Firstly, the inclination angle of the base plate can be changed in order
to study the gravity effect. Secondly, the trapdoor width is variable in
small increments and thus, it facilitates to trace the changes of dimen-
sions of self-supporting stable arches before the arch collapses.

2. Description of developed trapdoor apparatus

Fig. 1 shows different parts of the developed trapdoor apparatus in
detail. It consists ofmain base, two arms and supporting base. According
to Fig. 1a, themain base, which holds the test box, can be inclined in dif-
ferent inclinations from zero to 90° with respect to the horizontal (θ).
The main box is made up of a wooden board with the dimensions of
550 × 400 × 15mmonwhich, a plexiglass sheet, lateral shoulders, hor-
izontal rails and bottom box are installed (Fig. 1b). Lateral shoulders are
two vertical wooden segments with 415 × 50 × 35 mm dimensions.
Plexiglass is located through a groove on the inner side of the shoulders.
Two horizontal movable rails are placed at the bottom to generate an
opening as for trapdoor whose width is extendable to 300 mm. The
space delimited to the main base, plexiglass, lateral shoulders and hor-
izontal rails is considered as test box with the area of 300 × 400 mm.
The thickness of the test box is adjustable in order to only place a single
Fig. 1. View of the developed trapdoor test ap
layer ofmaterials to simulate plane strain condition as explained by Guo
and Zhou [28]. A gap of 1 to 2 mm is considered between the plexiglass
and the particles which causes particles to slide downward easily with-
out confinement in perpendicular direction and thus, the influence of
side friction on flowing particles gets minimized (nearly zero).

3. Experimental tests

3.1. Test materials

Spherical plastic beads and gravel packingwere chosen as cohesion-
less ideal and angular granular materials, respectively. Fig. 2 illustrates
the snapshots of these materials. The plastic beads are a set of mono-
sized grains with 12 mm diameter. Gravel packing is a set of nearly-
uniform coarse aggregate with coefficient of uniformity (Cu = d60/d10)
of 1.3 with mean grain diameter (d50) of 8.8 mm. dx is the grain diame-
ter in such a way that x percent (in volume) of the grains are smaller
than dx. Gravel packing was dried in oven before performing the tests.

In order to compare the particle shape of the materials in this study,
the characteristics of the particles shape are presented here in terms of
roundness (R), sphericity (S), and regularity (ρ) according to the visual
classification method proposed by Powers [34] and modified later by
Krumbein and Sloss [35]. Roundness (cf. angularity) describes the
scale of major surface features while sphericity (cf. eccentricity or
platiness) refers to the global form of the particle and reflects the simi-
larity between the particle's length, height, andwidth [36]. Regularity is
the average of roundness and sphericity, i.e., ρ= (S+ R)/2. Based on
the definitions and visual inspection, the shape of the plastic beads is
considered as well-rounded with S = 1, R = 1, and ρ = 1 and
for the gravel packing, the particles are classified as sub-rounded with
S ~0.70, R ~0.49, and ρ ~0.60.

For spherical plastic beads, two different layouts of particles were
considered in order to simulate loose and dense states as shown in
Fig. 3. The difference in the grains arrangement leads to have samples
with different peak frictional angles due to the interlocking effect
among the grains [37]. As the first array related to loose state, the grains
are laid down, according to Fig. 3a, in a column-likemanner with a void
ratio of e = 0.27. The second array corresponding to dense state, as
shown in Fig. 3b, is achieved in a way that the center of each bead in
even rows is situated between two lower beads in the odd rows and
thus, theminimumvoid ratio is achieved (e= 0.10). For gravel packing,
only one density was considered because only one layer of the granular
materials exists in the test box and it was hardly possible to have the
paratus: (a) side view; (b) detailed view.

Image of Fig. 1


Fig. 2. Schematics of granular materials used in the tests: (a) plastic beads; (b) gravel packing.
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tests with the same packing density in all inclination angles (θ), whose
value was dominant for the highest gravity level (θ=90°). The density
of the sampleswas determined by having theweight of thematerials di-
vided by the volume of test box.

The size of the grainswas so big that the friction angle cannot be ob-
tained from conventional geotechnical tests (e.g., triaxial and direct
shear tests). Alternatively, the angle of repose was measured according
to ASTM Standard C1444 [38], which can be regarded as critical state
friction angle (ϕcv). Tilt box test was used to estimate the peak friction
angle (ϕpeak) of thematerials, which results in the determination ofmo-
bilized friction angle at a very low effective normal stress [39,40]. The
values of density as well as different friction angles are presented in
Table 1 for three cases of materials. The obtained values of ϕcv and
ϕpeak are in good agreement with other experiments [41–43].

3.2. Test procedure

In this research, the trapdoor tests for each granular material (beads
in loose and dense states as well as gravel packing) were performed for
every 10-degree increments of the inclination angle (θ) from 10 to 90°.
Performing the tests with different inclination angles is useful to study
the trend of arch formation as well as arch sizes by increasing the grav-
ity. For a specific θ, each test includes a series of runs inwhich, thewidth
of the trapdoor was increased 2 mm. The process of each run includes
the following steps: (1) after fixing the test box at desired inclination
angle (θ), the horizontal rails in a symmetrical manner are tuned such
Fig. 3. Arrays of the plastic beads: (
that the desired opening is blocked by a trapdoor. The test box is then
filled with granular materials; (2) the trapdoor moves downward
slowly and let the grains to be discharged out; (3) a statically stable
arch-shaped structure may be formed over the trapdoor which stops
the process of exiting grains. The dimensions of the stable arch aremea-
sured; (4) the next run of the test is repeated from the beginning with
an increased trapdoor width (plus 2 mm) until no stable arch appears
on the horizontal rails and flow happens for remain of the grains. Each
test series was repeated at least twice in order to minimize the effect
of probable errors in the experiments.

4. Observations and discussion

Fig. 4 indicates the stable arches generated over the rails in different
granular materials for θ=90°. Since the grains are purely cohesionless,
the sole factor influencing the arch formation is the interlocking effect
among the grains.

4.1. Stable arch formation

To follow how a stable arch can be generated, a number of photos in
series with the intervals of 0.2 s were taken from the test box from the
start of trapdoor removal to themoment of arch formation. As an exam-
ple, the results for the gravel packing with the fixed trapdoor width of
40mm and the inclination angle of θ=90 is presented in Fig. 5. After
removing the trapdoor, a mass of grains move towards the opening to
a) loose state; (b) dense state.

Image of &INS id=
Image of Fig. 2


Table 1
Characteristic of granular materials used in the tests.

Parameter Beads (loose state) Beads (dense state) Gravel packing

Mean grain size d50 [mm] 12 12 9
Density ρ [gr/cm3] 0.96 1.05 1.58
Critical state friction angle (angle of repose) ϕcv [degree] 23 23 30
Peak friction angle ϕpeak [degree] 23 37 45
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be discharged. As shown in Fig. 5 (parts a to f), three regions can be dis-
tinguished in all the moments before a stable arch is formed over the
opening. These regions are separated visually by boundaries which are
highlighted in the figures. The first region is located above the opening
in which, the grains tend to be discharged with high speed and a
funnel-like region is formed and flow occurs. At the onset of soil failure,
the boundaries of this region are vertical, but they become inclined in
such a way that the upper part widens. However, the flow region be-
comes narrower by reaching the time of arch formation. The second re-
gion corresponds to the grains situated in the sides of the opening that
are discharged less slowly. This region can be detected by comparing
several continuous snapshots with together. This region is separated
from the third region where the grains are stagnant without any move-
ment. The boundary between the last two regions is a linewith a nearly-
fixed angle of θ0 = 58 to 62 from the horizontal. The observed mecha-
nism explained above is very close to that described by Terzaghi [44],
who defined vertical and inclined slip lines in a yielding soil caused by
a downward moving trapdoor. He then used this failure mechanism in
analytical solutions for the estimation of applied load over the tunnel
lining caused by arching effect. According to his analysis, which is
based on Mohr-Coulomb failure criterion, the stagnant section of the
soil is separated by a line with an angle of θ0 = 45 + ϕ/2 (where ϕ is
a type of soil internal friction angle), which is consistent with the obser-
vations in this research if ϕ= ϕcv (=30 ) is adopted. The same observa-
tionwas reported byGuo and Zhou [28]. Referring back to Figs. 5d and e,
the grains over the side rails and close to the opening tend to be station-
ary and thewall of a stable arch is built progressively. This phenomenon
can be explained by themobilization of shear strength of granularmate-
rials which is defined by the rolling and interlocking resistance of
Test Box with gravel packing Test Box with dens

(a)

Fig. 4. Formation of stable arches over the trapdoor in different granular materials for θ
particles. The stationary region of the soil is gradually enlarged and
flow region becomes narrower until the body of a stable arch is
formed as depicted in Fig. 5f. According to the observations experienced
in this research, the wall construction of the arch takes long time
(about 1.4–1.8 s), but the arch closure at the upper parts happens rap-
idly (About 0.4 s).

In order to more precisely inspect the formation of statically stable
arches over different trapdoor widths, the geometry and the dimension
labels of an arch are defined according to Fig. 6. A crown and two abut-
ments are considered for the geometry of each stable arch according to
Fig. 6a. A Cartesian coordinate system (x-y) is defined with an origin at
the location of the upper edge of the rails and the middle point between
them. According to Fig. 6b, the width of the opening is the trapdoor
width (W) and the internal distance between two abutments is defined
as the arch width (B). The vertical distance from the origin to the lower
side of the crown is defined as the arch height (H). Since two different
mean grain size (d50) were used in the tests, the normalized values H/
d50, W/d50 and B/d50 are considered in the presentations of the results.

In all the test series, arch width (B) was measured in addition to
the width of the trapdoor (W). The variation of normalized arch width
(B/d50) versus the normalized trapdoor width (W/d50) of all the test se-
ries is presented in Fig. 7 for θ=10, 40, 70, and 90°, separately. It can be
found out that, the arch width (B) is not always equal to the trapdoor
width (W) and we have: B= (0.75 to1.15)W. This means that for the
range of the tested materials in this study, the abutments of the arches
are not necessarily generated at the edge of the trapdoor, but they may
be formed with an offset from the edges. It can be expected that the
value of the arch width (B) would become closer to that of the trapdoor
width (W) as the grain size becomes finer.
e beads 
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Gravel packing 

=90°: (a) General view of the test box; (b) Close view of three sets of materials.
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The variation of the normalized arch height (H/d50) with the nor-
malized arch width (B/d50) is depicted in Fig. 8 for θ=10, 40, 70, and
90°. For small arches (corresponding to B/d50 b 2.5 to 3.0), the arch
height in three samples are the same. However, for bigger arch widths,
the trend in the curves is deviated from each other. As for the other ob-
servation in the graphs, it can be found out that the critical height,which
refers to the height of the last possible sable arch, is always smaller than
that at one stage before it. In other words, the arch behaves as a ductile
Fig. 6. Definition of the geometry of the arches: (a) parts and coord
material and the onset of arch collapse can be recognized by a fall in
height.

The formation and collapse of stable arches can be studied by focusing
on the shear strength of granular materials. From the micromechanical
viewpoint, the generation of force chain among particles is themain rea-
son to cause the construction of arch structures in the mass of granular
materials. In the absence of cohesion, the stability of such structures is
solely influenced by the mobilized shear strength among particles. It is
inate system; (b) arch width and height and trapdoor width.
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already known that for purely cohesionless granular materials, the
shear strength (τf) obeys the frictional Coulomb law by the simple
formula: τf= σn tanφmob, where σn is normal stress and ϕmob is themo-
bilized friction angle. The maximum shear strength corresponds to the
peak friction angle (ϕpeak), which occurs at small deformation, while
the friction angle at the critical state (ϕcv) governs the shear strength
when large deformation occurs in the material. If the applied force on
the particle-formed structure causes that the shear stress exceeds the
shear strength of themass (corresponding to the critical state), the struc-
ture collapses. The effect of shear strength on the arch formation is
discussed in the following.
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4.2. Effect of mobilized friction angle

The variation of normalized arch height (H/d50) with the normalized
trapdoor width (W/d50) for the tested granular materials is depicted in
Fig. 9 in four groups of θ=10, 40, 70, and 90°. Excluding the fall in the
height, which is related to the critical arch, it is interesting to see that al-
though the loose and dense beads have the same physical property, the
results of the gravel packing and dense beads coincide and the growth
rate is bigger than that of the loose beads. It is reminded that in the
statically-stable arches, the maximal load transfer governs among the
particles and thus, the mobilized friction angle can be regarded as to be
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the peak friction angle. Hence, the coincidence of dense beads and
gravel packing curves is justifiable according to the peak friction angles
(ϕpeak= 37, 45° for dense beads and gravel packing respectively in com-
parison with ϕpeak = 23° for loose beads). This phenomenon was de-
scribed by Chevalier et al. [19], who studied experimentally and
numerically the influence of macro-mechanical frictional parameters on
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trapdoor problems. They performed several trapdoor tests in the labora-
tory with a downward moving door and the imposed pressure from the
soil over the trapdoor (i.e., load transfer response) was measured. They
found that at the initial movement of the trapdoor, which corresponds
to the initiation of arching effect, the applied pressure over the trapdoor
is minimal and the value can be verified well with analytical solution of
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Terzaghi [18] if peak friction angle (ϕpeak) is used. They also experienced
the same results with numerical simulations using discrete element
method.

If the H/d50 vs. W/d50 curves of each granular material are drawn
separately with different inclination angles (θ), as shown in Fig. 10
(parts a, b, and c), the results are almost coincident for any value of θ.
This means that the gravity has no effect on the stable arch formation.
This finding seems to match well the results of centrifuge tests per-
formed by Mathews and Wu [45], who investigated silo discharge and
internal silo flow patterns. They reported that observed flow patterns
are independent of gravity. Excluding the critical arch (the last point
after which the arch collapses), a linewith slope of β can be defined be-
tween H and W:

H ¼ β:W ð1Þ

where β can be estimated as 0.65 for loose array of beads, 0.85 for dense
array of beads, and 0.85 for gravel packing. According to Fig. 10d, there is
a straight-forward relationship between β and tan(ϕpeak). By this graph
and based on these experiments, it is not intended to say that there is a
linear relationship between them; however, it can be deduced that the
relationship between the archheight and trapdoorwidth can be defined
as to be dependent to peak friction angle. This finding is also in good
agreement with the results presented by Guo and Zhou [28], who
found that H = W · tan(α/4), where α is the angle of the wall arch
with respect to the horizontal. They declared that α increases as the
packing density (and hence peak friction angle) increases.

In all the tests, the last possible stable arch, i.e., critical arch, was gen-
erated when the granular material was at the onset of large movement
in which, the mobilized friction angle corresponds to the critical state.
Chevalier et al. [19] demonstrated that by increasing the trapdoor
movement, the arching effect comes to be disappeared and the value
of load transfer response matches well with the analytical solution if
the critical state friction angle is used. Fig. 11 shows the value of critical
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results of loose and dense beads are close to each other since they have
the same critical state friction angle (ϕcv_23°). However, Hcr/d50 of the
gravel packing is much higher. The results in this research agree well
with the range of values obtained by Guo and Zhou [28].

In order to understand the effect of unit weight of granularmaterials
on the critical arch formation, the variation of normalized parameters
Hcr/d50 and Wcr/d50 with equivalent unit weight (=ρgsinθ) are
sketched in Fig. 12. As seen, the normalized critical arch height as well
as the critical trapdoorwidth decreases as the equivalent unitweight in-
creases. Although the results of the loose and dense beads coincide, the
results of the gravel packing are separated, but both follow a decreasing
trend with almost the same rate. This means that the unit weight of the
materials hasmuch less effect on the characteristics of the critical height
in comparison with the frictional parameters. This finding is in good
agreement with numerical as well as experimental tests. Numerical
simulations performed by Zuriguel et al. [46] and Arévalo and Zuriguel
[47] about the effect of driving force on the clogging of granular mate-
rials showed that the gravity does not have crucial role on the develop-
ment of the aperture size. Dorbolo et al. [41] experimentally examined
the effect of gravity on the discharge of granular materials in silos by
using centrifuge physical models. They found that the critical aperture
size below which the flow is jammed, does not significantly increase
with the apparent gravity.

4.3. Geometrical shape of the stable arches

By investigating the geometry of the generated arches over the trap-
door, it can be said that the arches generally have a symmetric shape
similar to a parabola. Considering the Cartesian x-y coordinate system
according to Fig. 5, a second-order form of parabola equation is sug-
gested for the outline of a stable arch:

y
H

¼ 1−
2x
B

� �2

ð2Þ

Considering Eq. (1) and assuming that B≈W, the following expres-
sion can be obtained as a function of trapdoor width:

y ¼ β 1−
2x
W

� �2

W ð3Þ

where β depends on the packing density and the value is the same as
obtained from Eq. (1). Themeasured outlines of stable arches for differ-
ent trapdoorwidths (W= 20, 36, 54 mm) are sketched in the x-y plane
and the results are presented in Fig. 13. In the same Figure, the predicted
outline of the arches using Eq. (3) is depicted. It can be seen that the pre-
dictions are acceptable for a wide range of inclination angles and trap-
door widths.
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5. Conclusion

In this paper, the generation of self-supported arches over different
trapdoor widths was investigated experimentally. A new developed
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angles of the text box. The main conclusions may be drawn from this
study as follows:

• Over an opening, statically stable arches can be generated with the
ratio of trapdoor width to mean grain size in the range of W/d50= 2
to 8.

• For the tested materials, the arch width is not necessarily equal to the
trapdoor width and a stable archmay be generated with bigger width
over the trapdoor.

• The peak friction angle is the main parameter to control the stability
and dimension of the statically-stable arches.

• The height of the last possible arch, which is called here as critical
height, is not the highest arch, but the arch crown shows a decrease
in height before it collapses.

• There is direct relationship between the width and height of stable
arches which is a function of the density of the granular material.

• The onset of arch instability i.e., arch collapse, is related to the shear
strength of the granular material when the soil is to experience large
deformation whose friction angle is defined as the critical state fric-
tion angle.

• The unit weight of granular materials does not have significant effect
on the arch instability. Rather, the frictional parameters especially the
critical state friction angle, influences greatly on the critical arch for-
mation with respect to the unit weight.

It is noted that the results of this paper is limited to the characteris-
tics of thematerials used in the tests. Some other factors such as particle
shape, particle gradation and possible inter-particle cohesion would in-
fluence the results which are proposed for future researches.
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