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ABSTRACT: With recent shifts in global climate patterns, increased rainfall has become more frequent,
posing significant challenges to road infrastructure. Bridges, critical links in national transport networks, have
suffered structural damage due to the accumulation of sediment and driftwood at piers, which induces
damming upstream and alters hydraulic behaviour. In this research, a series of physical model experiments,
supported by rigid plastic finite element simulations, were conducted to evaluate the influence of waterhead
differences generated by damming and the application of lateral forces simulating driftwood accumulation.
The results revealed that the damming effect initiates upward seepage flow beneath the foundation, reducing
effective stress and consequently the shear strength of the soil. Simultaneously, increased lateral forces caused
by the girder being submerged in water due to the driftwood capture promote sliding and tilting of the pier.
These deformations, in turn, exacerbate internal and external erosion and contribute to a brittle geotechnical
failure of the foundation system. A method was proposed to evaluate this complex failure phenomenon,
incorporating the combined effects of hydraulic head, debris loading, and progressive soil weakening through
this research. The proposed equation captures the mechanisms as observed in the experiments, demonstrating
significant loss of vertical and horizontal resistance. These findings highlight the need to consider the interplay
between internal seepage-driven soil degradation and external driftwood-induced forces when assessing the
stability of bridge foundations under extreme climatic and hydrological conditions.

1 INTRODUCTION

In recent years, bridge pier damage during torrential
rains and abnormal water levels has increased, largely
due to internal erosion and local scouring around
foundations. When driftwood accumulates around
piers and forms a dam-like obstruction, the resulting
rise in water pressure intensifies seepage, further
degrading foundation stability as shown in Figure 1
(Ren et al., 2024). However, an evaluation method that
accounts for the reduction in bearing capacity caused
by driftwood-induced damming has yet to be fully
established.

Related studies (Mori & Sasaki, 2012; Takahashi et
al., 2011; Badroddin & Chen, 2021; Guo et al., 2020;
Kadono et al., 2020; Kong et al., 2017; Li et al., 2021;
Maricar et al.,, 2020; Oudenbroek et al., 2018;
Pregnolato et al., 2023) following the 2011 Tohoku

Earthquake revealed that large hydraulic head
differences, that in some severe cases would cause
tilting of the girders and ultimately lead to the collapse
of the entire bridge structures, combined with debris
accumulation, triggered internal erosion and led to the
failure of robust coastal and hydraulic structures.
Subsequent physical model tests (Kasama et al., 2020)
showed that sustained head differences produce strong
seepage beneath foundations, causing horizontal
loading and significant reductions in bearing capacity,
which is often the governing failure under flooding
conditions and cause of failure form any coastal and
hydraulic structures.

Subsequent physical model studies investigating
the influence of large and persistent hydraulic head
differences revealed that these conditions could
significantly affect foundation stability by generating
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intense seepage flow through and beneath the structure
(Kasama et al., 2020). The primary mechanisms of
failure were attributed to (i) horizontal static forces
produced by hydraulic head variations between
upstream and downstream sides, and (ii) a reduction in
bearing capacity caused by seepage flow beneath the
foundation. These interpretations were supported by
observations that the non-seepage-induced horizontal
bearing capacity (characterized by sliding-type
failure) was considerably greater than the bearing
capacity under seepage conditions.

Recent physical model tests by and Jones &
Anastasopoulos (Jones & Anastasopoulos 2023)
focused on determining the geotechnical failure
mechanisms of caissons subjected to seepage flow.
Their results demonstrated that severe internal erosion
could lead to deep-seated foundation failure beneath
caissons.

Figure 1. Case study of bridge damage caused by trapped
drifiwood.

While seepage-induced instability has been widely
studied (Kasama et al., 2013; H. Takahashi et al.,
2014; Zen et al., 2013), conventional analytical tools
such as Hudson’s (Hudson, 1959) and Isbash’s
equations Coastal Engineering Research Center
(1977) do not capture the effects of drftwood-induced
damming or tsunami-related seepage, both of which
critically reduce foundation stability.

To address these gaps, the present study
investigates bridge pier instability under seepage
generated by driftwood damming. A predictive
formula is proposed to estimate residual bearing
capacity under varying hydraulic head differences, and
a V-H Ilimit load space is developed based on
experimental ~ observations. The  framework
incorporates hydraulic gradients, soil properties, and
river-induced lateral loads. Validation is conducted
through hydraulic model tests and numerical
simulations, providing new insights for designing and
assessing bridge foundations subjected to seepage-
induced instability.
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2 METHODOLOGY

This study specifically focuses on the effect of seepage
forces on bearing capacity induced by the water level
difference between the upstream and downstream
sides of a bridge pier when the river channel is
obstructed by accumulated driftwood. To isolate this
mechanism, a cross-section along the bridge axis was
considered. The complex multi-physics problem is
decomposed into two manageable components: (1)
scaled physical modelling of the bridge pier with the
spread foundation, and (2) hybrid numerical
simulations that support the physical model results and
enable an extensive parametric investigation.

2.1 Physical Modelling

A small-scale bridge pier model was constructed at
a geometric scale of 1/37 using aluminium, which
ensures uniform mechanical interaction with sand
(Jones & Anastasopoulos, 2022). The model measured
245 x 50 x 200 mm (L x W x H) as shown in Figure
2(a) and was embedded to a depth of 20 mm.

This study focuses on a spread foundation
constructed on gravelly riverbed ground, assuming
ground conditions that provide sufficient shear
strength to function as a bearing layer while also
exhibiting high permeability. To reproduce these
assumed ground conditions in a gravity field model
test, silica sand No. 7 was selected as the model ground
material, with reference to Kadono et al. (2020).

The model ground consisted of Silica Sand No. 7,
prepared by air pluviation to achieve relative densities
of 40% and 80%, representing loose and dense states.
The sand bed, with a final height of 300 mm, was
constructed in twelve 25 mm layers, with density
controlled through sand mass and layer thickness
monitored by a laser displacement sensor The soil
properties are shown in Table 1.

A 2.5 mm gap was kept between the model and tank
walls to avoid constraint effects. After placement in
the test tank, bentonite was applied at the four corners
of the pier to act as waterproofing seals and minimize
sidewall friction as shown in Figure 2(b).

The soil bed was fully saturated following the
procedure of Mehdizadeh et al. (Mehdizadeh et al.
2021) and left to equilibrate for at least 12 hours as
shown in Figure 3(a), to attain ground saturation.
Seepage flow was induced by adjusting upstream and
downstream water levels, maintaining the downstream
level at least 2 cm lower as shown in Figure 3(b).
Multiple hydraulic head differences were tested, where
a series of attained heads on the upstream and
downstream sides are listed in Table 2.

Vertical loading was applied using a load cell, and
displacement response was recorded through
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displacement gauge, as shown in Figure 4. The
resulting load-displacement curves provided the basis
for evaluating foundation behaviour under seepage-
induced hydraulic gradients.

Table 1. Model ground parameters using silica sand #7.

Properties Values
Relative density Dr (%) 40— 80
Cohesion ¢ (kPa) 0
Shear resistance angle ¢ (deg.) 35-40
Unit weight 7z (kN/m?) 13.5-149
Table 2. Experimental conditions.
Properties Values
Upstream water level H; (mm) 0-120
Downstream water level A, (mm) 0-280
Water lever difference (mm) 0-100
Hydraulic gradient i 0-1.1
Loading height from G.L. (m) 200
Loading angle & (deg.) 0

eduction of si
friction

(b) Waterproofing seals.
Figure 2 (a) Model pier. (b) Use of Bentonite which acts as

(a) Model dimensions.

a waterproofing seal, between

downstream sides.

the upstream and

e #‘"’v* : (e
(a) Saturation phase. (b) Testing phase.
Figure 3 (a) Water level during the soil saturation phase of
the experiment. (b) Maintained hydraulic head difference
during the testing phase.

2.2 Numerical Modelling

The hybrid analysis method cooperating seepage
analysis and rigid plastic FEA analysis used in this
research is shown in Figure 5.

Initially, a seepage finite element analysis was
conducted to quantify the pore water pressure
variations in the ground caused by river-driftwood
damming. Following the seepage analysis, the degree
of saturation and pore water pressure distribution were
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incorporated into the subsequent Rigid Plastic Finite
Element Method (RPFEM) originally developed by
Tamura (Tamura et al., 1987) and later enhanced by
Nguyen et al. (Nguyen et al., 2016).
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Figure 4 Schematic Diagram for Soil tank, model pier and
loading device.
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Figure 5 Hybrid analysis method cooperating seepage
analysis and rigid plastic FEA analysis.

A rigid pier on a shallow footing placed over a flat,
homogeneous ground was modelled, as illustrated in
Figure 6. The prototype-scale parameters adopted in
the analysis are summarized in Tables 3 and 4.

The RPFEM, employing a rigid-plastic constitutive
model with the Drucker-Prager yield -criterion,
requires only a limited number of parameters and
determines the limit load without assuming any
specific failure mechanism, which is one of its primary
advantages.

Accordingly, the Drucker—Prager yield criterion is
adopted under plane-strain conditions with an
associated flow rule. The Drucker—Prager yield
function is expressed as follows, shown as Eq. (1):

fe)=wh+L—-¢=0 (1)
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where, I; =tr(6¢") is the first invariant of
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effective stress tensor ¢, J, = 5 S:sis the second

invariant of deviatoric stress tensor s, w and
are material constants related to the soil friction
angle ¢ and cohesion ¢, respectively. These
parameters are expressed under plane strain
condition as shown in Egs. (2) and (3).

The volumetric strain rate €, is expressed as
follows in Eq. (4). The strain rate €, assumed to be
purely plastic €7, must satisfy the volumetric
constraint condition defined by Eq. (5), as
follows:
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where, A and I denote plastic strain rate multiplier and
the unit tensor, respectively. The norm of the strain

rate € is defined as € = VEP : €P,

The stress and strain rate relationship for the
Drucker-Prager yield function is expressed with the
use of penalty constant k for the dilation property of
plastic strain rate, as demonstrated in Eq. (6). Any ad-
missible strain rate compatible with the Drucker—
Prager yield criterion is further required to satisfy the
kinematic constraint expressed by Eq. (5).
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where, o' is a determinate effective stress compo-

nent governed by the yield function and '@ isanin-
determinate effective stress component aligned with
the yield surface. The indeterminate stress parameter
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7 is resolved through solution of the boundary value
problem.

The distribution of the strain-rate norm within the
soil-structure system provides insight into the failure
pattern. A small norm value corresponds to rigid-body
behavior, which cannot be properly described by con-
ventional plastic constitutive equations. In the numer-
ical analysis, a small threshold value, &, is introduced
to represent rigid-body motion. When the computed
norm of the plastic strain rate € falls below &g, it is
replaced by ég. This prevents division by zero in the
constitutive formulation and ensures numerical stabil-
ity in regions exhibiting rigid-body behavior. Alt-
hough this approach is a well-known numerical tech-
nique, its physical interpretation can be viewed as a re-
duction of the yield surface size, forcing the stress state
in the rigid-body region to satisfy a modified yield
function. The size of this modified yield surface is
governed by the relative magnitude of the computed
plastic strain-rate norm € and the prescribed threshold
value €&y.

The rigid—plastic constitutive model as shown in
Eq. (6) is coupled with the force equilibrium (virtual
work) equation as shown in Eq. (7) to obtain an equiv-
alent analysis of the upper bound theorem for plasticity,
explicitly accounting for the pore water pressure dis-
tribution u,,,, which is obtained in advance from seep-
age flow analysis under varying water level conditions.

fv o':6edV = pfsl Ty:0udS; + sz T,: 6us, +
[, X:80dV —w, f, 1:6¢dV (7)

p=—u( f;, Ty 60dS; — 1) (8)

In this formulation, p is the load factor, T; represents
the external load components (V-H-M) acting on
boundary S, T, is the constant force induced by hy-
drostatic pressure acting on boundary S,, u is the dis-
placement rate, X denotes body forces due to self-
weight and V/ is the analysis domain.

10.0m

B 15.0m Ifac
! - 4
A 310.0m Al

Figure 6 Prototype RPFEM pier geometry with assigned
boundary conditions and variable mesh densities to balance
computational efficiency and accuracy.
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Table 3. Prototype Model geometry parameters and
analytical conditions.

Properties Values
Pier Height H (m) 15
Footing width B (m) 10
Embedment Depth Dy (m) 0,2
Upstream water level H; (m) 5
Downstream water level A, (m) 4-5
Water lever difference W.L.D. (m) 0-1
Hydraulic gradient i 0-0.1
Loading height from G.L. (m) 0,5,10,15
Loading angle 6 (deg.) 0-40

Table 4. Bearing capacity analysis parameters.

Properties Ground Foundation
Cohesion ¢ (kPa) 1 50000
Shear resistance angle ¢ 30 0
(deg.)
Unit weight % (KN/m?) 17.5 0

3 RESULTS

3.1 Influence of Hydraulic Gradient on the
Vertical Bearing Capacity

Figures 7 and 8 illustrate the vertical load —
settlement curve for D, = 80%, 40% with an
embedment depth of Dy = 20 mm, respectively.
Vertical loading tests were performed while changing
the water level difference (the upstream water level H;
- the downstream water level H,). A benchmark
reference case V,;; was obtained by the case without
the water level difference, corresponding to zero
hydraulic head difference (H; — H,= 0 mm) across the
footing, and was used as the basis for all comparisons.
If a clear peak load was observed before the settlement
reached 10% of the foundation width, the peak load
was defined as the ultimate bearing capacity. If no
distinct peak load was identified, the load
corresponding to a settlement of 10% of the foundation
width was defined as the ultimate bearing capacity.
From these results, a more gradual reduction in the
ultimate bearing capacity was observed under dense
ground conditions due to the increase in difference of
the water level.

Figure 9 shows the relationship between the
hydraulic gradient and the reduction ratio of vertical
bearing capacity obtained from both physical and
numerical modelling, where the hydraulic gradient is
normalized by the critical hydraulic gradient i.. The
results exhibit a sharp decrease in ultimate load,
highlighting the significant influence of upward
seepage flow. Based on these results, a trend equation
was proposed using logarithmic regression to
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approximate the observed behavior as a function of the
normalized hydraulic gradient i, as shown in Eq. (9),
although some variability remains (the coefficient of
determination is R? = (0.52).

V= Vulte—1.26i/ic (9)
where, V. is pure vertical bearing capacity without

seepage force, V" is pure vertical bearing capacity with
seepage force, i, is critical hydraulic gradient.
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Figure 7 Vertical load — settlement curve for D, = 8§0%.
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Figure 8 Vertical load — settlement curve for D, = 40%.
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Figure 9 Variation of the normalized vertical bearing
capacity with the increasing hydraulic gradient i/i..



3.2 Influence of Internal Seepage and
Embedment Depth on Limit Load Space

Figures 10 and 11 show the limit load space obtained
based on RPFEM for the cases with and without any
embedment depth. According to these figures, the limit
load space extends due to the embedment effect, which
includes surcharge pressure and the shear strength of
the ground beneath the foundation base. While
seepage forces due to water level difference between
upstream H,; and downstream H, cause the limit load
space to contract in both cases, the degree of this
reduction varies with the embedment depth.
Furthermore, when the difference in water levels is
significant, the embedment effect on vertical bearing
capacity is nearly nullified. However, the effect on
horizontal bearing capacity remains evident.

Figure 12 shows the representative deformation
mode for the case with loading angle of 10 deg. and 30
deg. From the figures, it can be observed that changes
in the loading angle result in a corresponding shift in
the failure mode of the bridge pier foundation,
including reductions in bearing capacity as well as
transitions between sliding and overturning. Although
not shown here due to space constraints, additional
analyses confirm that under coupled loading, where
horizontal and moment loads are applied
simultaneously at varying loading heights, the limit
load envelope progressively contracts. As the loading
angle increases together with the coupled horizontal
load, the causes the system to approach its moment
capacity, causing overturning type failure to emerge as
the dominant failure mode.

—O—H] -H, =0.0m
—EI—HI -H2 =0.5m
O—Hl -H220.8m
-I—H] -H, =1.0m
— Pham et al. (2020)
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Figure 10. Limit load space (V-H plane) obtained for
unembedded spread foundations (Dr= 0.0 m).
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Figure 11. Limit load space (V-H plane) obtained for
embedded spread foundations (Dr= 2.0 m).

Figure 12. Differences in failure modes due to differences
in loading angle: (left) 30° sliding mode, (right) 10° bearing
failure.

4 STABILITY EVALUATION METHOD

Based on these obtained results, the following method

for evaluating the stability of bridge pier foundations

in the event of damming caused by driftwood
accumulation is proposed as shown in Figures 13 and

14.

1) With reference to Pham et al. (Pham et al. 2020)
and Eq. (9), a limit load space that takes into
account seepage force is formulated by utilizing
Eq. (10) and Eq (11).

2) The allowable bearing capacity is defined as the
ultimate capacity under non-damming conditions
divided by the safety factor F, and is assumed to
correspond to the dead load acting on the
foundation.

3) The cross section of the bearing surface in H-M
plane is extracted (taking into account the effects
of the foundation width and pier width along the
bridge axis direction) as shown in Eq. (12).

4) A curve representing the cariation in H/Viy -
M/BV.; due to a rise in river water level is
obtained, taking into account the water level
difference.

5) When any combination of a combined external
force intersects and crosses the bearing capacity
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curve formulated (and optionally the effect of
girder flooding can be considered), it is
determined that the pier foundation has now
become unstable.

1
Hy _ tang V 1— (L)(1.7mn¢+o.4)2 (10)
Vuit 0.76 Vyit v

Mo _ 0.55#[1 _ (1)""*9]

Vuie v

() (2 2o ()G - () 0

where, H is the ultimate horizontal load against
allowable bearing capacity V. Fs M, is ultimate
moment against allowable bearing capacity V./F
Ly is the foundation width, Ly, is the pier width, Cis
the fitting parameter.

(11)
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Figure 13. Limit load space based on Pham et al. (2020).
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Figure 14. Proposed stability evaluation method concept.

5 CONCLUSIONS

This study investigated the bearing capacity of shallow
bridge pier foundations affected by driftwood
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accumulation  through  numerical simulations
supplemented by physical modelling. The results
revealed that seepage flow plays a critical role in the
degradation of bearing capacity. Moreover, the
seepage force generated by the development of
hydraulic head can displace finer particles within the
soil matrix, creating voids as the soil is mobilized from
its original position and leaving cavities behind. This
process leads to a significant loss of vertical bearing
capacity.

Based on these findings, a stability evaluation
method was proposed that accounts for both the
reduction in ground bearing capacity and the sudden
increase in external forces caused by the damming
effect associated with driftwood accumulation and
obstruction at the pier during flooding events. The
proposed approach demonstrates the potential to
explain the brittle failure mechanisms observed in
actual bridge pier foundations.

The estimation method will be further developed
and generalized in future work to incorporate a broader
range of parameters and scenarios. This advancement
is expected to support the development of a limit load
framework, enabling engineers to better predict
bearing capacity loss following extreme rainfall or
flooding events.
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