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Numerical Analysis of Soil Arching with Consideration of Suction Effect
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ABSTRACT: A plane strain trapdoor was analysed by finite-element method with Mohr-Coulomb (MC) model, taking the effect of
suction on soil arching into account. The case of sand was considered and the soil arching was defined as the outline of plastic zone
above the trapdoor, as opposed to the common methods with assumed soil arch (dimensions and shape). Due to the dilatational
behaviour of sand, stress can be transmitted by the interlocks between soil grains, resulting in a triangular or arching plastic zone. When
the matric suction is higher than the air-entry value, the apparent cohesion increases with suction decreasing, leading to a reduction in
both the height and area of the plastic zone; after a pic value, the apparent cohesion diminishes with further suction decrease, leading
to the failure of soil arch. This shows the significant effect of cohesion on soil arching. Moreover, the results obtained reveal that the
common limit equilibrium model which assumes a semi-circular soil arch of uniform thickness is suitable only for soils with large
dilation angle, while the friction soil arching model of Terzaghi is more suitable for soils with small dilation angle.
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1 INTRODUCTION

The term of ‘soil arching’ has been commonly used to represent
the reduction of soil stress between rigid bodies or above
tunnels, and the increase of stress on the bodies of higher
stiftness (Terzaghi 1943). Because soil arching contributes to
reducing the soil surface deformation, it has been wildly
considered in the design of pile-supported embankments,
retaining walls and tunnel excavation (Lee et al. 2006; Khosravi
et al. 2013; King et al. 2019).

Terzaghi (1943) investigated the soil arching phenomenon
through trapdoor tests and proposed a related calculation
method. Since then, numerous studies have been conducted in
this field and partial calculation models were adopted by
different countries (GGS 2010; BSI 2012; CRC 2016). Most
soil arching models are based on the trapdoor tests. The model
of van Eekelen et al. (2013), an extension of the models of
Hewlett and Randolph (1988) and Zaeske (2001), shows a good
agreement with the experiment. However, only the internal
friction angle is considered in the model, ignoring other soil
properties such as the dilation angle. The limit equilibrium soil
arching models are adopted in the British (BSI 2012), German
(GGS 2010) and Dutch (CRC 2016) standards. In these models,
the shapes of arches are assumed but the soil cohesion is
ignored. The limit state occurs in the entire arch. Pham (2020)
modified the limit equilibrium model of Zaeske (2001) by
introducing the effect of cohesion as follows: oy = 0, - Kp +
2ck(Kp)®Swhere oy is the tangential stress, o, is the normal
stress, Kp is the passive earth pressure coefficient, cis the
embankment cohesion and k is a cohesion coefficient. Two
vertical sliding surfaces were used in the analysis by (Terzaghi
1943), with consideration of both the internal angle and the
cohesion.

Basically, as the apparent cohesion changes with matric
suction, the soil arching behaviour changes accordingly. Zeng
et al. (2018) and Cui et al. (2022) conducted trapdoor tests on
sand at different water contents and found that the height of soil
arch decreased with the increase of water content. Song et al.
(2018) considered different water tables in trapdoor test, and
observed that the height of soil arch and the stress on trapdoor
were enlarged with the water table rising.

This study aims at numerically investigating the effects of
soil properties and matric suction on soil arching. A plain strain
trapdoor finite-element analysis with Mohr-Coulomb model
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was made for this purpose. The plastic zones were determined,

allowing not only the evolution of soil arching with suction to

be determined, but also the comparison of different soil arching

models to be made.

2 PLAIN STRAIN TRAPDOOR FINITE-ELEMENT
MODEL

Figure 1 shows a schematic diagram of the finite-eclement (FE)
model, with vertical and bottom boundaries. Based on the
conditions of symmetry, the vertical faces of fill were restrained
against horizontal movement. The bottom boundaries consisted
of two fixed surfaces and one trapdoor surface. A uniform
vertical stress (g = yh) was applied acting upwards to support
the fill and represent the trapdoor. The relative movement
between particles is an essential requirement for the formation
of soil arching, which is achieved by releasing the vertical stress
from an initial value equal to 1 kPa at the central surface of the
bottom. Moreover, to prevent differential settlement at the
upper surface, a minimum height (often critical height) is
required, allowing full arching to be developed (van Eekelen
and Han 2020). In this analysis, to avoid partial soil arching, the
height of fill was three times the trapdoor width, which is
greater than the common critical heights (Terzaghi 1943;
Hewlett and Randolph 1988).
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Figure 1. Schematic diagram of the trapdoor model
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Soil arching is primarily governed by the strength-
controlled development of shear bands/plastic zones, which can
be captured transparently using a minimal set of parameters of
the Mohr—Coulomb (MC) model (Labuz and Zang 2014). More
advanced constitutive models (e.g., Hardening Soil or
Barcelona basic model) require additional parameters and
coupled hydro-mechanical calibration that are not available for
the present parametric study. Therefore, the MC model is
considered adequate for revealing the general trends of soil
arching with changes in friction, dilation and suction-induced
apparent cohesion. Table 1 gives the basic properties of the four
saturated sands.

Table 1. Properties of saturated sands
Type @) () ckPa) vy E u
(kN/m*)  (MPa)
1 35 15 2 17 50 0.3
2 35 15 1.5 17 50 0.3
3 35 0 2 17 50 0.3
4 35 0 5 17 50 0.3

In the case of unsaturated soils, the shear strength changes
with water content. According to the effective stress concept of
Bishop (1959), the shear strength is defined by:

t=(0—ug)tang’'+ y(ug, —uy,) + ¢ (1
where o is the total stress, u, is the pore air pressure,
u,, U, is the pore water pressure, ¢’ is the effective cohesion, ¢’
is the internal friction angle and y is the effective stress
parameter.
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Figure 2. Soil water retention curve and apparent cohesion of Ottawa

sand

Table 2. Properties of unsaturated Ottawa sands
Ug — Sy (P’ 4 ¢ 14 E 12
Uy %) () () (kPa) (KNm’) (MPa)
(kPa)
5 32.65 289 169 1.35 17 50 0.3
4 57.43 289 169 1.89 17 50 0.3
3 8434 289 169 2.09 17 50 0.3
2 97.57 289 169 1.61 17 50 0.3
1.5 99.41 289 169 1.23 17 50 0.3

In order to analyse the effect of suction on soil arching, the
unsaturated Ottawa sand (Goulding 2006) was considered. Its
water retention curve was described by the van Genuchten
model (van Genuchten 1980). Its effective stress parameter (y)
is taken equal to the degree of saturation (S,) (Bishop and
Blight 1963). The influence of suction was embodied by the
varying apparent cohesions in the MC model. According to
Equation (1), the apparent cohesion was calculated, and shown
in Figure 2. It appears that before the air-entry value (about 3
kPa) the apparent cohesion is increasing with suction decrease.
However, after the air-entry value, it is decreasing with suction

6512

decrease. Five suctions were considered in the analysis, as
shown in Table 2.

3 RESULTS

The results of finite element analysis for the four saturated
sands are presented in Figure 3. As shown in Figure 3(a), when
the effective cohesion is as high as 2 kPa, the plastic zone is
triangular and the two plastic bands are not connected, showing
that the stress of sands above the center of trapdoor does not
reach its shear strength. While the cohesion decreases down to
1.5 kPa (Figure 3(b)), the decrease of shear strength causes
plastic strain on the dome of arch, giving rise to a full arch over
the trapdoor, with a significant arch height. Comparison
between Figure 3(a) and Figure 3(c) shows that the plastic zone
of low shear dilatancy is vertical, not triangular or arching,
confirming the results of Osman and Jacobsz (2019) and
Khatami et al. (2021) which show that the inclination of shear
band is approximately equal to the dilation angle with the
exception for the area near the free surface and the centerline
where the inclination is greater than the dilation angle. Besides,
the height of plastic zone with low shear dilatancy is slightly
higher than that with large shear dilatancy. Figure 3(c) & (d)
reveal that the height of plastic zone is governed by the effective
cohesion as well and a larger effective cohesion leads to a lower

plastic zone.
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Figure 3. Plastic strains of saturated sands (jie)

Figure 4 shows the simulation outputs of vertical
displacement, element volume and equivalent plastic strain for
different suctions. At suction 5 kPa, the settlement at the upper
surface is differential. Prior to reaching the air-entry value, the
apparent cohesion increases with the decrease of matric suction.
Concurrently, the plastic zone evolves from triangular to
arching, leading to a reduction in the heights of equal settlement
plane, the volume increasing zone and the plastic zone.
Furthermore, the shape of vertical displacement is close to a
three-quarter ellipse, and the shape of volume increasing zone
is close to a half ellipse. While the friction between soil grains
decreases the plastic strain corresponding to the relative
movement of grains, the dilatancy increases the unit volume.
Besides, the increase of apparent cohesion enhances the shear
strength. Thus, less soils above the trapdoor reach the limit state
and develop plastic strain, indicating that the areas of volume
increasing zone and plastic zone also decreases with suction
decreasing. In contrast, the non-plastic area, which is inside the
inner outline of plastic zone, increases with suction decreasing.
Similar results were obtained by Cui et al. (2022) through
trapdoor tests - the soil stress on the trapdoor was reduced with



the increase of water content, indicating that the soil arching is
strengthened by water content increase. da Silva Burke (2025)
also observed that 10% moisture content (MC) had the highest
arch, and not the wettest (MC15) and dryest (MCS5) tests. It can
be explained that as water is added to the dry soil, capillary
bridges that were previously disconnected or confined to the
smallest pores begin to expand and merge. The effective contact
area between the pore water and the soil particles increases
significantly. This increase in the effective wetted area
outweighs the reduction in matric suction pressure.
Consequently, the net capillary force pulling the grains together
increases. The increased apparent cohesion enhances soil
strength.
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Figure 4. Vertical displacement, volume changing ratio and plastic
strain under different suctions

At suction 3 kPa (S = 84%), the apparent cohesion of sands
reaches the maximum value. Subsequently, as the matric
suction decreases and the sand tends to reach fully saturation,
the apparent cohesion rapidly diminishes, leading to the failure
of soil arching. The variations of soil arch height, the area of
volume increasing and plastic strain are opposite to those before
the suction reaches 3 kPa, in agreement with the results of Song
et al. (2018) obtained from trapdoor tests under different water
tables - the height of equal settlement plane of saturated soil is
greater than the height of equal settlement plane of dry soil. Liu
et al. (2025a) and Liu et al. (2025b) investigated that the
effective pile efficacy was pronouncedly reduced by 17% as the
water level rose to the critical height of soil arching.
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4  DISCUSSIONS

The soil arching phenomenon can be greatly affected by suction
through the changes in cohesion. It is worth noting that in case
of compacted fine-grained soils, suction can affect the soil
aggregate stiffness or deformability, thereby the dilation angle
and in turn the arching behaviour. Indeed, Cui and Delage
(1996) showed that for a compacted silt the dilation angle
increases with the increase of suction. For sand, as the grains
stiffness does not change with suction, the dilation angle should
be independent of suction. Indeed, for the Ottawa sand, the
direct shear results of Goulding (2006) shows that the dilation
angle is similar for different water contents. This is the reason
why the suction effect on dilation angle is not addressed in this
study. Smith et al. (2022) noted that the inclination of the
parabolic arch assumed by Engesser (1882) is ¢’, the same as
the failure mechanism assumed by Simon (2013). In the studies
of King et al. (2019), the inclination identified experimentally
.om o e+Y
Is > +
geometry of the failure surface cannot be accurately described
by these inclinations. Further studies considering all soil
parameters are needed to better understand the mechanism of
soil arching. It should be emphasised that the present work is a
simplified strength-based analysis (MC with suction
represented by apparent cohesion), intended to explain general
arching mechanisms and trends rather than to reproduce a
specific test with full hydro-mechanical coupling. A
quantitative calibration/validation against dedicated trapdoor
tests and the use of advanced constitutive models for suction-
dependent stiffness and collapse behaviour will be addressed in
future work.

The existing arching calculation models can be categorized
into frictional soil arching models, limit equilibrium soil
arching models, and rigid soil arching models (Lai et al. 2018).
As shown in Figure 3, the hypothetic arch shapes in rigid and
limit equilibrium soil arching models are triangular and arching,
respectively, which are the same as for the soils with large
dilation angle. Besides, one of the assumptions of Terzaghi
model is vertical shear zone, which is more suitable for the soils
without dilatational behaviour, such as clay and loose sand. The
common problem of the existing models is the height of soil
arch is assumed, not variable with soil shear strength.

According to the assumptions of limit equilibrium soil
arching model, the arch is semi-circular, of uniform thickness.
Also, the static equilibrium condition requires that the radial
stress multiplied by Rankine passive earth pressure coefficient
equals the tangential stress in the limit. However, the limit
equilibrium soil arching model is based on the arching
phenomenon in trapdoor tests on non-cohesive soils (Hewlett
and Randolph 1988). From the results in the numerical
analyses, it appears that the apparent cohesion due to suction
can greatly contribute to the soil arching phenomenon. In
current models, only Terzaghi model considers the Mohr-
Coulomb shear strength including friction angle and cohesion.
Hence, in future development of soil arching models, the
consideration of the effects of soil properties and suction is
important.

5 CONCLUSIONS

. However, when the dilation angle is zero, the

This paper presents a simplified plane strain trapdoor analysis
with Mohr-Coulomb model by finite-element method, aiming
at investigating the effects of soil properties and suction on soil
arching which corresponds to the zone of equivalent plastic
strain. The obtained results allow the following conclusions to
be drawn:

(1) Dilatational behaviour of soils leads to a triangular or
arching shape above the trapdoor. When the dilation angle



approaches zero, the plastic zone formed above the trapdoor is
vertical, showing the importance of dilation angle in soil
arching. The soil cohesion also plays an important role in soil
ach development.

(2) For unsaturated sand, before the air-entry value is
reached, the apparent cohesion increases with suction
decreasing. Concurrently, the plastic zone of the soil arch
transitions from triangular to arching as the shear strength
increases, leading to a reduction in both the height and area of
the plastic zone. At air entry value (3 kPa), the apparent
cohesion reaches the maximum value. Then, as the matric
suction decreases and the sand tends to saturation, the apparent
cohesion diminishes, leading to the failure of the soil arch. This
confirms the importance of soil cohesion in soil arching.

(3) The common limit equilibrium model which defines a
semi-circular soil arch of uniform thickness is suitable only for
soils with large dilatancy, while the friction soil arching model
of Terzaghi is more suitable for soils without small dilation
angle. The shape and area of plastic zone are not assumed and
influenced by the shear strength of soils.
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