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The progressive failure of active soil arching in a quasi-static particle flow was investigated to elucidate the
deformation behavior and load evolution mechanism. A transparent trapdoor test apparatus and self-
developed particle image velocimetry system were used to capture the soil mass displacement field. Disturbed
region and active region were introduced to characterize the displacement patterns evolution for both shallow
and deep conditions. Meanwhile, the evolution of the surface settlement, horizontal displacement, and volumet-
ric change of backfill as the trapdoor receding were quantified. The shear band propagation was interpreted
considering the dilatancy behavior. In addition, the vorticity reveals local rotation characteristics in the shear
region. Afterwards, i) the evolutionmechanism of archingwas speculated frommacro-andmicroscopic perspec-
tives. ii) The critical displacement for mobilizing the minimum load was discussed. These results can provide a
profound understanding for mathematical modelling that is expected to illustrate the progressive development
of active arching with displacement.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The arching effect is a pervasive phenomenon observed in granular
materials. It is defined as the load transfer and stress redistribution in-
duced by relative displacement between the soil mass and adjacent un-
derground inclusion [1]. This effect plays a pivotal role in load
estimation and deformation control in the design of tunnels, pile-
supported embankments, underground conduits, pipelines, plate an-
chors, and other buried structures [2–7]. Since the pioneer trapdoor
tests were conducted by Terzaghi [1] to investigate the arching effect,
numerous extensions of this study have been performed in physical lab-
oratory experiments [3,8–11] andmore recently using scaled centrifuge
modelling [12–16] as well as numerical simulation [9,17–20].

In early studies of the soil arching effect, based on the observed fail-
uremode (e.g., potential vertical, triangular, or parabola shear planes for
two-dimensional (2D) conditions; hemispherical shape for three-
dimensional conditions), some closed-form solutions for load evalua-
tion on the buried structures were developed using limit equilibrium
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, China
gqm@tongji.edu.cn (Q. Gong),
u (J.G. Zornberg),
. Zhang).
methods [1–3,8,21–23]. The limit equilibrium arching models assume
that the soil above the underground inclusion or trapdoor is in a yielding
(i.e., ultimate) state [24]. Later, Papamichos et al. [25] and Iglesia et al.
[16] proposed new cone-shaped and parabolic failure mechanisms, re-
spectively, to describe the behavior of backfill layer with small trapdoor
displacement, giving an improved load estimation on small displace-
ment conditions. However, all of the aforementionedmodels, which as-
sume a fixed geometric shape to simulate “soil arching” to describe only
one point on the arching load-displacement curve, focus on load evalu-
ation and a specific state behavior, commonly ignoring the deformation
characteristics. King et al. [26] highlighted the need for coupled arching
load-displacement or stress-deformation models to describe the ser-
viceability behavior accurately for practical applications. Han et al. [24]
emphasized the progressive development of 2D soil arching with rela-
tive displacement. If the displacement of the soil is limited, soil arching
is referred to as partially mobilized soil arching. Therefore, it should be
emphasized that the mobilized displacement, relative load, and corre-
sponding deformation behavior are highly important for certain geo-
technical applications (e.g., deformation and corresponding load
transfer quantity on pile-supported embankments [27]; settlement
and corresponding supporting pressure when tunneling [7]).

Recently, several studies have also focused on the evolution of
arching effect with increasing mobilized displacement from different
aspects. i) Regarding deformation patterns and failure mechanisms,
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Fig. 1. (a) Model test setup. (b) Scheme diagram of the trapdoor apparatus.
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Chevalier et al. [9] conducted a series of trapdoor tests and described the
load-transfer processes in three phases: phase (a): themaximum trans-
fer phase, phase (b): the transitional phase, and phase (c): the critical
phase. A triangular expansion zonewas observed in phase (b), whereas
phase (c) showed a vertical column-like mechanism. Iglesia et al. [16]
carried out a series of centrifuge tests and also identified three develop-
ment stages. Rui et al. [18,28] used 2Dmulti-trapdoor test setup, a series
of model tests with sand fills were conducted to study the soil-arching
type and its development. Jacobsz [29] used particle image velocity
(PIV) technique to capture shear bands progressively propagating
through the granular materials in the transitional phase. Lai et al. [19]
performeddiscreteelementmethod(DEM)simulationstodeveloparea-
sonableclassificationsystemforsoil archingstructureswithemphasison
the embankment deformation behavior. ii) Regarding the mobilization
mechanismsof “soil arching”, fromamicroscopicperspective, loadtrans-
fers are the results of particle rearrangements and reorientation of force
chain according to the arch patterns above the trapdoor [9]. The contact
force rotation induced by the relative displacement causes changes in
the load-transfer path, altering the stress distribution [30]. iii) Regarding
the load–displacement response, most researchers have observed that
an initial load decreases rapidly to a minimum value and then recovers
up to a constant load [9,16,24]. In summary, all of these experimental
and numerical results provide basic information on arching evolution.
However, most of the previous studies have been limited to one aspect.
For instance, the failure mechanism of the soil mass and the load–
displacementresponseof thetrapdoorhavebeenstudied independently.
This separation is not conducive to elucidating the relationship between
load transfer and deformation.More importantly, there seems no recog-
nized and reasonable interpretation for load–displacement response
curves.When is the archingmobilized (i.e., the correspondingmobilized
displacement) and howdoes it evolves? Therefore, it is necessary to un-
derstand the evolution of soil archingwith trapdoor displacement from
differentperspectivesand todevelopa comprehensive framework, to fa-
cilitate the establishment of a more accurate and evolutionary mathe-
matical model that couples the arching load with the mobilized
displacement or arching deformations.

As continuous deformation and strain distributions in trapdoor tests
can provide considerable insight into the evolution of arching, but due
to the difficulty of measuring such strains with conventional methods,
e.g., discretemarkers to track the soil movement [12,14], they are rarely
presented in the literature. Recently, using Digital Image Correlation
(DIC) technique, Khatami et al. [6,10,31] measured the displacements
and strains within a soil cross-section to evaluate the soil deformation
conditions that leadtoactiveorpassivearching.However,moreattention
was paid to the test technique and the effect of a surcharge on arching in
rubber-sandmixtures than to the evolution of soil arching. The ability to
measure the displacement and strain development in laboratory tests in
conjunctionwith load evolutionwill enhance understanding of the evo-
lution of the arching phenomenonmobilized by relative displacement,
serving as an impetus for further physical experimentation.

This study aims at making a deep understanding on the evolution of
active arching in granular materials from different perspectives, focus-
ing on the deformation behavior, load evolution, and progressive failure
mechanisms. Further, the intrinsic relations among these behaviors
were assessed. A trapdoor apparatus was installed with a series of sen-
sors and high-speed imaging equipment was utilized. With the help of
the self-developed PIV system, the evolution of the soil particle dis-
placement was obtained. The load evolution was evaluated in conjunc-
tion with deformation behavior during the arching process.

2. Laboratory trapdoor investigation

2.1. Testing apparatus

Fig. 1 shows themodel test equipment,which consists of three parts:
the model container, trapdoor device, and measurement system. i) The
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model container for the soil is made of smooth plexiglass plates with
high transparency to minimize the boundary friction with the backfill
and to guarantee optimal imaging during testing. The internal dimen-
sions of the container are 700 mm in length, 300 mm in width, and
700 mm in height. ii) To achieve a plane strain condition, the trapdoor
device is installed at the bottom and center of the soil box, with a
width (B) of 150 mm and a length (L) of 300 mm [Fig. 1 (b)]. A variable
frequency motor is placed on the bottom of the model container, which
is connected to a load sensor that ismounted to the base of the trapdoor.
The applied load on the trapdoor and corresponding displacement can
be accurately acquired when it rises or falls. iii) The measurement sys-
tem, in addition to the sensors mentioned above, also includes surface
displacement measurement sensors, particle image velocity measure-
ment system, and data acquisition equipment. The data acquisition fre-
quency was 2 Hz in this study, and all the collected data were displayed
on the computer screen in real time, as shown in Fig. 1 (a). The following
section introduces the PIV system in detail.
2.2. Self-developed PIV system and analysis procedure

PIV technique works by continuously capturing high-resolution dig-
ital images in the process of material deformation in geotechnical labo-
ratory tests. Then, each image is divided into a finite grid composed of
subset patches, which are identified by their own texture features to-
gether with light and shadow features when illuminated [31–33]. The
displacement offset of each subset patch is determined by using image
matching technology between two images [34]. As a plane-strain



Table 1
Physical and mechanical properties of quartz sand in this study.

Characteristics Value

Maximum dry density ρmax (g/cm3) 1.286
Minimum dry density ρmin (g/cm3) 1.030
Specific gravity Gs (unitless) 2.186
Mean particle size D50 (mm) 0.7
Coeffcient of curvature Cc (unitless) 0.99
Coeffcient of uniformity Cu (unitless) 1.42
Peak friction angle φp (°) 45.6
Moisture content ω (%) 0
Relative density Dr (%) 60
Backfill gravity density γ (kN/m3) 11.46
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problem in this study, a 2D PIV system was developed to track the
movement in the soil body. The observation and analysis system in-
cluded a charge-coupled device (CCD) camera, an image acquisition
board, a computer, the PIV analysis software, and a compensation
light source. A research-grade CCD camera with a resolution of
2456 × 2056 pixels (the pixel size is 3.45 um) was used. State-of-the-
art microvec3 software was used as camera controlling and image pro-
cessing software to determine the incremental and total displacements
of the soil particles.

To convert the PIV displacement results into actual particle displace-
ments, a scale plate was set on the bottom of the model container, as
shown in Fig. 2. The calibration ratio Cs, which is defined as the actual
displacement divided by corresponding displacement obtained from
the images was used. In this study, Cs was 0.265 mm/pixel for typical
tests. Fig. 2 shows some of the images captured or post-processed dur-
ing the test. Fig. 2(a) shows distinguishable spots when illuminated by
the light. Fig. 2(b) presents a typical monochrome image, which ex-
hibits notable texture features, making it conducive to PIV analysis.
Fig. 2(c) shows a typical grid after calibration, where the size of a subset
patch is 4.13 mm × 4.13 mm.

2.3. Granular properties

The Particle Size Distribution (PSD) of the fused quartz sand shows
that 95% of the particles were in the range of 0.5–1 mm. According to
the Unified Soil Classification System (USCS), this sand is classified as
poorly graded sand (SP). More properties of this sand are summarized
in the Table 1. The friction angle, as determined by axisymmetric triaxial
tests, is higher than that of natural sand because of the angular particle
of fused quartz sand but is close to the values for the same material re-
ported in other studies [35].

2.4. Experimental procedure

The sand bed was prepared in several layers by pouring sand parti-
cles into the testing container via air pluviation method. After that, the
CCD camera was placed at the same height and horizontal position as
the center of the specimen. Meanwhile, the axis of the CCD camera
was parallel to the longitudinal axis of the trapdoor to ensure that
the entire area required for displacement analysis would be located in
the image frame and that the image displacement was proportional to
the actual displacement. Four tests were performed, including four em-
bedment ratios of i (i = H/B, where H is the buried depth of trapdoor),
Spot

Subset

Scale plate 

Fig. 2. Images captured or post-processed through PIV. (a) Original image depicting a spot
pattern in the soilmass. (b) Typical monochrome image. (c) Typical area of computational
grid and corresponding subset after calibration for PIV analysis.
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i.e., 1, 2, 3 and 4. All the tests were initiated by moving the trapdoor
downward at a constant speed of 2.0 mm/min until the displacement
reached 30.0 mm, which took 900 s. The camera takes pictures at 2
frames/s, which is consistent with the acquisition frequencies of other
sensors. The response of backfill was considered to quasi-static granular
flow as a relatively low velocity [9].

3. Results: four perspectives

In this section, the evolution of arching effect will be presented from
four different perspectives, corresponding to the response of trapdoor
(Section 3.1) and backfill (Sections 3.2–3.4). Firstly, according to the
load evolution characteristics, the evolution of arching effect can been
divided into different stages; further, the kinematic characteristics of
backfill in different stageswere deduced from the PIV analysis. In partic-
ular, it will present the distributions of the displacement, surface settle-
ment, volumetric change behavior, strain, time-average velocity, and
vorticity in typical stages in detail, providing more comprehensive per-
spectives to elaborate the load evolution and deformation behavior of
arching.

3.1. Load evolution

The load–displacement response provides themost intuitive insight
into the load transfer on trapdoor. Fig. 3 presents the load–displacement
responses of trapdoor. The trapdoor displacement (δ) was normalized
by the width of the trapdoor (B), whereas the load was normalized by
the original self-weight value (γBLH). As studied by previous researches
[3,16], an initial sharp drop in load was observed, followed by an in-
crease towards to an eventual constant load. This load response of the
soil-arching with the relative displacement can be divided into four
stages (as shown in Fig. 4). (i) Stage a - initial soil arching: Once the
trapdoor is lowered, it can be observed that the load on the trapdoor
(ρ) begins to drop sharply and approximately linearly decreases with
the displacement (Δ). (ii) Stage b - maximum soil arching: At this
stage, the load slowly and linearly decreases to the minimum load
point (Δmin, ρmin), corresponding to the maximum soil arching where
the greatest load is carried by the arch. (iii) Stage c- load recovery:
After the maximum soil arching, the load increases gradually with dis-
placement and recovers up to an ultimate load. This transition is ap-
proximately linear. (iv) Stage d - ultimate state: The load recovery
stage stops at the critical point (Δult, ρult) when soil arching reaches
the ultimate state. The further retraction of the trapdoor will not lead
to a greater load. This developed load evolution was so-called Ground
Reaction Curve (GRC) as mentioned by Iglesia et al. [5]. After that, Han
et al. [24] suggested a simplified representation of the GRC method
and termed their model the “simplified GRC.” In the simplified GRC,
the arching load development is simplified and described as three linear
lines, as shown in Fig. 4. Hence, two points, (Δmin, ρmin) and (Δult, ρult),
are the key parameters to determine the simplified GRC. Han et al. [24]
suggested ultimate load (ρult) and minimum load (ρmin) can be
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calculated using Terzaghi's method [1] by Eq. (1) and Iglesia's method
[16] by Eq. (2), respectively.

ρult ¼
B

2KH tanφ
1−e−2K tanφ⋅HB
� �

ð1Þ

ρmin ¼ B
H

KE

2 cotφþ B
H KE

þ cotφ
6

 !
ð2Þ

where B is the width of the trapdoor, φ is the effective friction angle of
soil, H is the height of the backfill, K is the lateral earth-pressure coeffi-
cient, andKE can be expressed as cos2φ/ (1+sin2φ) and derived by con-
sidering the Mohr circle. The ultimate stage was associated with
considerable deformation, making it seem fairly intuitive to accept that
the shear strength of the material corresponded to the critical friction
(i.e., φ = φc in Eq. (1)). In the minimum load state, however, the very
small displacement of the trapdoor means aminor strain level, suggest-
ing that the peak friction angle is more reasonable (i.e., φ = φp in
Eq. (2)).

In the load recovery stage, the slope of the GRC shown in Fig. 4 can be
defined as the load recovery index λrec:

λrec ¼ ρult−ρmin

Δult−Δmin
ð3Þ

λrec represents the ability of the granular material to maintain the
load transfers obtained at the end of minimum load stage: high values
of λrec mean that the load transfers decrease rapidly or arching roof
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collapse occurs remarkably, whereas low values of λrec correspond to
good load transfer conservation [9]. This increased vertical load on the
trapdoor may be contributed by two reasons: i) the reduced angles of
friction and dilation resulting from the decreased shear strength and
ii) an increasing volume of loose soil mass being carried by the trapdoor
as the inclined slip surface evolves into a vertical slip surface. This shape
evolution will be discussed in Section 3.2.

According to the values of Δmin and Δult suggested by Han et al. [24],
a simplified method of evaluating λrec can be expressed as Eq. (4a).
Iglesia et al. [5] also provided an empirical method based on the centri-
fuge trapdoor experiment using Eq. (4a). Fig. 5 compares the results of
these methods with the test results, demonstrating that the simplified
method can evaluate λrec well, whereas the empirical method evaluates
it to be larger than test results. This may be due to the fact that some
fitting constants obtained by the empirical method are not suitable for
this test condition. It should be noted that in the simplified method,
the most critical parameter is the friction angle, whereas the ratio of
the trapdoor width to the particle size is the key input parameter in
the empirical method. In any case, all of the results show that the load
recovery index decreases with increasing embedment ratio.

λrec ¼ ρult−ρmin

10%−1:5%
ð4aÞ

λrec ¼ 2:5þ 5:7 log
B

10D50

� �� �
e−0:65 H=Bð Þ ð4bÞ

3.2. Development of displacement

3.2.1. Total displacement (ST)
To some extent, the displacement can present some features of

arching evolution and can be used to identify the characteristics of the
soil arching structure [18,19]. Table 2 shows the distribution of total dis-
placement (ST) in different load evolution stages. Typically, the evolu-
tion of displacement is quite different between shallow (e.g., i = 1)
and deep buried conditions (e.g., i=2, 3, 4) [14]. For the shallow buried
condition, the captured displacement region, herein called the “dis-
turbed region”, is approximately trapezoidal in the initial stage and
evolves into a rectangular region. While, it forms an inverted trapezoi-
dal region in the ultimate state. For the deep buried condition, a roughly
triangular region is observed in each test at a small displacement
(e.g., δ = 1 mm). This phenomenon is consistent with the findings of
Rui et al. [18]. However, a parabolic shape of the disturbed region, as
mentioned by Iglesia et al. [16], is not observed. In the initial arching
stage, the height of disturbed region increases with increasing embed-
ment ratio with the same trapdoor displacement (e.g., δ = 1 mm). For



Table 2
Displacement fields at different embedment ratios and in different load evolution stages.

Note: Points A, B, C, and D have beenmarked in Fig. 3. At the stage of load recovery and ultimate state in embedment ratio of 1, the PIV data on the surfacemay be incorrect because of the
conspicuous settlement trough.
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example, when the embedment ratio is 2, 3, and 4, the height of the dis-
turbed region is approximately 1.7B (250 mm), 2.1B (320 mm), and 3B
(450mm) respectively, whichmeans that the base angle of the triangle
increaseswith increasing embedment ratio, i.e., the boundary of the dis-
turbed region becomes steeper. As the trapdoor recedes further
(e.g., δ = 2 mm), the region gradually extends upwards towards soil
surface with increasing base angle of the triangle. This time, the region
corresponding to the shallower buried condition reaches the surface
first, although the boundary of the disturbed region is flatter in the pre-
vious stage. After evolution to the surface, the region takes on the shape
of a trapezoid instead of a triangle (e.g., in the load recovery stage). It
further evolves into a rectangular region or even an inverted trapezoidal
region (e.g., in the ultimate stage). The disturbed region can give an in-
tuitive and visual evolution on particle movement, providing an
164
opportunity and more information for understanding the evolution
mechanism of soil arching.

In terms of the evolution of the disturbed region, perhaps the most
difference between the deep and shallow conditions is that this region
will not experience evolution from the local region above the trapdoor
to the surface for shallow buried conditions. Once the trapdoor recedes,
a significant “active region” originates from the trapdoor bottom and
extends to the surface, indicating that themaximum surface settlement
is close to the displacement of the trapdoor. As the downward of trap-
door, the active region evolves from an approximately trapezoidal
zone into a rectangular zone. For deep buried conditions, however,
this active region is limited to a parabola-shaped zone rather than de-
veloping to the surface (red area in Table 2), where the displacement
is considerably large and approximately same as the displacement of
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the trapdoor. Especially, this active region also tends to extend upwards
with the trapdoor displacement.

To better illustrate the evolution of the active region, the vertical dis-
placement of soil at different heights above the centerline of the trap-
door were extracted at a typical embedment ratio of 3 (shown in
Fig. 6). Vertical displacement is negligible in the initial stage. When
the curve reaches the 1:1 line, it means that the corresponding position
moves down with the trapdoor as a whole and achieves a “fully active
region”. In the maximum arching stage, the soil at the height of
50 mm enters into the fully active region (i.e., point A in Fig. 6). As the
trapdoor is displaced further downward, the soil at the heights of
100 mm, 150 mm, and 250 mm enters into the fully active region suc-
cessively (i.e., points B, C, andD in Fig. 6).The results about the evolution
of the disturbed and active regions can be better illustrated in Fig. 7, cor-
responding to deep and shallow conditions, respectively.

3.2.2. Horizontal displacement (SH)
Importantly, this deformation behavior can provide a unique per-

spective for interpreting the evolution of soil arching effect. Fig. 8
showed the typical distribution of SH in the soil body for different em-
bedment ratio. Overall, SH is quite small comparing with the displace-
ment of the trapdoor (e.g., δ = 20 mm). Meanwhile, there is almost
no SH in an approximately parabolic region above the trapdoor, which
indicates that this area moves vertically with the trapdoor as a whole.
This is also consistentwith the concept of active region proposed in pre-
vious section. Above the parabolic region, the vertical downwardmove-
ment of the trapdoor causes the particles in the upper and shallow
layers to move horizontally from the original position to the position
of the symmetry axis. Fig. 8 also shows that significant differences can
be observed between shallow and deep buried conditions. For instance,
the maximum value of SH occurs in shallow layers near the surface for
the shallow condition (e.g., i = 1), whereas it appears in deep layers
for the deep condition (e.g., i = 3).

3.2.3. Surface settlement (SS)
The surface subsidence distribution was captured by tracking the

movement of subset patches near the surface using PIV. The data from
PIV correlated well with the laser displacement sensor measurements.
Costa et al. [14] suggested that Ss can be expressed as Gaussian curves
(shown in Fig. 9). Fig. 10 compares the settlement troughs to Gaussian
curves. The settlement trough has the shape of a Gaussian curve initially
but deviates from this shape as the trapdoor moves deeper. This devia-
tion occurs because the maximum surface settlement (SS,max) deviates
from the axis of the trapdoor. In theGaussian curve, oneof themost crit-
ical parameters is SS,max. Fig. 11 shows the development of this value for
different embedment ratios. SS,max is approximately equal to δ for i = 1,
dcba
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significantly smaller than δ for i = 2, and barely visible for i = 3 and 4.
All of these curves present two stages characteristics; that is, the surface
settlement rate is obviously lower than the trapdoor displacement rate
in the initial andmaximum arching stages, whereas in the load recovery
and ultimate stages, the settlement rate increases obviously. Combining
GRC curve, this feature can be better illustrated in Fig. 12. At the initial
stage, the surface settlement can hardly be observed. Basically, the dis-
placement corresponding to break point of GRC equal to that of settle-
ment curve. The x-coordinate corresponding to the break point can be
regarded as the critical displacement (Δcri) at which the disturbed re-
gion reaches the surface and begins to develop significantly. In particu-
lar, Δcri is roughly equal to Δmin.

3.2.4. Volumetric change (ΔV)
As discussed previously, there is almost no surface settlement at the

initial stage, and the surface settlement gradually increases as the trap-
door moves down, indicating that the backfill material has obvious vol-
ume dilation. This volume change behavior can be better illustrated in
Fig. 9. Here, the ground loss (VL), surface settlement volume (VS), and
the volumetric change of disturbed domain (ΔV) were calculated
using Eq. (5). As a plane strain problem, the unit width was taken for
analysis, and SS was obtained from the PIV data. As expected in Fig. 13,
VS is much smaller than VL for dilation of backfill.

VL ¼ B� δ ð5aÞ

VS ¼
Z þ∞

−∞
SS xð Þdx ð5bÞ

ΔV ¼ VL−VS ð5cÞ

Similar to the definition of volume strain, the volumetric change
ratio λ is defined as ΔV divided by the volume of the disturbed region
(V) in Eq. (6a), which describes the degree of looseness of the backfill
during the test. Meanwhile, the volumetric change rate μ is defined as
ΔV divided by VL in Eq. (6b), which is related to the secant slope of
the volumetric expansion curve in Fig. 13 and can describe the degree
of dilatation occurring in the soil body during the test. Fig. 14 presents
λ and μ at embedment ratio of 3. Initially, μ keeps the maximum value
of 1. This is because there is no surface settlement, and ΔV equal to VL,
indicating a significant dilation. Then μ decreases rapidly in the initial
and maximum arching stages. The maximum shear stress was mobi-
lized in the soil body in a relatively small displacement, achieving the
maximum active arching. As the trapdoor receded further, μ slowly de-
creased with continuous dilation but remain a lower rate, correspond-
ing to a load recovery stage. However, λ steadily increases during the
whole process. Because the surface settlement is significantly smaller
than the displacement of trapdoor, volumetric expansion develop con-
tinuously in the soil (Fig. 13). According to ΔV, the compactness in the
disturbed region of backfill material can also be obtained. In this



(a) i = 1 (δ = 10 mm)                       (b) i = 3 (δ = 20 mm)

Fig. 8. Distribution of horizontal displacement in the soil body. (a) Shallow. (b) Deep.
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experiment, the initial relative density Dr0was 60%. At the endof the ex-
periment, the average relative density in the disturbed region reached
the minimum value of 33.6%, indicating that a relatively loose state
was achieved.
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3.3. Development of strain

Displacement data frommicrovec3were further processed to obtain
the strain with the help of TECPLOT software. Consequently, more
in formation about the mesoscopic mechanism of soil deformation
was visualized. The Green-Lagrange strains were calculated from the
displacement field as Eq. (7):
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∂x

þ 1
2
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2 þ γxy

2
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where u is the horizontal displacement, v is the vertical displacement,
εxx is the horizontal strain, εyy is the vertical strain, γxy is the shear
strain, and γmax is the maximum shear strain.

3.3.1. Propagation of shear band
Table 3 shows the distributions of the incremental maximum shear

strain (γi
max) at typical stages corresponding to the load evolution.

γi
max represents the change between the current image and previous
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imagewith a trapdoor displacement step of 1mm. This deformation be-
havior in these typical stages illustrate the development of arching and
elucidate the progressive failuremechanism. Overall, from theγi

max, it is
evident that two prominent shear bands appear on the inner side of the
trapdoor edge and extend to the surface or converge at the center of the
soil in the initial arching stage, forming an initial trapezoidal or triangu-
lar shape, depending on the buried depth. As the trapdoor receded fur-
ther, the root of the shear band gradually moves to the outside of the
trapdoor edge, with a decreasing inclination angle that measured be-
tween the shear band and vertical plane. Similarly as the development
of displacement, two significantly different development patterns can
be observed, namely, the failure mechanisms on shallow (i.e., i = 1)
and deep (i.e., i = 2, 3, and 4) conditions. There seems to be a critical
embedment ratio (icri) between 1 and 2, where the primary shear
band (labelled f1) at small displacement (i.e., δ = 1 mm) just extends
to the surface and converges at the center of the surface.

For the shallow conditions, in the initial and maximum arching
stages, the shear bands cannotmeet at the center of the soil body or sur-
face; thus, a trapezoidal region is formed. Subsequently, the slopes of
the shear bands become steeper in the load recovery stage, until the ul-
timate state forms an approximately vertical shear band. For the deep
conditions, the development of shear band seems more complicated,
as multiple shear bands can be observed successively in Table 3. Two
primary shear bands (labelled f1) form and take on the shape of a trian-
gle from the two inner edges of the trapdoor initially. Then, the tops of
the primary shear bands unfurl and extend upwards, followed by
branches of secondary shear bands (labelled f2) radiating inward on
the basis of the primary shear bands with increasing trapdoor displace-
ment. New shear bands (labelled f3 and f4) continue forming above
them and expand upwards towards the soil surface with generally de-
creasing intensity of shear strain. All of these following shear band
pairsmeet at the center of the soil mass, forming an approximate parab-
ola, rather than the initial triangular shape.

To achieve a better understanding the propagation of shear band,
the shear strains were extracted along four profiles (at typical embed-
ment ratio of 3), namely, at heights of 0 mm (y = 0 mm), 50 mm
(y = 50 mm), and 100 mm (y = 100 mm) above the trapdoor and at
the vertical profile located at x = 50 mm, parallel to the trapdoor axis.
Fig. 15 shows the development of γmax and γxy with the trapdoor dis-
placement in the horizontal profile at y = 50 mm. There are two strain
peaks near the inner edge of the trapdoor. However, in the area within
these two peaks, the strain is quite small. Meanwhile, with increasing
trapdoor displacement, the horizontal position of the peak strain
moves far away from the center of the trapdoor and closer to the edge
of the trapdoor, which means that the vertical inclination angle of the
shear band becomes closer to zero. This is consistent with the evolution
characteristics of the shear band shown in Table 3. The development of
γmax at y= 100mmpresents similar characteristics, and the position of
the peak strain at y = 100 mmwas extracted. The inclination angles of
the shear bands of the initial portion (measured from the vertical direc-
tion) were calculated by linking the positions of the peak strain at y =
100 mm and y = 0 mm. Fig. 16 provides the development of the incli-
nation angles of the shear bands on both sides with the displacement
of the trapdoor. The results show that the inclination angle decreases
rapidly in the initial andmaximum arching stages and slowly decreases
in the load recovery stage until reaching the ultimate state. This trend is
consistent with the volumetric change rate curve in Fig. 14, indicating
that the inclination of the shear band is associated to soil dilatancy effect
with shearing due to trapdoor movement.

The development of shear bands, whether deep or shallow condi-
tion, is illustrated in Fig. 17. The formation of shear bands or strain local-
ization represents the typical deformation behavior of granular
materials, and the dominant factor controlling the development direc-
tion of localization (i.e., the inclination angle of the shear band, θ) is
the kinematic constraint related to the dilation angle mobilized in the
localization region [12]. Dewoolkar et al. [13] and Costa et al. [14]



Table 3
Incremental maximum shear strain γi

max (%) at different embedment ratios and in typical load evolution stages.

Note: Points A, B, C, and D have beenmarked in Fig. 3. Incremental maximum shear strain γi
max (%) represents the change between the current image and previous imagewith a trapdoor

displacement step of 1 mm.
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believed that θwas roughly equal to the dilation angle of the soil in their
trapdoor test at a specific state. As the amount of plastic volumetric
strain is determined by the angle of dilation, further, the direct relation
between the plastic strain and inclination of the shear band can be de-
termined. Based on the works of Bolton [36] and Khatami et al. [10],
the dilation angle (ψ) at a specific state can be expressed by the strain
as Eq. (8) under plane-strain conditions:

ψ ¼ arcsin
C
R

� �
ð8aÞ
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C ¼ dεxx þ dεyy
2

ð8bÞ

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dεxx−dεyy

2

� �2

þ dεxy2

s
ð8cÞ

where C and R are the x-axis component of the center point and radius
of the Mohr circle of strain; the letter d represents an incremental re-
sponse; εxx, εyy, and εxy are the average horizontal strain, vertical strain,
and shear strain in a subset zone situated inside the shear band, respec-
tively. Table 3 provides corresponding examples.
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The interest square subset zones situated inside the shear bands
near the edge of the trapdoor were extracted from the strain distribu-
tions (Table 3, i = 3). θ (initial portion near the edge of trapdoor) and
corresponding dilation angle calculated by strain are compared in
δmin

δrec
δult

3
θ

Surface 

1
2

Deep

Shallow

Su

Fig. 17. General illustration of the progressive development of the shear bands
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Table 4. The calculated dilation angles are close to the measured θ. The
shear bands propagate as the inclination angle changes due tomobiliza-
tion by the dilation effect in soil, as proven by Fig. 14 and Fig. 16. It con-
firms that θ is equal to ψ, rather than the friction angle φ as mentioned
by Iglesia et al. [16] or π/4–φ/2 for the initial shear band as recom-
mended by Rui et al. [28]. Therefore, the critical embedment ratio (icri)
can be deduced as cotψ/2 according to the joining of the shear bands
on the surface (shown in Fig. 17). A largerψmeans smaller icri, for exam-
ple, for aψ from 10° to 20°, icri varies from 2.83 to 1.37. If i<icri, the shear
bands will not intersect with each other. This condition may be the so
called the “shear plane arching” termed by Lai et al. [19].
3.3.2. Horizontal and vertical strains
Fig. 18 presents the distributions of the horizontal strain (εxx). As can

be observed, the compressive strain governs the middle strip region.
The compressive region is sandwiched by the tensile region. The tensile
region approximately coincides with the horizontal displacement re-
gion, due to the particles on two sides moving towards the central re-
gion. Again, there is no obvious horizontal strain in the parabola
region above the trapdoor. Fig. 19 presents the vertical strain (εyy) at
different displacements. An arch strip area across the edge of the trap-
door forms an obvious tensile area. As the trapdoor moves down, the
height of this area increases, e.g., from 180 mm to 250 mm. This area
is located above the active region because the particle displacement in
H
cr
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an
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in response to the trapdoor receding under shallow and deep conditions.



Table 4
Comparison on the inclination angles of the shear bands and corresponding dilation angles
(i = 3).

Trapdoor displacement
δ (mm)

Average inclination angle
θ (°)

Dilation angle
ψ (°)

1 22.5 21
2 16 11.7
5 12.5 10.1
20 6.5 8.5

Fig. 18. Distribution of horizontal strains for δ= 10 mm (i = 3).
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this area is significantly smaller than that of the trapdoor, creating a ten-
sile area, i.e., a considerably loose zone.
3.4. Particle flow

As the trapdoor moves down, particles are gradually lost, which can
be regarded as a particle flow or “sink”. Under the gravity-driven flow
process, different from silo flow or hopper flowwithout stress surfaces,
supporting effect of trapdoor always exists. The resulting displacement
fields [Fig. 20 (a)] were averaged. Then, for an incremental time, the
time-average velocity field was deduced as shown in Fig. 20 (b). From
the perspective of particle flow, the vorticity of the backfill was calcu-
lated by Eq. (9):
(a)                
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Fig. 19. Distribution of vertical strains (i =
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z is zero. The mathematical
expression of the vorticity is the curl of the velocity field, which physi-
cally expresses the flow or relative rotation of the local region. The re-
sults show that the distribution of the vorticity field [Fig. 20 (c)] is
basically consistent with that of maximum shear strain [Fig. 20 (d)],
and obvious local rotation evolution is observed in the shear band re-
gion. Therefore, Table 3 also represents the evolution of vorticity. This
vorticity is due to the significant velocity gradient and different velocity
directions between the active region and the region above it, as shown
in Fig. 20 (b). According to the flow characteristics of the granular fill,
the velocity field can be simply classified into four distinct regions
[Fig. 20 (b)]. (i) Region 1: The parabola region above the trapdoor,
i.e., the active region, moves with the trapdoor as a whole, with only
vertical movement. (ii) Region 2: The narrow band near the central axis
of the trapdoor just above the active region undergoes only vertical
movement with a velocity significantly smaller than that of region 1.
(iii) Region 3: Two separate regions are present between region 2 and
the stationary part, where not only vertical movement, but also obvious
horizontal movement can occur. (iv) Region 4: Two separated narrow
bands between region 1 and 3 are unique, where the velocity direction
changes significantly to transit from region 3 to 1, indicating the relative
rotation in local region. Note that these four distinct regions can only be
observed when the trapdoor has a relatively large displacement (e.g., in
the load recovery stage).

Particularly, the development of velocity with time was calculated.
Then, along the elevation of the vertical profile with x = 0 mm
[Fig. 20 (a)], the velocity was extracted. As shown in Fig. 21 (a), the ve-
locity of particles ev (normalized by trapdoor velocity vtrap =
33.33×10−3mm/s) declines along the elevation. Anytime,ev distribution
has a significant gradient at elevations of about 100–300mm(termed as
transition region), which confirms that an invisible arch-shaped struc-
ture that spans across the edge of the trapdoor to prevent the flow of
particles. In stages a and b, ev is obviously smaller than that of the trap-
door (e.g., t=30, 60, and 100 s). However, in stages c and d, it is almost
the same as that of the trapdoor at elevations of 0–100 mm. Moreover,

the volume flow rate eQ (normalized by volume flow rate above the
trapdoor Qtrap = 5mm3/s; unit width) was obtained by velocity field.

Fig. 21 (b) presents eQ in horizontal section along the elevation,

exhibiting similar characteristic as ev. In stages a and b, both eQ and ev
             (b)

H 2=
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3). (a) δ= 10 mm. (b) δ = 20 mm.
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are significantly smaller than that of the trapdoor. It can be speculated
that, initially, the static friction force was mobilized between particles.
Then, the dislocation and rearrangement betweenparticles results in re-
markable volumetric expansion to compensate the volume loss caused

by trapdoor. However, in stages c and d, both eQ and ev are approximately
equal to that of the trapdoor at elevations of 0–100 mm. It means less
jamming occur in the granular flow and theweakening trend of arching
effect. Meanwhile, in stages c and d, along the elevation, more remark-

able gradients of eQ and ev occur, indicating an increasing porosity of
backfill, which will lead to a reduction of shear strength in the granular
fill. Consequently, the granular system has experienced a significant
structural transition from the initial homogeneous state to the spatially
heterogeneous state.

Fig. 22 presents the development of eQ with time at selected horizon-

tal profiles. It is clear that eQ increased rapidly in stages a and b. Then, it
increases slowly in stage c, which is consistent with the gradual weak-
ening of arching effect in this stage. In stage d, a steady flow is formed
below or near section B-B′ (H= 150mm), whichmeans that the stable
and ultimate arching effect state is reached. In sections C-C′ (H =
171
250 mm) and D-D′ (H = 350 mm), eQ always keeps an increasing

trend. However, some fluctuation characteristics of eQ can be captured,
which is closely related to the roof collapse and reformation of arches.
4. Discussion: evolution mechanism of arching

The trapdoor test results show that the load evolution is closely re-
lated to the kinematic characteristics of backfill granular materials.
Once the trapdoor downwards, a sharp load drop was observed until
the maximum arching effect stage, where the magnitude of particle
movement is relatively small. Subsequently, conspicuous evolution of
the displacement can be observed. A gradual increase in load can
occur with the trapdoor displacement until the load becomes constant
in the ultimate stage. The evolutionmechanisms of arching in these dis-
tinct stages should be different. In this section, based on the results of
four perspectives, the evolution mechanismwill be speculated. Further,
the critical displacement between load drop and recovery will be
discussed.
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4.1. Load drop mechanism

Mobilization of the maximum shear stress to achieve maximum
arching: As shown in Fig. 23 (a), in the initial stage, the downward
movement of the trapdoor causes the particles in the overlying triangu-
lar region tomove down vertically (recall Table 2).Within the boundary
of the triangular region, significant mutual extrusion and dislocation
with the surrounding static particleswill occur, resulting in thedevelop-
ment of initial triangular-shaped shear bands with a vertical inclination
angle of approximately the maximum dilatancy angle (recall Table 3).
The shear stress (τs) is quickly mobilized in these shear bands, leading
to obvious volumetric expansion of the granular materials in the trian-
gular region to compensate for the volume loss caused by the trapdoor
settlement (recall Fig. 13). Therefore, displacement can hardly be ob-
served above the triangular region.Meanwhile, the vertical stress is rap-
idly transferred (recall Fig. 3) to the trapdoor edges on both sides due to
the gradual exertion of the shear stress in the soil body and the reorien-
tation of major principal stress. When the soil arching effects reach the
peak state, themaximumvalue of the shear stress (i.e., peak strength) is
mobilized [9]. In this process, the displacement of the soil (s1) is smaller
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than trapdoor displacement (δ1), which may be due to the interlock
among granular particles [37]. Regarding the displacement evolution,
this process has generally been ignored in previous research as the dis-
placements of the trapdoor and soil are relatively small and difficult to
capture. From a microscopic perspective, most of main force chains
(FCs) presented a vertical distribution pattern before the trapdoor re-
cedes. At the moment of trapdoor receding, the direction of the main
FCs (red) outside the triangle region rotate towards the center, forming
a strong “arched force chain bridge” crossing the triangular region and
altering the load-transfer path [18,30]. At this stage, mainly the static
friction force between particles are mobilized. Due to the initial dense
state above triangular region, the strong force chain network at this
stage is stable.

4.2. Load recovery mechanism

Evolution of the active region causes the load recovery: As shown in
Fig. 23 (b), the initial triangular disturbed region rapidly expands to-
wards the surface, forming a larger region. Meanwhile, the original tri-
angular region evolves into a parabolic region and moves vertically
downwards with the trapdoor, i.e., the active region. The overall down-
ward movement of the active region causes the particles in the upper
disturbed region to flow towards the region to compensate for the vol-
ume loss, as the volumetric expansion in active region is not enough to
offset volume loss. These particles move vertically and squeeze the ac-
tive area horizontally, accompanied by local rotation. From a micro-
scopic perspective, the adjustment of the particle position and posture
above the active region causes force chain network change and contact
force rotation (Fig. 24); reciprocally, the change of contact force further
affects the movement of the particles [38,39]. This interaction process
forms an new “arched force chain bridge” as shown in previous DEM
studies by Lai et al. [30], preventing the particles from flowing into the
active region. Meanwhile, the invisible supporting arch bridge bears
part of the load and transfers the vertical load to both sides of the trap-
door. However, as the trapdoor moves further downwards, the force
chain bridge buckling as well as the “roof collapse” phenomenon (ob-
served in DEM simulations by Rui et al. [18] and Lai et al. [19]) lead to
more particles entering the active region, making the active region
evolve upward to form a subsequent active region and achieve a new
equilibrium state. This “failure and re-formation” also depends on the
trapdoor displacement. In this stage, the force chain network is unstable
Fig. 24. Contact force chain bridge to block and support the overlying particles over the
active region (contact force chain from Lai et al. [30]; i = 3, δ= 30 mm).
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as co-evolution of vortices and FCs [40]. Indirectly, this evolution can be
verified from the oscillation characteristic of load recovery curve (recall
Fig. 3) and volume flow rate curve (recall Fig. 22), which refers to the in-
stability andfluctuation of these curves. This characteristic has also been
observed in previous tests [9,16]. From the perspective of continuum
mechanics, an area with a significant displacement gradient is formed
above the active region (recall Fig. 21), where a parabola-shaped
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Fig. 25. Mobilized displacement for maximum arching. (a) Comparison on Δmin with
different granular materials and test conditions. (b) δmin versus d50. (c) δmin/ d50 versus
d50.
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shear band as well as an arch-shaped vertical strain can appear (recall
Table 3 and Fig. 19). The upward extension of the active region also
leads to a greater load being borne by the trapdoor. Additionally, the re-
sidual shear stress (i.e., residual strength) is mobilized for a relatively
loose condition above the active region (recall Fig. 19).

4.3. When is the “maximum arching” mobilized?

The normalized displacement Δmin (i.e., the threshold between
steady and unsteady state) for mobilizing the minimum load sepa-
rates the two distinct stages of soil arching evolution, corresponding
to the load drop sharply and load recovery stages, respectively. Mean-
while, Δmin is roughly equal to the critical displacement Δcri for
achieving tiny surface settlement. Therefore, accurately assessing
the Δmin is conducive to evaluating the evolution stage of the arching
effect (e.g., obtaining the vertical load state of the underground struc-
ture) and achieving small deformation in practical engineering.

The test results show that a comparatively small displacement is suf-
ficient to achieve the minimum load on the trapdoor or inclusions.
Fig. 25 presents the results of this study and previous trapdoor tests,
including laboratory 1 g tests [9,24] and centrifuge tests [13,15,16].
The available data show that the minimum load occurs at a trapdoor
displacement of about 0.2%–6%, and mainly between 0.5% to 2%, as
shown in Fig. 25 (a). Comparing the data for sand and gravel at 1 g,
fine sand at 75 g and 150 g, and coarse sand at 80 g demonstrates that
Δmin is closely related to the particle characteristics but is not sensitive
to the stress level or embedment ratio. The test of coarse sand at 80 g
performed by Iglesia et al. [16] shows a relatively larger value of Δmin

than the other tests, which may be due to the value of B/d50 (24)
being smaller than those in the other tests (B/d50 > 200 except for
gravel at 1 g). Han et al. [24] suggested that Δmin can be determined to
be 1.5% for a rigid trapdoor. This value may be reasonable when B/d50
is large (e.g., B/d50 > 50) as scale effect can be significantly for small
B/d50 [15]. Regardless of the embedment ratio and stress level, the
data redrawn in Fig. 25 (b) show that the mobilized displacement
(δmin: mm) approximately increases with the grain size, indicating
that the relative displacement required to mobilize the friction or
shear stress fully on failure interface increases with increasing grain
size. However, when δmin normalized by d50, δmin/d50 decreases signifi-
cantly with increasing grain size as shown in Fig. 25 (c). Further, more
tests and numerical simulation with different granular materials and
test conditions should be performed to facilitate estimating a prediction
method of Δmin or δmin considering particle characteristics (e.g., grain
size and shape) and inclusion width in the future.

5. Conclusions

The evolution characteristics of the arching effectwith displacement
were comprehensively investigated from four different perspectives.
PIV system was developed to obtain important insights into the dis-
placement pattern evolution, shear band propagation, and particle
flow characteristics. Further, the mobilization mechanism of the soil
arching effect in different load evolution stages was elaborately
assessed. The main conclusions can be summarized as follows:

(a) Trapdoordisplacementhas a significanteffect on the loadtransfer
amplitude.TheGRCcurve,whichrepresentedthe loadresponseof
the soil archingwith the relative displacement, could be divided
into four distinct stages, namely, the initial arching stage, maxi-
mum arching stage, load recovery stage, and ultimate stage. The
mobilized displacement (Δmin) for “maximum arching” was
closely related to the particle characteristics (e.g., grain size) but
was not sensitive to the stress level or embedment ratio. As Δmin

has a great significance to determine the evolution stage of the
arching effect and achieve a tiny surface settlement, a prediction
method ofΔmin should be conducted.
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(b) The embedment ratio has a significant influence on the evolu-
tion of the displacement patterns. The captured disturbed re-
gion will experience evolution from the local region with a
roughly triangular patterns above the trapdoor to the surface
only for deep condition. Themaximum value of horizontal dis-
placement occurs in shallow layers near the surface for the
shallow condition, whereas it appears in deep layers for the
deep condition.

(c) The dilatancy behavior has a significant effect on the deforma-
tion mechanism and development of shear bands. An obvious
shear dilatancy behavior and density change accompanied the
trapdoor moving downwards, especially in the initial and
maximum arching stages. The progressive formation of shear
bands could be better explained by considering the dilatancy
behavior and strain localization. The local inclination of the
shear band could be predicted by the dilation angle calculated
by incremental shear strain. According to the joining of the
primary shear bands on the surface, the critical embedment
ratio (icri) can be identified as cotψ/2.

(d) The vorticity field distribution was basically consistent with
that of maximum shear strain, and obvious local rotation evo-
lution was observed in the shear band region. Four distinct re-
gions could be identified according to the flow characteristics,
which provide an opportunity for understanding the evolu-
tion mechanism of soil arching. Importantly, an active region
with a parabolic shape that existed above the trapdoor drop
vertically as an entire block. An invisible supporting structure
formed above the active region to jam the particle flow.

(e) The evolution mechanism of soil arching was different in dis-
tinct stages. In the initial and maximum arching stage, a trian-
gular region was observed with obvious volumetric expansion
to compensate for the volume loss and support the upper sta-
tionary part. The maximum shear stress was mobilized with
small displacement to achieve maximum arching. Differently,
the evolution of the disturbed region caused load recovery in
the subsequent stage.

Due to the inherent complexity of trapdoor arching, there is currently
no established, universal mechanism or mobilized shape to describe the
evolution of arching, especially as the failure pattern changes with in-
creasing settlement of trapdoor. The physical reasons for this observation
include geometric, environmental and geotechnical factors such as bur-
ied depth, soil dilation, grain packing density [37,41,42], stress level
[13], moisture content [43], particle characteristics [31,33,44], stress his-
tory, and surcharge [8,14,28], which can be considered in the future. De-
spite the limitations, this study provides comprehensive perspectives
regarding the evolution of the arching effect. In particular, it links the
load evolution mechanism with the deformation behavior of backfill,
providing an enhanced basis for displacement-related mathematical
modelling of arching in the future.
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