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The vulnerability of bridges to flooding and debris impact has become a critical global concern, further inten-
sified by climate change. This study investigates the flood-induced shear response of an ultra-high-performance
concrete (UHPC) box-girder bridge without shear reinforcement, designed to temporarily float during extreme
flooding and thereby enhance structural resilience and public safety. A sequential methodology was adopted
using a 1:7.5 scaled UHPC box-girder bridge model, combining laboratory experiments and integrated CFD-FEM
simulations to evaluate shear failure mechanisms under flood flow and debris impact. Laboratory experiments
first assessed the bridge’s floating capacity and shear resistance under three loading scenarios—flow-only,
debris-only, and combined flow—debris loading—at velocities ranging from 0.5 to 1.0 m/s. Complementary
numerical analyses were then performed using computational fluid dynamics in ANSYS to predict hydrodynamic
drag forces over a wider velocity range (0.5-16 m/s), which were subsequently transferred into a finite element
framework to evaluate shear stress evolution. The results demonstrate that the bridge successfully transitioned
into a floating state with only 120 mm of partial submersion from its total depth of 286 mm. Under flow-only
conditions, shear stresses remained below the shear capacity of 10.6 MPa even at velocities up to 15.5 m/s.
In contrast, debris impact significantly amplified hydrodynamic forces, reducing the critical velocity threshold to
3.5 m/s. Based on the shear failure index, critical velocities of 16 m/s, 7 m/s, and 3.5 m/s were identified for
flow-only, debris-only, and combined loading conditions, respectively. These findings highlight debris as the
dominant factor governing shear vulnerability and confirm the feasibility of the proposed semi-floating UHPC
bridge as a sustainable, flood-resilient alternative to conventional bridge systems.

1. Introduction generating significant hydrodynamic forces and undesirable shear ef-

fects [5,6]. These structural damages result in substantial economic

In recent years, the civil engineering community has devoted sig-
nificant attention to the vulnerability of bridges under flood events. This
concern arises from the increasing influence of climate change, which
has amplified the frequency and intensity of sudden and unpredictable
floods [1,2]. According to Arora et al. [3], floods are among the most
destructive natural hazards affecting infrastructure and often impact
large populations. Over the past three decades, numerous bridges
worldwide have experienced partial or total failure due to flooding [4].
Such failures are commonly associated with extreme flood events in
which elevated water levels submerge bridge superstructures,
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losses and severely hinder disaster response and recovery efforts [7].
Recent numerical studies have shown that flood-induced hydrodynamic
forces can cause significant instability in river bridges, while mitigation
measures such as increasing structural mass effectively reduce
displacement and delay collapse [8]. Similarly, CFD analyses demon-
strated that venting holes in T- and box-girder bridges reduces
tsunami-induced uplift forces by releasing trapped air, thereby
enhancing structural resilience [9].

Extensive research has been conducted on flood effects and debris
impact on both traditional and pontoon-type floating bridges [10-12].
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However, these structural systems exhibit inherent functional limita-
tions. Pontoon-type floating bridges are well suited for deep-water lo-
cations and can accommodate hydraulic forces induced by currents and
floods. Nevertheless, they require large volumes of buoyant elements for
construction and maintenance and may obstruct ship navigation due to
their permanent placement [13]. Traditional bridges, on the other hand,
allow uninterrupted navigation under normal conditions but are highly
vulnerable during floods, often becoming fully submerged. Such sudden
submergence poses severe safety risks to users and surrounding com-
munities [14]. Moreover, traditional bridges are particularly susceptible
to intense hydraulic forces and debris accumulation during flood events
[15]. Debris transported by floodwaters plays a critical role in ampli-
fying hydrodynamic loads and inducing localized stress concentrations
on bridge components, significantly increasing the likelihood of struc-
tural damage or failure [12].

In this study, a semi-floating bridge refers to a bridge system that
behaves as a conventional fixed structure under normal service condi-
tions but transitions into a temporarily buoyant state during extreme
flood events. Unlike fully floating pontoon bridges, the semi-floating
concept preserves structural continuity and serviceability while
reducing prolonged submergence, debris accumulation, and excessive
shear demand during floods. Despite these potential advantages, exist-
ing studies predominantly focus on fixed bridges subjected to hydro-
dynamic loading or fully floating bridge systems. The shear response,
failure mechanisms, and effectiveness of semi-floating UHPC box-girder
bridges under combined flood flow and debris impact remain largely
unexplored, particularly for girders without web shear reinforcement.
This knowledge gap highlights the necessity of investigating semi-
floating bridge systems to improve flood resilience and structural safety.

To address these challenges, this research proposes a semi-floating
ultra-high-performance concrete (UHPC) box-girder bridge that in-
tegrates the functional advantages of traditional and pontoon bridge
systems with the superior mechanical properties of UHPC. Under normal
service conditions, the bridge functions as a conventional fixed struc-
ture, while during extreme floods it transitions into a floating configu-
ration. This conditional buoyancy reduces prolonged submergence,
limits debris accumulation, and mitigates excessive shear demand on
structural components. To investigate this concept, a 1:7.5 scaled-down
UHPC box-girder bridge model was used for both experimental testing
and numerical simulations. UHPC, characterized by high compressive
strength exceeding 120 MPa and tensile strength greater than 10 MPa,
enables the elimination of conventional web shear reinforcement,
thereby simplifying construction and enhancing durability [16-18].
Accordingly, this study evaluates the shear performance of the proposed
bridge system under flood loading both with and without debris through
a combined experimental and numerical investigation. This focus is
particularly important, as flood-borne debris is widely recognized as a
dominant contributor to excessive shear stresses that can trigger struc-
tural failure.

Recent literature has highlighted the critical role of debris in flood-
induced bridge failures through both experimental and numerical in-
vestigations. Anisha et al. [19] reported that incorporating debris im-
pacts into fragility curves for reinforced concrete bridges increased the
probability of failure by up to 80% at a flood velocity of 6.8 m/s.
Similarly, Friedl et al. [20] showed that horizontal loads acting on
bridge superstructures typically range from one-fifth to three-fifths of
the total debris-flow drag force. Qiu et al. [21], through flume experi-
ments with flow velocities between 0.75 m/s and 6.14 m/s, observed a
substantial increase in impact forces, reaching 74.76 kPa at the highest
velocity. Kabir et al. [22,23] demonstrated that bridge geometry and
debris-induced flow blockage significantly influence drag force evolu-
tion and overall hydrodynamic loading. Hasanpour et al. [24] numeri-
cally simulated tsunami-induced debris impacts on bridges and revealed
that debris-related loads were approximately 2.67 times greater than
those without debris. Fan et al. [25] showed that impact loads on
reinforced concrete bridge piers increase proportionally with impact
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energy during barge collisions. By coupling discrete element methods
with computational fluid dynamics, Jin et al. [26] reported that
debris-laden flows can increase loads on bridge piers by up to 295%. Nan
et al. [27] observed a sharp rise in structural stress from 20,000 Pa to
230,000 Pa in debris-free current flow simulations, while Wang et al.
[28] demonstrated that pontoon-supported floating bridges are highly
sensitive to collision-induced motions that significantly affect shear
demand.

In summary, there is a clear need for a bridge system that functions as
a conventional fixed structure under normal conditions while tran-
sitioning into a floating configuration during extreme flood events. The
pronounced influence of debris-laden flow on shear demand must be
explicitly considered in such designs. This study therefore introduces a
semi-floating UHPC box-girder bridge without shear reinforcement that
can float during floods while maintaining adequate shear resistance
under combined flow and debris loading. The primary innovation of this
study lies not merely in the use of UHPC, but in the development of an
adaptive semi-floating bridge system with conditional buoyancy that
fundamentally differs from both conventional fixed bridges and fully
floating pontoon systems. Unlike previous research, the proposed
framework integrates debris-aware hydrodynamic load quantification
with a coupled computational strategy in which CFD-derived flow and
debris forces are directly transferred into a structural finite element
model for shear assessment. This multi-physics methodology enables,
for the first time, a systematic evaluation of the shear behavior of UHPC
box girders without web reinforcement under combined flow and debris
loading. These contributions collectively establish a new conceptual and
analytical basis for the design of flood-resilient bridge systems. To
achieve the objectives of this study, a systematic approach was adopted,
combining experimental and numerical investigations to evaluate the
shear performance of the semi-floating UHPC box-girder bridge. The
specific goals were:

(1) To conduct experimental tests on a semi-floating UHPC box-
girder bridge prototype in a hydraulic laboratory under
controlled flow, debris, and combined flow-debris conditions to
measure reaction shear forces.

(2) To perform CFD simulations to evaluate floating behavior and
quantify hydrodynamic drag forces at velocities up to 16 m/s for
flow-only, debris-only, and combined loading scenarios.

(3) To apply CFD-derived distributed forces to a structural finite
element model in ANSYS to accurately simulate shear response
along the bridge girders.

(4) To assess the shear performance of UHPC box girders without
web reinforcement under combined flow and debris loading,
integrating experimental and numerical results for model
validation.

This integrated and structured methodology enables a clear evalua-
tion of shear failure mechanisms in semi-floating UHPC bridges,
providing a new conceptual and analytical framework for the design of
flood-resilient bridge systems.

2. Experimental and Theocratical Framework
2.1. Proposed Geometrical Model

The bridge geometry features small-scale dimensions at a 1:7.5 scale,
simulating a real reinforced concrete bridge located in Perak, Malaysia.
Fig. 1 presents the dimensions of the proposed box girder bridge in
millimeters, with slight modifications to enhance flow resistance. The
overall width of the cross-section is 1300 mm, with a total height of 286
mm in this study. The top slab thickness is 20 mm on both sides, while
the bottom slab is 15 mm thick. The webs are spaced 412 mm apart.
Each junction between the webs and bottom slab includes a curved fillet
with a radius of 186 mm, forming a U-shaped contour for the bottom
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Fig. 1. Geometry of the proposed box girder bridge model.

cell. Notably, the corners near the outer edges are modified with a larger
radius of 200 mm to enhance flow streamlining and reduce sharp stress
concentrations. It can also be observed that angular transitions exist
between the horizontal and vertical members. For instance, the side
walls connect to the top slab at an angle of 80° and to the curved bottom
fillets at 95°, which enhances structural integrity and promotes efficient
force transfer. The inner vertical web has a thickness of 20 mm, while all
horizontal members (top and bottom slabs) and outer webs maintain
similar thicknesses, consistent with the thin-shell design principles of
UHPC. Moreover, the bridge model was designed with a target
compressive strength of 140 MPa at 28 days, a tensile strength of 15
MPa, an elastic modulus of 50 GPa, and a Poisson’s ratio of 0.2. The
debris used in the experiments measured 0.81 m x 0.35 m x 0.32 m and
had a mass of 80 kg.

Moreover, the proposed bridge was tested for floating performance
in the hydraulic laboratory at Universiti Putra Malaysia, as shown in
Fig. 2. The bridge specimen was supported within a rectangular flume
using two structural steel L-beams (75 x 75 mm) anchored to I-section

\ 3 pressure sensors
L beam
(75x75) mm

I pier (304x150) mm

i

1 floating bridge model

piers (304 x 150 mm), ensuring lateral stability while allowing vertical
flotation behavior, as illustrated in Fig. 2a. Three pressure sensors were
installed along the front face and bottom surface of the bridge to capture
time-dependent hydrodynamic pressure variations during flood flow
and debris impact conditions. The bridge model was suspended by a
central lifting hook to allow proper alignment and free vertical motion
before testing. During the experiment, the inlet and outlet valves of the
flume were kept open in each trial to simulate transient flood flow
conditions as shown in Fig. 2b. This setup ensured the formation of a
stable and consistent hydraulic front at the location of the floating
bridge model. The presence of the bridge and its supporting structures
did not obstruct flow development. All test scenarios, including both
flow-only and debris impact cases, were repeated three times for dura-
tions of 60, 90, and 120 seconds to ensure repeatability and data reli-
ability. The variation among repeated trials was within 5%, confirming
good consistency and reproducibility of the experimental results. The
results indicate successful floating of the proposed model with partial
submersion, where only 120 mm of the model’s depth was submerged

infet flow

Fig. 2. Experimental setup of the floating bridge model: (a) model installation, (b) bridge submersion, and (c) flow and debris loading acting on the bridge.
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(Fig. 2¢). It is also interesting to note that the effects of flooding and
debris impact were evaluated under maximum flow velocities of 0.5 m/
.

2.2. Computational Fluid Dynamics Model

The experimental flow velocity range was limited to 0.5 m/s due to
laboratory flume capacity and safety considerations, while still
providing reliable data for model validation. Higher velocities repre-
sentative of extreme flood conditions were investigated numerically.
The debris geometry and mass were selected based on scaled represen-
tations of commonly reported flood-borne debris such as timber logs and
floating structural elements [30,33]. A numerical model was developed
using computational fluid dynamics in ANSYS Fluent to simulate various
flow conditions. The objective of this step was to predict the floating
behavior of the proposed model with and without debris and to estimate
the drag force generated by the water flow. The predicted drag force was
later used as input for the developed finite element model (FEM) to
investigate the shear resistance of the proposed bridge, which represents
the main goal of this study as discussed in the next section.

Regarding the CFD model, the simulations employed the governing
transport equations of the k-® Shear Stress Transport (SST) turbulence
model (ANSYS, 2017), as expressed in Eq. 1 and 2. In these equations, k
and o denote the turbulent kinetic energy and the specific turbulent
dissipation rate, respectively. The terms Gx and Go represent the gen-
eration of k due to velocity gradients and the production of ®. The terms
I'« and I'o correspond to effective diffusivity, while Yk and Yo represent
the dissipation of k and o, respectively. Additionally, Do denotes the
cross-diffusion term, and Sk and So are user-defined source terms. The
subsequent steps were adopted to develop the CFD model. First, the
bridge model was created in CAD software and then imported into
ANSYS Design Modeler. A 2D domain containing the bridge and debris
was generated, followed by meshing. The mesh size ranged from 25 mm
in regions near the boundary to 80 mm in regions farther away (Fig. 3a).
A tetrahedral mesh was employed for both the bridge and debris to
improve efficiency. Mesh quality metrics, including minimum orthog-
onal quality, aspect ratio, and skewness, were carefully evaluated before
initializing the numerical models. The boundary conditions imple-
mented in the numerical simulations are shown in Fig. 3b. At the inlet, a
uniform velocity profile was prescribed with a constant water depth
determined from the specified Froude number of 0.15. The top surface of
the computational domain was subjected to atmospheric pressure. An
open channel boundary condition with variable water depth was applied
at the inlet, while the outlet was set as a pressure boundary. The channel
bed and the bridge were modeled as wall boundaries with a no-slip
condition and default roughness parameters. Near-wall treatment for
turbulence was handled using the standard wall function.

(Fk 6k) + Gk + Yk + Sk (@9
= o
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Furthermore, the Volume of Fluid (VOF) multiphase water—air model
coupled with the k-0 SST turbulence model was employed in this study
to account for turbulence effects, as illustrated in Fig. 4. The dynamic
mesh feature, in conjunction with the six degrees of freedom (DOF)
model, was used to simulate the bridge’s dynamic response. The six DOF
properties included a bridge mass of 190.620 kg with translation in the
y-direction and a debris mass of 80 kg with translation in the x-direction.
To avoid divergence issues, the time-step size was set to 0.001 s,
following the Courant number criterion (less than 1) to ensure numerical
stability. Twenty iterations per time step were performed to minimize
the residuals of the x-, y-, and z-velocity components and the continuity
equation. The convergence criterion for continuity and turbulence pa-
rameters was set to 107°. Pressure-velocity coupling was applied to solve
the governing equations. The mathematical model for the fluid dy-
namics simulations consisted of the Navier-Stokes (N-S) equations,
which describe the motion of an incompressible Newtonian fluid,
coupled with the continuity equation for mass conservation. These
equations were solved numerically using ANSYS (2017), as expressed in
Egs. (3-5). The velocity and pressure fields were strongly coupled,
where velocity influenced pressure distribution and the pressure
gradient affected velocity. A second-order upwind scheme was adopted
to discretize momentum, turbulent kinetic energy, and the specific
dissipation rate. To achieve better convergence, the under-relaxation
factor for pressure was set at 0.30, while those for density, mo-
mentum, turbulent kinetic energy, and specific dissipation rate were set
at 0.70. The drag force, lift force, and total pressure (static and dynamic)
were monitored across all scenarios. The operating pressure was main-
tained at atmospheric conditions (101,325 Pa), while gravitational ac-
celeration was applied in the y-direction at -9.81 m/s? with an
operating density of 1.225 kg/m?>. Finally, the solution was initialized
using standard initialization from the inlet.

ou odv

a£+U@+Va£ wh_ 1 @+62—u+az +Fx 4
ot ox ay 0z p ox ox?  dy?

o v v lap *v v

Ty ) ®

2.3. Structural modeling Model

After obtaining the drag forces from the CFD simulations, these
forces were used as input for the structural analysis model developed in
ANSYS to evaluate the effects of flow and debris on the shear perfor-
mance of the proposed bridge model. Several steps were carried out to
achieve this objective, beginning with importing the bridge geometry
from CAD software, followed by defining material properties, generating

Fig. 3. Development of the CFD model: (a) meshing, (b) boundary conditions.
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(a)

()

Fig. 4. Simulating the floating bridge model: (a) without debris (b) with debris.

the mesh, assigning boundary conditions, and applying loading and
time-step settings. The bridge was modeled using triangular shell ele-
ments with a size of 25 mm, ensuring sufficient resolution to capture
stress concentrations and impact interactions (Fig. 5). The mesh was
further refined at contact regions to improve the accuracy of stress
distribution predictions. Like CFD simulations, the structural analysis of
the UHPC box girder bridge was conducted under two conditions: with
debris impact and without debris. In both cases, hydrodynamic forces
were applied to represent the effect of water flow acting on the bridge
and debris at different velocities. For the debris-impact scenario, tran-
sient structural analysis was performed to capture the time-dependent

reaction forces and stress distributions resulting from the collision be-
tween the debris and the bridge. Contact interactions were explicitly
defined to simulate localized impact effects. In contrast, the non-debris
scenario focused primarily on hydrostatic and hydrodynamic loading
without direct impact. The UHPC material properties adopted in the
structural model are summarized in Table 1. These parameters were
derived from laboratory material testing conducted for the present study
and supplemented by values reported in the literature for UHPC with
comparable mechanical performance.

Fig. 5. Development of the structural shear response model: (a, b) geometry input with and without debris; (¢, d) meshing for both cases.



A.A. Fage Rahim et al.

Table 1

UHPC material parameters.
Property Unit Value
Compressive strength (feupe) MPa 140
Elastic modulus (E) GPa. 50
Poisson’s ratio — 0.20.

Density (y) kN/m?. 25

2.4. Shear Parameters Calculation

The shear failure of the proposed model was evaluated using a simple
mathematical parameter, the shear failure index (SFI). The SFI is
designed to assess the vulnerability of the floating bridge under various
flood exposure conditions. It is defined as the ratio between the bridge’s
shear resistance capacity and the shear demand induced by flood and
debris impact forces (Eq. 6), where Vgq represents the shear resistance
capacity of the bridge girder and V* denotes the shear induced by flood
and debris impacts.

Vra
V*

SFI = (6)

The shear resistance capacity of the bridge (Vrq) was determined in
accordance with the French standard (Eq. 7). In this context, Vrd,c, Vrd,s»
and Vgq r represents the design shear resistance provided by UHPC, steel
stirrups, and steel fibers, respectively. Since no stirrups were used in the
UHPC girder, Vrqs was taken as zero. The value of Vgq . was calculated
using Eq. 8. A material safety factor (ycfyr) of 1.5, by of 20 mm and
compressive strength of (fi yupc=120 Mpa) were adopted, while z was
taken as 0.9 x d, where d = 1950 mm is the effective depth of the sec-
tion. Furthermore, the coefficient k was determined using Eq. 9. With 6,
equal to zero(no prestress), the shear resistance provided by steel fibers
(VRrq,0), it was calculated using Eq. 10, where As, denotes the effective
vertical web area, 0 is the angle of inclination of the principle
compression stress to the longitudinal axis (taken as 0 = 30°), and orq ¢is
the design value of the post-cracking tensile strength, obtained using K =
1.25 and ycf = 1.25, also defined as Eq. 11.

Vrp = Vrac + Vras + Vray @)
Viae = (0.24 / ve ny)kﬁk/,ZUHpc b,z (8)
k=1+30cp / f— ©)
Vraf = ApOragcotd (10)
Oras = fun [K1y an

Regarding the shear induced by flood and debris impacts (V*), its
value varies depending on the type of loading, including water flow
only, debris impact, or their combined action. The influence of shear
force variations was evaluated in the ANSYS model for different flood
velocities ranging from 0.5 m/s to 16.0 m/s, in increments of 0.5 m/s for
flow without debris, and at 7.0 m/s for flow with debris impact. Separate
simulations were carried out to isolate the effects of flood flow and
debris impact.

3. Results and Discussion
3.1. Hydrodynamic Drag Force Analysis

This section presents the predicted drag force obtained from the CFD
model for the proposed floating bridge under various flow velocities,
both with and without debris. Analyzing hydrodynamic forces is crucial
for assessing the vulnerability of the bridge superstructure to flooding
Kabir, et al. [22]. In this study, the relationship between drag force and
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velocity is shown in Fig. 6. The results indicate that the drag force in-
creases with velocity in both scenarios, which is consistent with hy-
drodynamic theory, where drag force is proportional to the square of
velocity. However, the degree of influence varies according to the
contribution of debris. For instance, in the absence of debris, the in-
crease in drag force is gradual and relatively smooth across the entire
velocity range, from 0.5 m/s up to 16 m/s, indicating stable hydrody-
namic resistance behavior. In contrast, in the presence of debris, the
drag force increases more sharply and nonlinearly starting from around
3.5 m/s, reflecting significant amplification due to debris accumulation.
Sudden jumps in drag force (notably around 4.5-5.5 m/s and again at
6.5-7.0 m/s) suggest complex interactions between debris and the flow,
such as debris impacting or obstructing the flow near the bridge body. At
7.0 m/s with debris, the drag force reaches approximately 45,000 N,
whereas the same magnitude of drag force is only reached at about 15.5
m/s without debris. These findings confirm the significant role of debris
in increasing drag force on the bridge, particularly at higher velocities,
which is consistent with observations reported in previous studies.

It should be noted that, in ANSYS, the flow-induced drag was applied
as a uniformly distributed load along the bridge web, while debris im-
pacts were applied as concentrated loads at the contact points. The CFD-
predicted magnitudes were used directly in both cases, allowing the
structural model to respond realistically to steady and fluctuating forces
and accurately capture shear stresses under different flow conditions
and debris impacts.

In addition, the drag force behavior was analyzed at velocities of 0.5
m/s, 3.5 m/s, and 7.0 m/s under flow-only conditions (Fig. 7) and with
debris (Fig. 8), the drag force increases with velocity following the ex-
pected quadratic relationship, while the interaction time between the
flow and the bridge web decreases from approximately 0.04 s at 0.5 m/s
to 0.016 s at 3.5 m/s and 0.014 s at 7.0 m/s. In contrast, when debris is
present, the drag force becomes more irregular and dynamic, with
delayed impact times of about 1.3 s at 0.5 m/s, 0.225 s at 3.5 m/s, and
0.11 s at 7.0 m/s, as shown in Fig. 8. This delay is attributed to the
inertia and mass of the debris, which resists acceleration from the sur-
rounding fluid before transferring force to the bridge web. Upon impact,
the drag force response becomes highly fluctuating and turbulent, unlike
the smoother and earlier steady-state behavior observed in flow-only
cases. These results highlight that debris not only amplifies the drag
force but also alters its timing and stability, underscoring the need to
account for debris-induced loads in the structural design and safety
assessment of floating bridges.

50000
without debris
with debris
40000 - .
170% I
\% 30000 —
(o] o
8 n -
S 90% 33% .
& 20000 -
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10000 % |
0 JﬂrﬂrHrHFH {
T T T T T
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
velocity (mm/s)

Fig. 6. Comparison of drag force under different flow velocities with and
without debris.
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3.2. Structural Response Under Hydrodynamic Loading and Debris
Impact

In this section, the structural response of the bridge model subjected
to hydrodynamic loading and debris impact was systematically inves-
tigated, with particular focus on shear stress. The analysis was carried
out in two sequential stages. In the first stage, the shear force at the
bridge support, identified as the critical location experiencing the
maximum force, was quantified and examined. In the second stage, the
corresponding shear stress at the same location was evaluated to provide
a comprehensive understanding of the bridge’s performance under these
loading conditions.

It is interesting to note that the analysis was conducted under three
distinct scenarios: flow loading alone Vpqy, debris loading Vgepbris, and
the combined action of flow and debris Vaowdebris- Fig. 9 presents the
shear force responses under these conditions. The results show distinct
behaviors and magnitudes across the three scenarios. Under flow-only
loading, the shear force increased gradually at velocity, reaching a
maximum of approximately 3200 N at 15.5 m/s. In contrast, the inclu-
sion of debris produced sharp increments in shear force at relatively low
velocities, highlighting its significant influence on structural perfor-
mance. For instance, under the combined flow and debris scenario, the
maximum shear force of nearly 25,000 N was recorded at only 4 m/s.
These findings emphasize the critical importance of accounting for both
flow and debris forces in the structural assessment of floating bridges

subjected to extreme flood conditions to capture the true shear demand.

A similar trend was observed for the shear stress evolution at local
response under the three loading conditions, as illustrated in Fig. 10. The
results demonstrate that shear stress increases with velocity in all cases.
Under flow-only conditions, a gradual rise in Tyax was observed,
increasing from approximately 1 MPa at 0.5 m/s to 4.5 MPa at 3.5 m/s.
Under debris impact, higher shear stresses were recorded compared to
the flow-only case, particularly at elevated velocities. Furthermore, the
combined loading condition (flow + debris) produced the highest shear
stress across all velocities, reaching up to 11 MPa at 3.5 m/s. This
behavior highlights the cumulative and nonlinear influence of debris on
the structural shear response, reinforcing the necessity of incorporating
debris effects in flood load assessments. A deeper analysis of local shear
failure shows that while flow alone produces relatively uniform stresses
along the web, debris impacts generate localized stress concentrations,
and combined loading amplifies these peaks. Considering these local
variations provides a more complete understanding of the box girder’s
vulnerability under realistic flood and debris conditions.

The spatial distribution of local maximum shear stresses under debris
impact is illustrated in Fig. 11. At a low flow velocity of 0.5 m/s
(Fig. 11a), the stress concentrations are relatively small and localized,
mainly occurring near the junctions of the bottom slab and vertical
webs, indicating limited shear demand in these regions. As the velocity
increases to 3.5 m/s (Fig. 11b), the contour plots show a noticeable
increase in stress magnitude along the midspan region of the bottom slab
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and the inner surfaces of the webs, suggesting higher local shear forces
caused by intensified debris collision and increased hydrodynamic
pressure gradients. At the highest simulated velocity of 7.0 m/s
(Fig. 11c), the stress concentrations become significantly more pro-
nounced and extend over larger regions, particularly near the corner
zones of the box-girder cross-section and along the shear-critical web

areas close to the supports, which are potential initiation points for local
shear failure. The contour plots also indicate that the stress distribution
is highly non-uniform along both the length and depth of the girder, with
localized maxima occurring where debris impact coincides with flow-
induced vortices and geometric discontinuities. These results highlight
the combined influence of hydrodynamic loading, debris momentum
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transfer, and structural geometry in governing the shear response of the
floating UHPC box-girder bridge.

3.3. Shear Failure Analysis

After obtaining the predicted shear stress on the web of the box
girder bridge at the support, the potential for shear failure was evaluated
using a mathematical parameter known as the shear failure index (SFI).
This parameter was used as a baseline to identify the corresponding flow
velocity at which shear failure could occur under three scenarios: (a)
hydrodynamic loading-only, (b) debris loading, and (c¢) combined
loading conditions. When the SFI approaches a value of one, it indicates
that the shear capacity of the UHPC bridge is nearly equal to the shear
demand induced by the applied loading scenario. Conversely, values
greater than one signify that the bridge possesses sufficient shear ca-
pacity to resist the imposed forces, suggesting enhanced safety against
shear failure.

Figure 12 illustrates the relationship between SFI and flood velocity,
providing critical insights into the structural response under varying
impact conditions. The results reveal a consistent trend in which SFI
values decrease as flood velocity increases, reflecting a reduction in the
structural safety margin as shear demand intensifies.

Under flow-only conditions, the critical velocity corresponding to
shear failure is approximately 15.5 m/s, representing the maximum
flood flow the bridge can sustain before reaching its shear limit. When
debris loading is introduced, the critical velocity is significantly reduced
to around 7.0 m/s, indicating that the presence of debris dramatically
amplifies local shear stresses and decreases the global shear capacity of
the structure. This reduction clearly demonstrates that debris is a
dominant factor in limiting the safe operational velocity of the UHPC
floating bridge. When flood flow was combined with debris impact,
moderately lower SFI values were observed, suggesting that debris alters

the load distribution and partially influences the overall shear response.
In contrast, localized debris-induced shear failure produced the lowest
SFI values, underscoring that while debris can cause concentrated
damage, its effect on global structural vulnerability remains more
localized. These logarithmic vulnerability curves highlight the impor-
tance of accounting for flood-induced shear effects and debris impact in
bridge design. A clear understanding of these trends is essential for risk
assessment and mitigation planning, thereby enhancing the resilience of
UHPC floating bridges under extreme hydrodynamic conditions.

The shear failure distribution of the semi-floating UHPC box-girder
bridge was further analyzed under varying flow conditions. Fig. 13 il-
lustrates the shear stress contours at 7.0 m/s for (a) flow-only and (b)
combined flow-debris loading scenarios. The results indicate that the
presence of debris significantly amplifies the shear demand, particularly
along the bottom slab and web intersections.

3.4. Comparative Evaluation of the Proposed Bridge Model

The results demonstrate a clear difference between hydrodynamic
drag forces generated by flood flow alone and those amplified by debris
impact on the UHPC floating bridge. At a low flood velocity of 0.5 m/s,
the drag force under flow-only conditions was approximately 54 N,
whereas debris impact increased the force to 292 N, a 4.7-fold amplifi-
cation. With increasing velocity, this amplification trend remained
consistent: at 2.5 m/s, drag rose from 1250 N to 5000 N; at 5 m/s, from
5000 N to 20,000 N; and at 7 m/s, from 8500 N to 43,250 N, repre-
senting a 5.1-fold increase. These findings indicate a recurring pattern
where debris substantially intensifies loading, particularly on the webs
of the bridge, which are most susceptible to concentrated shear stresses.
This observation is in line with Luo, et al. [29] and Hasanpour, et al.
[24], who reported that debris collisions can elevate impact pressures on
bridge superstructures by three to five times relative to hydrodynamic
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Fig. 11. Local maximum shear stress distribution in the semi-floating UHPC box-girder bridge under debris impact at flow velocities of (a) 0.5 m/s, (b) 3.5 m/s, and
(c) 7.0 m/s.
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Fig. 13. Shear failure distribution of the semi-floating UHPC box-girder bridge at 7.0 m/s under (a) flow-only and (b) combined flow—debris loading conditions.

flow alone, with peak intensities during initial collision and rebound
phases. The present study extends these findings by offering quantitative
evidence that highlights the necessity of considering debris-induced
effects in floating bridge design, particularly under extreme flood
conditions.

In addition to drag force amplification, the variation of the shear
failure index (SFI) across flood velocities further illustrates the influence
of debris on structural response. Under flow-only conditions, the UHPC
floating bridge-maintained stability up to approximately 16 m/s. When
debris was introduced, however, the failure velocity was reduced to
about 7 m/s, reflecting the increased shear demand and reduced toler-
ance under impact loading. While Kalendher, et al. [30], reported
allowable flood velocities of only 3.66 m/s for prestressed concrete
girder bridges under flow-only conditions and 0.89 m/s under debris
impact, it is important to note that their study involved conventional
concrete with lower compressive strength and without UHPC enhance-
ments. Therefore, although not directly comparable in terms of material
properties and structural configuration, this comparison provides a
useful benchmark, emphasizing the superior performance of UHPC in
sustaining both hydrodynamic and debris-induced loads. This enhanced
performance is attributed to UHPC’s exceptional mechanical properties,
including compressive strength exceeding 120 MPa, tensile capacity
over 10 MPa, and the efficiency of the box-girder geometry in resisting
both localized and global failure mechanisms. These factors collectively
enable the UHPC floating bridge to tolerate higher flow velocities and
significantly mitigate the impact of debris compared to conventional
prestressed concrete systems.

To further quantify vulnerability, fragility curves were developed for
three scenarios: flow-only, flow with debris, and local shear from debris
(Fig. 14). These curves revealed distinct differences in structural
fragility across impact conditions. At a representative velocity of 6.8 m/
s, the probability of failure remained negligible under flow-only condi-
tions but increased to nearly 30% with debris impact. When compared
with the findings of Anisha, et al. [19], who reported an 80% failure
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Fig. 14. Fragility assessment under progressive flood velocities and debris
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probability for reinforced concrete bridges under debris impact at the
same velocity, the UHPC box-girder bridge demonstrated considerably
greater resilience. This comparison further reinforces that the UHPC
bridge configuration provides a robust solution for extreme flood events,
highlighting its improved structural reliability over conventional
designs.

Taken together, these findings demonstrate that UHPC floating
bridges not only provide superior resistance to hydrodynamic drag and
debris impact but also exhibit markedly lower fragility than conven-
tional reinforced concrete systems. Consequently, UHPC offers a robust
and resilient solution for floating bridge applications in flood-prone
regions, where combined flow and debris loading govern structural
safety.
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3.5. Experimental Shear Force Validation

Experimental tests were conducted in a hydraulic flume under three
loading scenarios: flow-only, debris-only, and combined flow-debris
conditions, at a controlled flow velocity of 0.5 m/s (Fig. 2). For model
validation, the reaction shear forces measured at the bridge supports in
the experiments were directly compared with the corresponding nu-
merical predictions obtained from the CFD-structural simulation
framework, as described in Section 3.2. These reaction forces were
selected as the primary validation parameter because they directly
represent the global shear response of the bridge system under hydro-
dynamic and debris-induced loading.

Model validation was performed using the error percentage, a sta-
tistical indicator commonly used in experimental-numerical compari-
sons in structural and concrete engineering studies. The error percentage
was calculated as the ratio of the difference between the experimental
and predicted values to the experimental value, multiplied by 100. Ac-
cording to Algaifi et al. [31], predictive models exhibiting error per-
centages below 5% can be considered highly accurate, while Abdulkadir
et al. [32] reported reliable numerical performance with error values up
to 5.5%.

In the present study, the error percentage was consistently below 6%,
confirming the accuracy and reliability of the developed numerical
model (Fig. 15). Under the flow-only condition, the experimentally
measured reaction shear force at the supports was 997.11 N, while the
corresponding numerical prediction was 942 N. Similarly, for the debris
impact scenario, the experimental shear force averaged 980 N, which
closely matched the numerical value of 948 N. The close agreement
between experimental measurements and numerical predictions in-
dicates that the proposed modelling framework accurately captures the
hydrodynamic loading and resulting structural shear response of the
semi-floating UHPC box-girder bridge.

It should be noted that experimental validation at higher flow ve-
locities (e.g., 16 m/s) could not be conducted due to hydraulic flume
capacity and laboratory safety limitations. Therefore, numerical simu-
lations were used to investigate extreme flood scenarios beyond the
experimental range. Future research should incorporate large-scale or
high-capacity experimental facilities to further validate the model under
higher velocity conditions and improve predictive capability for extreme
flood events.

4. Conclusion

This study introduces a novel ultra-high-performance concrete
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Fig. 15. Validation of the proposed model using absolute error percentage.
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(UHPC) box girder bridge design with no shear reinforcement, capable
of floating during flooding while maintaining exceptional shear resis-
tance. The superior mechanical properties of UHPC, particularly its high
tensile and compressive strength, enable the structure to withstand
extreme hydrodynamic stresses. To achieve this, a series of steps were
undertaken, including laboratory-scale compressive investigations and
theoretical analysis using finite element methods. The proposed model
was subjected to flow velocities ranging from 0.5 m/s to 16 m/s under
three different loading conditions: (i) water flow only, (ii) debris impact
only, and (iii) combined water flow and debris impact. Based on the
study findings, several key points were drawn:

1) The proposed model successfully demonstrated floating capability
under flooding conditions, providing an innovative solution for
enhancing public safety and infrastructure resilience. In flume lab-
oratory experiments, only 120 mm of partial submersion was
recorded from the total depth, confirming the effectiveness of the
design. This remarkable outcome encourages civil engineering re-
searchers to move beyond conventional bridge functions—focused
solely on structural or hydraulic loading—and consider temporary
floating capacity under extreme flood conditions. Such an approach
offers several benefits, including improved safety during floods and
solutions to navigation challenges caused by pontoon floating
bridges, which frequently obstruct shipping.

The computational fluid dynamics analysis confirmed that hydro-
dynamic drag forces increase proportionally with velocity, consistent
with fundamental fluid-structure interaction principles. The pro-
posed model withstood substantial drag forces under flow-only
conditions, sustaining velocities up to 15.5 m/s without failure.
This performance is attributed to the superior mechanical properties
of UHPC, including a tensile strength of 15 MPa and a compressive
strength of 140 MPa. However, debris impact significantly amplified
drag forces, up to five times higher compared to flow-only scenarios,
reducing the critical velocity threshold from 15.5 m/s to approxi-
mately 7.0 m/s. These results establish debris as the dominant factor
influencing shear vulnerability.

The structural response obtained from the element modeling
revealed that the proposed bridge-maintained shear stresses well
below its shear capacity of 10.6 MPa under flow-only conditions. In
contrast, debris loading generated localized stress concentrations on
the webs, accelerating crack initiation and reducing the shear failure
index. Critical shear failure index values were recorded at flow ve-
locities of 16 m/s (flow-only), 7 m/s (debris-only), and 3.5 m/s
(combined flow and debris). These findings demonstrate both the
superior shear resistance of the UHPC box girder bridge and the
critical influence of debris in reducing structural safety margins.
This research provides a pathway for future studies into flood-
resilient bridge systems that integrate temporary floating capa-
bility with high shear resistance. The proposed concept presents a
sustainable and innovative solution to the increasing challenges of
climate change and global warming, particularly the rising frequency
of severe flooding. Unlike pontoon floating bridges, this design
avoids navigation obstructions, ensures smoother ship passage, and
offers significant shear capacity against debris-induced flooding
stresses. Furthermore, it provides valuable insights into the shear
performance of UHPC box girder bridges without shear reinforce-
ment, serving as a strong foundation for future exploration. Addi-
tional research is encouraged, particularly focusing on advanced
fluid-structure interaction modeling, to refine design guidelines and
enhance the development of flood-resilient UHPC bridges.

The findings have practical implications for bridge flood design.
Debris-induced forces can greatly exceed current code assumptions,
suggesting that design specifications could benefit from incorpo-
rating such effects, emphasizing UHPC use, and applying fragility-
based assessments for performance-based evaluation. While further
validation is required before revising codes, this study provides a
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foundation for enhancing the resilience of floating bridges in flood-
prone regions.

6) Despite the comprehensive analysis, this study has certain limita-
tions. In particular, the effects of scale and the randomness of debris
characteristics were not fully captured. Laboratory flume experi-
ments and CFD simulations were performed at reduced scales and
with idealized debris, which may not entirely represent real-world
flood and debris interactions. Future work should consider full-
scale testing and stochastic debris modeling to account for vari-
ability in debris size, shape, and impact location, thereby improving
the reliability of the design guidelines.

Overall, the proposed UHPC floating bridge concept demonstrates
superior shear resistance, floating capability, and resilience to
combining flow and debris loading, offering a sustainable and innova-
tive solution for flood-resilient infrastructure.
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