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Abstract

Extreme flood flows in rivers and the floating debris they carry have the potential to generate
significant impact forces on bridges spanning the watercourse. Recent flood events have
highlighted the vulnerability of masonry arch bridges in flood events. This paper explores the
structural response of a typical masonry arch bridge subject to flood flow and impact from flood-
borne debris using a validated numerical modelling approach. The meshless method smoothed
particle hydrodynamics (SPH) is used to model the fluid behaviour giving the pressure
distributions on a single-span arch bridge arising from both the fluid and debris impact. Taking
the pressure-time histories derived from the SPH model, the response of the bridge structure is
then simulated using a nonlinear finite element (FE) model via Abaqus/Explicit. The effects of
submergence ratio of bridge components: abutment, arch barrel, spandrel wall, debris orientation
and flow velocity are explored. Results indicate that the debris impact resulted in greatest increase
in the stresses in the bridge with a fully submerged abutment and side-on (0-degree) debris
orientation. The influence of the debris impact with end-on (90-degree) orientation on the
structural response was relatively low despite its higher peak pressure values. Moreover, for the
type of realistic flow scenarios considered, significant local tensile stresses can be generated in the
spandrel wall and arch barrel leading to structural damage.

Keywords: Masonry arch bridges, flood effects, hydrodynamic force, debris impact, buoyancy

effect, finite elements, smoothed particle hydrodynamics, DualSPHysics
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1. Introduction

Masonry arch bridges are among the oldest bridge forms in use and continue to play a vital role in
the transport networks in many locations around the world. It is estimated that between 200,000
and 500,000 masonry arch bridges are in daily use in mainland Europe [1] with approximately
40,000 in the UK, corresponding to ~40% of the total bridge stock [2]. Although these structures
have typically demonstrated good performance under normal service loads, increased frequency
and intensity of extreme environmental loading such as flash flooding etc., present a major
challenge to their long-term viability. Failure and damage of masonry arch bridges result in not
only disruption to transportation networks and communities, but also economic losses owing to

the cost of remedial works and bridge replacement, and most importantly may result in loss of life

[3].
Table 1: Details of several flooded masonry arch bridges in the UK (2009-2021)
Bridge name Area Noof Dateof Flood effectonthe Damage  Debris
g Spans  flooding bridges source types
\(/(\églr\lj;r)]gton Workington 3 2009 Partially collapsed S,F,D  Treelog
Northside Workington 3 2009 Bridge collapsed F -
. Bridge collapsed in
L|tt!e . Braithwaite 1 2009, 2009, partially F,D Tree log
Braithwaite 2015 .
collapsed in 2015
Coledale High Braithwaite 1 2015 Parapet collapsed F.D Tree log
Bell Welton 1 2015 Bridge collapsed SF -
2009 Damaged in 20009,
Pooley Ullswater 3 ' bridge collapsed in SF -
2015
2015
We_ﬂerstave Bradninch 1 2012 Bridge collapsed F -
Bridge
Eamont Penrith 3 2015 Damaged S Asphalt
portion
Brougham . . Small
Castle (Old) Penrith 3 2015 Partially collapsed SF boulders
Sprint Burneside 1 2015 Damaged SF -
Tadcaster N. Yorks 9 2015 Partially collapsed SF -
Ballynameen Claudy 5 2017 Partially collapsed F -
Cogden South .
(Grinton Moor) N. Yorks 1 2019 Bridge collapsed F -
Llanerch Bridge  Denbighshire 1 2021 Bridge collapsed F -

Note: Damage sources: S = scour; F = flood; and D = debris impact defined according to the study of Deng et al. [4].
All data collected from published resources[5-20], details e.g. hydraulic data at the bridge locations, bridge

dimensions, debris details etc. are required for further investigations.
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Masonry arch bridges spanning watercourses are vulnerable to flood-induced loads that can cause
serious structural damage. Notable examples include the bridges damaged by recent extreme
events such as storm Desmond and Eva in the UK in December 2015 [16]. Over the last two
decades, a significant amount of masonry arch bridges in the UK have incurred failure or serious
damage resulting from extreme flood events as detailed in Table 1. In all of these cases, the
masonry constituted stone blockwork with the exception of Waterstave Bridge which was of clay
brickwork construction. The sources of bridge failures or damages were classified in accordance
with Deng et al. [4] as scour, i.e. undermining of the bridge foundation due to removal of sediment
(S), flood damage to the bridge superstructure from the hydrodynamic action of the flow (F) and
debris impact (D) from flood-borne objects such as tree logs. A debris-induced damage or failure
has been designated only where categorically stated, in many other cases debris was cited as being

present without the being directly attributed to the failure e.g. Tadcaster Bridge as discussed by

the Institution of Civil Engineers [19].

Fig. 1: Woody debris (tree trunk) around Bakewell Bridge spanning the R
Derbyshire, UK (Image by Eda Majtan)
The flood-induced forces exerted on a masonry arch bridge comprise horizontal hydrostatic forces,

iver Wye in Bakewell,

hydrodynamic drag and uplift forces, hydrostatic uplift or buoyancy forces where components are
submerged and also floating debris impact forces. Depending on the flow velocity, hydrodynamic

forces can result in serious damage, particularly when the buoyancy forces reduce the effective
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self-weight of submerged main structural components such as the arch barrel and associated fill.
In addition to this, the presence of the debris inside the flow as shown in Fig. 1 results in increases
in water level corresponding to an increase in both hydrostatic and hydrodynamic forces as well
as the debris impact force itself on the structural members including the abutment, spandrel wall
and arch barrel [21]. Existing research has tended to focus on scour effects on bridge abutments
during flooding. Despite its destructive potential, the interaction between the arch superstructure,
flood flows and debris, has received relatively little attention. [22].

Most existing masonry arch bridges were built before the early 1900s without consideration of
flood-induced loads. Although the UK bridge assessment code CS 469, formerly BD 97/12 [23,24]
and Ciria C742 [25] present evaluation methods for hydraulic actions at existing highway bridges,
the focus is on scour rather than any direct effects on the bridge superstructure. The Highways
England design code CD 356 [26] addresses hydraulic actions on bridge piers considering the
length-to-width ratio, in addition to the actions on the submerged superstructure by suggesting
drag coefficients for a typical rectangular deck, however, no detailed provision is made for debris
impact. A detailed study described by the US NCHRP Report 445 [27] was performed to develop
equations for estimating the maximum waterborne debris forces on bridge piers and
superstructures including changes in drag coefficient in relation to the flow-blockage ratio with
different Froude numbers. However, the bridge types investigated in the aforementioned report
were simple beam bridges in either steel or concrete. To investigate the reduction in the load
carrying capacity of fully submerged masonry arch bridges due to the resulting buoyancy forces,
Hulet et al. [28] conducted small-scale experiments considering three flooding scenarios and a
reference case: (a) a dry bridge, (b) an unwaterproofed bridge, (c) a waterproofed bridge with
external flooding and dry backfill and (d) a waterproofed bridge with internal flooding and
saturated backfill. Despite the same failure type, i.e., a four-hinge mechanism, being observed in
all bridges under vertical load, the study found that a significant reduction in the load carrying

capacity of the bridges occurred where the arch barrel was submerged, 40% in scenario (b) and
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43% in scenario (c). The load carrying capacity slightly increased in scenario (d) owing to the
greater weight of saturated backfill material adopted. Proske et al. [22] performed a 1:20 scale
experiment to determine the load carrying capacity of a masonry arch bridge subject to horizontal
static and dynamic forces in the transverse direction, i.e. perpendicular to the bridge span,
representing debris flow containing a large amount of sediment and debris inside the flow, e.g. a
boulder based on their field measurements. The study revealed different failure modes of the arch
barrel under static and dynamic loads, most importantly the greatest structural damage occurred in
the case of debris impact. Although Proske et al. [22] postulated that flood-induced transient
horizontal loads might cause failure of a spandrel wall e.g. sliding, bulging and rotation of spandrel
walls [29] and thus failure of the bridge, there is a scarcity of studies on the behaviour of masonry
arch bridges subject to flood induced hydrodynamic and impact forces.

One of the reasons for the scarcity in such studies is the difficulty in accurately obtaining the force-
time histories associated with these events. Experimental studies may be limited by the method of
data capture e.g. uncertainty in the location of peak pressure and hence pressure probe location.
This problem may be overcome by numerical modelling. Various mesh-based computational fluid
dynamics (CFD) approaches have been used to estimate the hydrodynamic loading on an obstacle,
e.g. pier, or other bridge forms, these methods have included the finite difference method (FDM)
[30], the finite element method (FEM) [31] and the finite volume method (FVM) [31-33] by
applying a volume-of-fluid (VOF) method to track the free surface.

Modelling free-surface flow carrying moving debris around a bridge including both fluid-solid and
solid-solid interactions can be a significant challenge for these mesh-based methods [34]. An
alternative to these is the meshless method of smoothed particle hydrodynamics (SPH). The basis
of the SPH method for fluid mechanics is the solution of the Navier-Stokes equations using a
Lagrangian approach. In the SPH method, the flow is represented with moving particles where
physical properties of the flow are carried with each particle. SPH has the capability to simulate

engineering problems including fast-dynamic flows, large deformations of the fluid domain with



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

a complex free surface, motions of a floating body and the interfaces between fluid-solid as well
as solid-solid regions [35]. This is in contrast to other aforementioned CFD methods which require
a special treatment, such as VOF, to track the free surface and moving floating debris with high

computational cost associated by the remeshing technique [36,37].

Pressures
: P(x,y,2,t) :
Hydrodynamics Masonry arch bridge
simulation using Output - Input simulation using
SPH FEM

Fig. 2: One-way coupling approach for combined modelling of hydrodynamics and structural
response of masonry arch bridge

Recent developments in fluid-structure interaction problems have seen SPH models coupled with
other methods such as the discrete element method (DEM) or FEM [38-40] to achieve two-way
coupling. In two-way coupling, the deformation of the structure and its effect on the
hydrodynamics of the fluid is simulated, however such approaches can be computationally
expensive. This issue is compounded when accounting for the complex nonlinear behaviour of the
masonry arch bridge [41] and where 3D modelling of the fluid and the structure is necessary.
Whilst two-way coupling may be useful where the impacted structure is comparatively flexible, in
the case of an essentially rigid structure such as a masonry arch bridge, where anticipated
deflections are minimal, a one-way coupling approach can be justified. In one-way coupling, the
hydrodynamic model is used to derive the pressures acting on the structure assuming it to be rigid,
these pressure-time histories are then used as the input to a separate bridge model incorporating
realistic material models (Fig. 2). The work presented here adopts the one-way coupling approach
using SPH in combination with the FEM considering the main aim of the research, investigating
the global behaviour of the bridge subject to flood-induced loads. In cases where the local
behaviour is of key interest, a micro-modelling approach can be used or alternatively a discrete
element method approach (DEM) [42,43]. The SPH simulations were conducted using the open-

source code, DualSPHysics version 4.4 [44,45], while the FE work employed the software
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Abaqus/Explicit 2020. The flood-induced loads on a scale model bridge were investigated in the
SPH simulations since this paper presents part of authors’ wider study involving laboratory
experiments using a scale model of the representative masonry arch bridge [46]. After a Froude
scaling law was applied to the pressure-time histories obtained from the model bridge, the
structural response of the corresponding full-scale arch bridge was obtained via FE analysis. It
should be noted that the full-scale density of the bridge material was also adopted in the scaled
down model. Since the entire bridge structure was simulated, a macro-modelling approach was
adopted for the FE analysis of the masonry for computational efficiency [47-50].

The structure of the paper is as follows. Firstly, a brief explanation of the SPH method is presented
followed by use of a validated SPH model to simulate flood-induced flow and debris impact on
the representative 1:10 scale bridge. Next, the FE model used in this study is validated and then
deployed to evaluate the structural response of the full-scale bridge to the pressure-time histories
obtained from the SPH simulations. Finally, the implications of the numerical results are discussed
and future work is identified.

2. Investigation of flood-induced forces on a single-span masonry arch bridge

Considering the scope of this present research, a brief explanation of the SPH method is first
provided. Further information and detailed validation studies of the SPH method for the
hydrodynamics and the floating debris striking a bridge can be found in the previous authors’
study, Majtan et al. [51]. The flood-induced forces on a single-span masonry arch bridge (1:10
scale) with different submergence ratios of its structural components, abutment, arch barrel and
spandrel wall, and orientations of floating debris impacts are investigated herein.

2.1. Overview of smoothed particle hydrodynamics (SPH) method

SPH solves the Navier-Stokes equations in Lagrangian form where the fluid is represented by a
set of moving particles carrying physical properties, e.g., density, velocity and pressure. These
properties are updated at every time step according to its neighbouring particles via use of an SPH

discretisation for integral interpolants. An in-depth presentation of the SPH methodology can be
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found in Violeau and Rogers [35] and full details of the weakly compressible SPH formulation
used in this paper is presented in Dominguez et al. [45]. Herein, only the main equations are
presented. The Navier-Stokes equation for mass and momentum conservation in Lagrangian form

are:

—= —pV.v (1)

dv 1 ”

d—t:—;VP+v0Vv+g )
where p is the density, t is the time, v is the velocity vector, P and v, denote the pressure and
kinetic viscosity (10° m2s for water), while g represents the gravitational acceleration (0, 0, -
9.81 m s). The integral form of Eq. (1) is rewritten for an interpolated particle a in SPH discrete

form considering the effect of each neighbouring particle b as:

ddpta = Pa Zb:(va — V) VaWap % (3)
where m;, and p, represent the mass and density of particles b, V,W,, is the gradient of the
smoothing kernel, W,,;,, with respect to particle a. The smoothing kernel, W,,,, is obtained based
on the distance between particles a and b and the smoothing length (k). In the SPH discretisation,
the form of the kernel function W, can be chosen based on desired accuracy and computational
cost; the fifth-order Wendland kernel is chosen for this research [45].

There are two different viscosity treatments available in DualSPHysics for the momentum
equation: (i) artificial viscosity or (ii) laminar + sub-particle stress (SPS) turbulence methods
including an empirical value and real viscosity for water, respectively. Following previous
validation by the authors [51], this study uses the second method which is based on a large-eddy

simulation (LES) approach for WCSPH. Thus, the momentum equation in SPH form with

laminar+SPS treatment is given:
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dva Z (Pa + Pb) ( 4 VoTap* VaWab >
= — m VW, + g+ Z m v
dt ="\ papy )T g =\ (e + ) (0 +12))

4)

where 79 is the sub-particle stress (SPS) tensor and 1 = 0.01h2 [52]. It should be also noted that
although two SPH formulations are used by SPH solvers, incompressible SPH (ISPH) [53] and
weakly compressible SPH (WCSPH) first proposed by Monaghan [54], this study employs
WCSPH via use of DualSPHysics owing to its accurate results for fluid-structure interactions
without any fluctuation problems in pressure [55-57].

2.2. SPH modelling and results of 1:10 scale bridge

This present paper is part of a wider research campaign including experimental works in the
laboratory flume at the University of Manchester, UK [46]. In the SPH numerical simulations, a
model arch bridge of 1:10 scale was therefore used to match the physical flume dimensions. The
geometry of a representative masonry arch bridge was proportioned in accordance with dimensions
of typical masonry arch bridges in the field, see Table 2. The representative full-scale bridge
consisted of 8 m span, 0.25 rise-to-span ratio and 4 m width in the streamwise direction in
consideration of a single vehicular lane bridge. At the 1:10 scale model bridge, these dimensions
correspond to 0.8 m span and 0.4 m width shown in Fig. 3(a) and Fig. 3(b). Following the particle
convergence studies published previously by the authors [51], an initial inter-particle distance of
dp = 0.01 m was chosen.

Table 2: Geometrical properties of masonry arch bridge[58-61]
Spandrel

. Span  Rise Rise/ Br_i dge _Arch wall Backfill
Bridge Name width  thickness . depth at
(m) (m)  span thickness
(m) (m) (m) crown (m)

Torksey 490 115 0.23 7.80 0.343 0.380 0.246
Bridge 270 270 135 0.50 2.00 0.350 0.480 0.750
Dundee 400 2.00 0.0 6.00 0.250 0.330 0.250
Bolton 6.00 1.00 0.17 6.00 0.220 0.660 0.300
Prestwood 655 143 0.22 3.80 0.220 0.380 0.165
Shinafoot 6.16 1.18 0.19 7.20 0.390 0.370 0.215

Strathmashie 942 299 0.32 581 0.600 0.400 0.410
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Bridgemill 18.30 285 0.16 8.30 0.711 0.500 0.200

Jones 6.88 2.62 0.38 5.79 0.460 - 0.300
Oberlin 6.10 2.59 0.42 8.79 - - 0.300
Kimbotlon B. 8.00 2.00 0.25 10.00 0.440 0.500 0.400
Temple 3.00 0.68 0.23 6.53 0.380 - 0.050
Oghermong UB 7.80 2.00 0.26 3.60 0.550 - 0.120
Owenmore UB 8.60 2.28 0.27 3.82 0.440 - 0.320
Windy 10.70 1.97 0.18 4,05 0.670 - 0.300
Killeen 9.30 2.65 0.28 3.15 0.446 - 0.126
T Treelog
(6=0)
122m| ® ey 2
= o)
Y
L« L
I 1.60m +—0.60m—0.40m+ 2.28m i
7 O%Em _
Lx | bt*"

Tree log
(6=0)

~021m!
(b)

Fig. 3: (a) Plan and side view of the numerical domain (b) a single-span arch bridge with the 0-
degree initially oriented tree log (not to scale)

The hydraulic conditions were defined considering the flume capacity. Three hydraulic conditions
in relation to submergence ratio of the structural components, abutment, arch barrel and spandrel
wall were examined keeping the velocity of the free surface at 0.2 m/s with two debris orientations
(6) for its initial position (Table 3). The most common significant debris type in a natural
watercourse, a floating tree log, was simulated in the present investigation. Using data from
previous studies [62—64], the log’s diameter-to-length ratio was chosen as 0.059 (Fig. 3(b)). The
3

source wood for tree log was specified as English Brown Oak which has a density of 740 kg/m

[65]. The 0-degree and 90-degree initial debris orientations represented a side-on and end-on
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impact i.e., where the log’s long axis was parallel and perpendicular to the bridge span
respectively. Note that due to the flume capacity, a relatively slow flow was examined herein with
the free-surface velocity of 0.2 m/s at the inlet, corresponding to a Froude number of 0.071 in case
1, 0.059 in case 2 and 0.051 in case 3. This corresponds to 0.63 m/s at the prototype scale. The
field data from a real-life flooding scenario is discussed in Section 3.3.3

Table 3: Scenarios for submergence ratio of structural components and debris details

Case Flovx_/ depth Flow  Fully submerged _ Debris l_)ebris Init_ial de_bris

No. at inlet, rate structural Debris length diameter orientation

Hin (M) (m¥s) component (m) (m) (degrees)
1 0.2 0.0242 Abutment - - - -
1A 0.2 0.0242 Abutment Tree log 0.84 0.05 0
1B 0.2 0.0242 Abutment Tree log 0.84 0.05 90
2 0.3 0.0363 Arch barrel - - - -
2A 0.3 0.0363 Arch barrel Tree log 0.84 0.05 0
2B 0.3 0.0363 Arch barrel Tree log 0.84 0.05 90
3 0.4 0.0484 Spandrel wall - - - -
3A 0.4 0.0484 Spandrel wall Tree log 0.84 0.05 0
3B 0.4 0.0484 Spandrel wall Tree log 0.84 0.05 90

Fig. 4(a), Fig. 4(d) and Fig. 4(g) illustrate the pressure distribution on the 1:10 scale bridge when
the abutment, arch barrel and spandrel wall were submerged corresponding to case 1, 2 and 3 in
Table 3, respectively. The flow was modelled over a 10-second period, the impact events occurring
between 6 s and 10 s are investigated herein. Fig. 4(b) and Fig. 4(c) show average pressure histories
obtained on the back and front spandrel walls in case 1 where the measurements points are given
in Table 4. Similarly, Fig. 4(e) and Fig. 4(f) are for case 2 and Fig. 4(h) and Fig. 4(i) for case 3. It
should be reiterated that these pressure-time histories pertain to the 1:10 scale bridge. In
accordance with Froude scaling [66], these pressures were multiplied by a factor of 10 before being
applied to the full-scale FE model of the bridge presented later.

Table 4: Measurement points at back and front walls in case 1, 2 and 3

Back (B) Front (F)

Measurement point Measurement point
Name Name

(xY.2) (x.y.2)
BL1 2.63,0.2, 0.03 FL1 2.17,0.2, 0.03

Case 1 BL2 2.63,0.2, 0.08 FL2 2.17,0.2, 0.08

BL3 2.63,0.2,0.13 FL3 2.17,0.2,0.13
BL4 2.63,0.2,0.18 FL4 2.17,0.2,0.18




BL1 2.63,0.2,0.03 FL1 2.17,0.2,0.03
BL2 2.63,0.2,0.08 FL2 2.17,0.2,0.08
Case 2 BL3 2.63,0.2,0.13 FL3 2.17,0.2,0.13
BL4 2.63,0.2,0.18 FL4 2.17,0.2,0.18
BL5 2.63,0.2,0.23 FL5 2.17,0.2,0.23
BL6 2.63,0.2,0.28 FL6 2.17,0.2,0.28
BL1 2.63,0.2,0.03 FL1 2.17,0.2,0.03
BL2 2.63,0.2,0.08 FL2 2.17,0.2,0.08
BL3 2.63,0.2,0.13 FL3 2.17,0.2,0.13
Case 3 BL4 2.63,0.2,0.18 FL4 2.17,0.2,0.18
BL5 2.63,0.2,0.23 FL5 2.17,0.2,0.23
BL6 2.63,0.2,0.28 FL6 2.17,0.2,0.28
BL7 2.63,0.2,0.33 FL7 2.17,0.2,0.33
BL8 2.63,0.2,0.38 FL8 2.17,0.2,0.38
228
Case 1 Case 2 Case 3
Hin=0.2m Hin=0.3m Hin=0.4m
Fully submerged abutment Fully submerged arch barrel Fully submerged spandrel wall
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229  Fig. 4: Pressure distribution from SPH simulations on 1:10 scale bridge (a) case 1, (d) case 2 and
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Fig. 5: Case 1A (a) combination of hydrodynamic and debris impact pressure distribution at the
first debris impact, t = 6.28 s, and (b) peak debris impact values , t = 6.32 s, where the debris
impact locations were shown at the left (L) and right (R) side of the bridge (c) pressure-time

histories at peak debris impact locations at L with LP1-LP5, (d) pressure-time histories at peak

debris impact locations at R with RP1-RP5 in the order from outside to inside

To map the debris impact pressures on the faces of the front spandrel wall and abutment a grid of
numerical pressure probes with a separation of 0.02 m were used as shown in Fig. 5(a) and
Fig. 5(b). The debris impact pressures decreased with the increase in the water depth H due to
decrease in the debris velocity, thus the number of numerical pressure probes in contact with the
debris depends on distinct debris impact pressures captured when the debris strikes the bridge
structure. Herein, (i) LP and RP are used to refer to the left- and right-hand sides of the upstream
bridge face impacted by the debris; and (ii) the numbers 1-5 indicate the numerical pressure probe
impacted with 1 being the furthest from the arch barrel and 5 being nearest the arch barrel, see Fig.
5(a). Fig. 5(a) shows the pressure distribution on the spandrel wall at the first debris impact, t =
6.28 s in case 1A, while Fig. 5(b) gives peak pressure values associated with the debris impact at
t=6.32s. Fig. 5(c) and Fig. 5(d) provide detailed pressure-time histories where the debris impacted

the left (L) and right (R) side of the bridge in the order from outside to inside.
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Fig. 6: Pressure-time histories associated with the debris impact on (a) left (L) and (b) right (R)
sides of the bridge in case 2A, (c) both left and right side of the bridge in case 2B

In case 1B, the initially 90-degree oriented debris was transported without impacting the bridge.
Similar to case 1A, the left and right sides of the bridge were used to provide detailed pressure-
time histories in case 2A, Fig. 6(a) and Fig. 6(b) and in case 2B, Fig. 6(c). It can be seen that when
the arch barrel was submerged, less debris impact load was observed on the bridge in case 2A (Fig.
6(a)) compared to case 1A with 0-degree initial debris orientation (Fig.5(a)-(d)), while the debris
orientation of 90 degree in case 2B (Fig.6(c)) led to increases in the peak impact ~7.5 times higher

than that in case 2A (Fig. 6(a)) with shorter rise time, 0.12 s.

1500
s & 1000 -
o —RP1 2 |
a s a.. CREREE RP2 g
@ P i o 500+
E 17 ) i ) o | .
0 T T T T T T T T T 0 T !
6 7 8 9 10 6 7
Time (s) Time (s)
(a) (b)

Fig. 7: Pressure-time histories associated with the debris impact in (a) case 3A and (b) case 3B
The pressure-time histories at the impact locations are provided in Fig. 7(a) and Fig. 7(b) for case

3A and case 3B, respectively. When the spandrel wall was fully submerged, the flow fluctuation
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in front of the bridge resulted in rotation of the debris leading to an oblique impact in case 3A,
whilst the same angle as its initial condition was observed in case 3B.

3. FE modelling of the full-scale masonry arch bridge

The structural analysis of masonry is complex due to its non-homogeneous and anisotropic nature.
There are three main approaches to FE modelling of masonry, each with implications for accuracy
and computational efficiency, these are detailed micro-modelling, simplified micro-modelling and
macro-modelling. In the detailed micro-modelling approach, the masonry unit and mortar are
modelled as a continuum element and the interface between them as a discontinuum element, while
in the simplified micro-modelling approach the units are expanded and the interface between them
is assigned based on the mortar properties. Macro-modelling assumes the masonry to be a
homogenous continuum without direct consideration of the interface between units and mortar and
is used where the global behaviour of the whole structure is of interest [47,67—69]. Many existing
studies have focused on the behaviour of the masonry arch barrel itself under vertical loading using
mesoscale modelling approaches including simplified micro-modelling of the arch barrel and
macro-modelling of the spandrel walls and backfill without consideration of the transverse
behaviour of the bridge [70,71]. Since the present study seeks to investigate the global behaviour
of the entire bridge, a macro-modelling approach for all structural components is adopted
[48,58,61] with a focus of brickwork masonry. In the forthcoming section, a brief description of
the methodology used in this study is detailed. The macro-model approach is first validated using
experimental data of brickwork walls subject to out-of-plane impact. Following this, the validated
modelling approach is used to investigate the behaviour of a representative single-span masonry

arch bridge under different flooding scenarios.

3.1. Background to FE modelling approach
Hydrodynamic and debris impact loads are time-dependent dynamic loads; hence an explicit solver
was employed in this work due to its numerical stability in such applications [47,56]. All models

used 3-D solid 8-node hexahedral elements (C3D8R) with linear, first order, interpolation. These
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elements accommodate a reduced integration technique and hourglass control to tackle possible
uncontrolled distortion of the mesh. To optimise the model in terms of accuracy and computational
efficiency as well as tackle mesh distortion in the masonry arch bridge models, an adaptive mesh
refinement was also performed by reducing the element size locally.

To model the nonlinear behaviour of masonry, the concrete damaged plasticity (CDP) model was
chosen due to its suitability for quasi brittle materials in compression and tension [72]. The CDP
model can be employed by defining the plasticity parameters, compressive behaviour and tensile
behaviour of the material. In the plasticity parameters, the dilation angle (y) is the internal friction
of the material representing the angle of the plastic potential function ranging between 12 and 37
degrees depending on the roughness of the unit surfaces. While lower values were used for the
brick masonry walls by Cavaleri et al. (2020) [47], the dilation angle was kept between 24 and 37
in previous studies of masonry arch bridges with both brick and stone masonry [58,59,70]. It
should be noted that using lower dilation angle values due to less friction might lead to a decrease
in the structure’s stiffness. € is the flow potential eccentricity and f,,/f.o is the ratio of initial
compressive yield stresses under biaxial and uniaxial loads with the default values of 0.1 and 1.16,
respectively [73]. K represents the ratio of the second stress invariants on the tensile meridian to
the compressive meridian at the yield surfaces that ranges between 0.5 and 1.0 with the default
value of 0.67 [73]. The viscosity parameter, u, is a viscoplastic regularisation used to tackle
convergence problems during stiffness degradation and softening behaviour of the material,
particularly in Abaqus/Standard with an implicit scheme [73,74]. The present work adopts a value
of u = 0 since the convergence problems pertain to the implicit regime and not explicit.

Masonry is a non-homogeneous and anisotropic material consisting of stiffer units and softer
mortar. Masonry typically has higher resistance to compressive forces and very low resistance in
tension due in part to the weak bond between unit and mortar. If the brick and mortar types used
in the masonry assembly are known, design codes such as BS 5628 [75] and Eurocode 6 [76]

present equations to predict the compressive, shear and tensile strength of the masonry assembly.
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Current design codes deal with modern units and mortar types, whereas most masonry arch bridges
are of historic construction. In the case of assessment of existing masonry bridges, Hendry [49]
found that BS 5628 provides a better agreement with the experimental results compared to
Eurocode 6. The study of Kaushik et al. [77] found that the Eurocode 6 overestimates the
compressive strength for brick masonry according to their experimental results and proposed a
modification to the Eurocode 6 equation as follows:
fe =063 f,"* fm? (5)

where f is the compressive strength of masonry assembly and f;, and f;,, represent the compressive
strength of brick unit and mortar, respectively. The proposed equation may underestimate the
compressive strengths of brickwork with relatively high compressive strength of brick reported by
Hendry [49], however the tests results from other existing masonry arch bridges [78,79] were well
predicted. In the present study, Eq. 5 was employed for the numerical model where the unit and
mortar strength are known. Kaushik et.al [77] also provided the compressive stress-strain
relationship for brick masonry with different mortar types where the peak strain, ¢., and the elastic

modulus, E., can be calculated:

027 f,
€ = £025 F07 ()
E,. = 550f. (7)

Like Eq. 7, many studies in the literature suggested using the multiplier of 550 [47,49] compared
to the multiplier of 1000 and 900 proposed by Eurocode 6 and BS 5628, respectively. In the CDP
model, the plastic strain is defined rather than the total strain and can be calculated as:

Pl = g, — gf (8)
where the compressive damage parameters are not considered [73]. &, is the total strain, €& and
ef ! represent the elastic and plastic strains, respectively.

The post-peak behaviour of the material in tension can be defined by assigning the tensile stress-

strain curve, the stress-displacement curve or the stress-fracture energy representing the area under
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the stress-displacement curve. For a brittle material with little or no reinforcement, the results in
the CDP model strongly depend on the mesh size during the crack propagation [80]. After local
failures occur, adoption of the tensile stress-strain approach may result in convergence problems
even if the mesh refinement is performed [73]. Therefore, the fracture energy in the tension
approach was used here. In this study, the tensile strength, f; , of brick masonry was assumed as
0.035f, according to previous studies [47,81]. The fracture energy of masonry in tension varies
between 0.004 N/mm and 0.055 N/mm in relation to its tensile strength as observed experimentally
by various researchers [82—-85]. As an empirical approach based on the experimental results [82—
85], the following equation was used in the CDP model as:

G, = 0.1 085 ©)
where the f; is in N/mm?and G, is in N/mm.
In Abaqus/Explicit, the contact modelling between the structural components can be addressed
with two main approaches: general contact and contact pairs (CP) in relation to desired
computational efficiency. This study employs the CP approach by defining leading and following
surfaces, named as master and slave surfaces in the FE terminology, with tangential and normal
stress behaviour of the surfaces in contact referring to the friction and normal pressures,
respectively. The default option for normal behaviour is hard contact, whilst the friction coefficient
needs to be defined for tangential behaviour with a penalty formulation which is detailed in both
the validation and case studies.
Another important issue is the time increment control and associated stability in the explicit
scheme. While Abaqus/Standard employs the equilibrium between external and internal forces
with the Newton-Raphson iteration method, Abaqus/Explicit integrates the dynamic nodal
responses, e.g. velocity, stress, at each time increment. Thus, the stability of the numerical model
strongly depends on the time increment which needs to be controlled considering the maximum

frequency of all elements [73]. When considering this highly nonlinear dynamic problem, the
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automatic option for adjusting the time increments in Abaqus/Explicit was used in this present

research.

3.2. FEM Validation study: brick masonry parapet walls subject to out-of-plane impact load

Despite various studies conducted on the structural behaviour of masonry arch bridges subject to
vertical loads under static or quasi-static loads [58,78,79] and in-plane horizontal loads e.g. from
seismic action [86], there are no readily available studies on the behaviour of masonry arch bridges
under dynamic horizontal loads in the transverse direction [22]. Hence, an experimental study on
masonry parapet walls under out-of-plane impact loads representing accidental vehicle impacts
[87] was chosen to examine the capability of the FE modelling approach. Gilbert et al. [87]
performed a detailed experimental investigation on the behaviour of unreinforced masonry walls
using different wall thickness, wall length, masonry unit type and strength, boundary conditions,
impact locations etc. From the test series conducted [87], a free-standing brickwork parapet wall
subject to out-of-plane impact load, named as specimen B2 and shown in Fig. 8(a), was chosen to
simulate with the FE method. The dimension of the brickwork wall was 9.15 m long x 1.07 m high
x 0.215 m wide constructed on a rectangular steel base plate with 0.012 m thickness which was
bolted to the floor. The loads were applied at the centre of a steel loading plate with dimensions of
0.4 x 0.4 x 0.05 m where the centre was located 0.555 m above the base of masonry wall. In the
experiment, a test rig comprising a drop weight with adjustable drop height was used to obtain
different impulse values with various peak impact forces and impact durations. In this present
study, the out-of-plane impact load exerted by the 380 kg mass dropped from a 2.5 m height
corresponding to a 2.66 kNs impulse load was applied to the wall from the centre of the steel

loading plate with the force-time history given in Fig. 8(b).
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(a) Front elevation view of test arrangement
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Fig. 8: (a) Front elevation view of the test setup for wall B2, (b) impact force-time history
applied at the centre of the steel loading plate (based on [87])
Specimen B2 was constructed from clay bricks of 2200 kg/m?® density and 134 N/mm? compressive

T
0.04

0.05

strength bonded by mortar type class iii based on BS5628 part 1 [75], with the mean density of

2090 kg/m?® and compressive strength of 8.6 N/mm? were used. Also, the experiment determined

the friction coefficient of 0.85 between the steel base plate and the masonry wall [87].

Table 5: Plasticity parameters and mechanical properties of brick masonry in the CDP model

Plasticity parameters

Dilation angle(y) Eccentricity(e) fho/feo Ke Viscosity(p)
30 0.1 1.16 0.67 0
Mechanical properties of brick masonry
Density (kg/m?3) fe (N/mm?) Ec (N/mm?) fi (N/mm?) Gt (N/mm)
2150 13.82 7604 0.484 0.054
& 15 T T T T
£
£
;z" 127 7
2 67 .
£
8 0 T T T T
0.000 0.001 0.002 0.003 0.004

Strain (mm/mm)

Fig. 9: Compressive stress-strain curve of masonry
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To simulate the experiment, the masonry wall and steel loading plate were first modelled with the
same dimensions given in the experiment by assuming the loading plate as a rigid body in the FE
model. The linear and nonlinear material properties of masonry were defined as provided in Table
5. The default values for the plasticity parameters; €, foo/fco, Kc and p were employed. The
dilatation angle, y, was chosen based on the previous studies on masonry arch bridges [58,59,70].
The compressive strength of masonry, fe, was calculated from Eq. 5 using the compressive

strengths of brick and mortar provided in the experiment. E¢ was obtained according to Eq. 7. Eq.
6 was used to calculate &, and the associated compressive stress-strain curve of masonry as
illustrated in Fig. 9, where Eq.8 evaluated the plastic strain, sfl for the CDP model by using &,
and ¢ values at the descending branch of the curve with the ultimate plastic strain of 0.00359.
An f; of 0.484 N/mm? was adopted in the FE model corresponding to 0.035f; as previously
discussed. Gt was calculated based on Eq. 9 and the Poisson’s ratio of 0.2 was used in all FE

models.

»E~210— E)I(perimenlt I ]
‘:150_'- - - - 100x100x100 mm ]
S 1l---—200x200x200 mm| ]
120 — =TT T -
S 907 T b
o 1 e

S 60 P L L NN
@ 1 I

D 30__ {,’ e -

0 = T T T T T T
0.0 0.1 02 03 04 05 06 07
Time (s)
(b) (©)

Fig. 10: (a) Front view of FE model with applied boundary conditions (b) side view of FE model
with three mesh sizes; coarse, medium, fine and (c) comparison of displacement histories
between experiment and FE models using three mesh sizes

Reflecting the experimental boundary conditions, the movements and rotations of the wall were
restricted in the x and z directions and the y direction at the base, see Fig. 8(a) and Fig. 10(a). A

two-step analysis was performed for the validation study: (1) the first step was the structural
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analysis of the wall under the dead load, while in the second step (2) the force-time history was
applied to the masonry wall through the centre of the steel loading plate using the amplitude option
in Abaqus. The CP interaction with a surface-to-surface option was employed between the loading
plate and masonry wall by using a friction coefficient of 0.85 in the penalty formulation in the
tangential direction as provided in the experiment and hard contact in the normal direction.
Considering the simple rectangular geometry of the masonry parapet wall, the h-refinement
approach was used by defining mesh sizes globally rather than defining local seeds. Fig. 10(b)
illustrates a side view of the FE model with three different mesh sizes in relation to the number of
the element along the width of the wall: coarse, medium and fine meshes representing
approximately 200 x 200 x 200 mm, 100 x 100 x 100 mm and 50 x 50 x 50 mm element sizes,
respectively, while Fig. 10(c) compares the displacement histories at 440 mm above the base, 115
mm from the centre of the loading steel beam, between the experiment and the different mesh
sized models. It can be observed that there is significant mesh sensitivity in this case and noted
that the prediction for the displacement value at 0-0.12 s associated with the first crack could not
be improved by refining the mesh size. Hence the finest mesh size was chosen with 3.4% error at
the peak displacement and 1.3 s computational (CPU) time where t = 0.7 s was physical time via

use of the Intel i7- 10875H CPU @2.30 GHz.
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Fig. 11: Comparison between crack patterns on masonry wall B2 (a) experimental based on [87]
(b) numerical, front face and (c) numerical, back face of the wall at t = 0.7 s (scale factor = 0.5)
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Fig. 11(a) shows the crack pattern of wall B2 at failure obtained in the experiment, whilst Fig.
11(b) and Fig. 11(c) provide the crack pattern at the front and back face of the wall at the end of
simulation, t = 0.7 s. Considering the crack pattern of wall B2 observed in Fig. 11(a), the FE model
could capture the approximate crack pattern reasonably well. Another numerical study in the
literature also simulated this experiment using simplified micro-modelling [69]. For further
comparison, the displacement history at 440 mm above the base, 115 mm from the centre of the
loading steel beam obtained in the FE model was compared with the experimental study and the
simplified micro-modelling approach of Burnett et al. [69] as given in Fig.12. The macro-model
predicted the peak displacement value well with 3.4% error, in closer agreement with the
experimental value than simplified micro-modelling with the 61.3% error. The study of Burnett et
al. [69] used a nonlinear constitutive model only for the interfaces via a specially formulated
contact interface model, while a linear constitutive model was employed for all other parts
including the masonry units. The greater error in the simplified micro-model may be due to the
influence of the key contact interface parameters: base friction, fracture energy, dilation angle and
joint failure stress according to [69]. It should also be stated that Burnett et al. [69] obtained a
closer agreement for other wall cases such as those with abutments compared to wall B2 and their
simplified micro-model can undoubtedly provide detailed information for local behaviour of the

structure.
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3.3. Hydrodynamic case studies

As detailed previously in Table 2, the geometric characteristics of a representative full-scale
single-span masonry arch bridge was used in this study with 0.25 rise-to-span ratio, 0.45 m thick
arch barrel, 0.55 m thick spandrel wall and 0.3 m backfill depth above the crown.

Table 6: Mechanical properties of brick masonry
Density (kg/m®)  fc (N/mm?) Ec (N/mm?)  fi (N/mm?) Gt (N/mm)
2000 9.33 5132 0.33 0.039

The material properties of the masonry arch barrel and spandrel wall used in this study are
summarised in Table 6. The f; of 9.33 N/mm? was used based on an experimental study in the
literature [49], Ec, ft and Gt were defined following the same procedures as the validation study.
The CDP parameters were the same as the validation study, whilst the compressive stress-strain
behaviour of brick masonry was calibrated based on the fc value and €, as seen in Fig. 13. The
present study assumed the masonry arch bridge is waterproof and therefore does not include any
saturation in the backfill, thus the density of 1800 kg/m® and Ec of 100 N/mm? were used for

backfill modelling based on [58,70].

Compressive stress (N/mm?)

0 T T T T
0.000 0.002 0.004 0.006 0.008
Strain (mm/mm)

Fig. 13: Compressive stress-strain curve of brick masonry

Following the validation study, CP interaction was employed between the arch barrel, front and
back spandrel walls and backfill defining normal behaviour with a hard contact option and
tangential behaviour with a penalty option. In the penalty formulation, a friction coefficient of 0.85
was used between the masonry arch barrel and spandrel walls, while a value of 0.3 was used
between the backfill and the masonry members such as the arch barrel and spandrel walls in

accordance with the friction angle of the backfill material based on previous numerical studies
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[58,70]. The same element type, C3D8R, with the validation study was used in the case studies.
To optimise model resolution, a mesh sensitivity analysis was performed using various mesh sizes
for structural components. The global mesh sizes of approximately 100 mm and 50 mm were
employed for the spandrel wall and arch barrel, respectively, whilst an adaptive mesh refinement
technique was performed using various mesh sizes locally by means of creating partitions and
local seeds so as to apply the debris impact on represented elements as well as to tackle
convergence problems in relation to meshing the complex arch barrel and spandrel wall geometry,
see Fig. 14(a) for case 1. The mesh size for backfill was kept relatively coarser with element sizes

around ~ 200 mm to optimise the computational efficiency.

Parapet wall

Backfill

Spandrel wall

(a) (b)
Fig. 14: (a) Mesh, (b) boundary conditions and loads applied in case 1

The boundary conditions were fixed at the bottom of the bridge with no displacement in the x, y
and z directions and no displacement in the x direction was defined at the sides of the spandrel wall
and backfill considering previous numerical studies [60,70]. Similar to the validation study, the
dead loads and flood-induced loads were applied at the first step and second step of the analysis,
respectively. As previously described, for the input loads, the pressure values obtained from the
SPH models, see Fig. 4, were multiplied by 10 in accordance with Froude scaling and applied to
associated areas via use of partition in Abaqus as shown in Fig. 14(b). To apply the debris impact
pressure-time histories at the same location as the hydrodynamic simulations, the pressure probe

spacing used in the SPH model and in the FE model were the same. For these purposes, the mesh
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sizes were kept spatially uniform at the location where the debris impacted. It should be reiterated
that although the geometrical similarity between the prototype and model was provided
successfully, the dynamic similarity, thus kinematic similarity, was constrained by the flume
capacity used in the experiment. The free-surface velocity of the flow was 0.2 m/s in the
experiments with all submergence ratios representing a velocity of 0.63 m/s the full-scale scenario.
Field data from real life flood scenarios reveal much faster flows can occur e.g. 3.14 m/s at Pooley
Bridge, 3.2 m/s at Eamont Bridge, 4.2 m/s at Brougham Bridge and 4.3 m/s at Sprint Bridge during
the 2015 UK flood events as detailed previously in Table 1. In view of this, the pressure-time
histories obtained using corresponding higher flow velocities [88] were also used to investigate
associated structural response to these loads as detailed in Section 3.3.3.

3.3.1. Results: hydrodynamic loads only in slow flow (vfiow = 0.63 m/s)

Three scenarios were examined where the following structural components were submerged:
abutment in case 1, arch barrel in case 2 and spandrel wall in case 3, respectively, see Table 3 and
Fig. 4. The bridge was subject to dead load only before applying the flood-induced loads as an
initial step (Fig.15(a)). Fig. 15(b), Fig. 15(c) and Fig. 15(d) show the maximum principal stress
distribution on the bridge in case 1, case 2 and case 3 where the stress values are presented in
N/mm?. As can be seen from the results, the hydrodynamic effect on the bridge was relatively
small due to using lower free-surface velocity values compared to typical values from real flooding
scenarios. Although the dominant loading was the hydrostatic pressure in these cases increasing
with the water depth from the free surface to the bottom of the bridge in all cases, higher tensile
stress values occurred where the arch barrel and spandrel wall were submerged in case 2 and case
3. The significant effect of buoyancy and reduction in the compressive stress state of the barrel
can be clearly observed from Fig. 15(a) to Fig. 15(d). The maximum tensile stress on the arch
barrel was around 0.172 N/mm?in case 2, while this value was ~0.187 N/mm? in case 3 where the
tensile strength of the masonry is 0.33 N/mm?. Nevertheless, the tensile stresses are significant

especially given the range of tensile strengths expected in the field.
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Fig. 15: Maximum principal stress distribution on masonry arch bridge under (a) only dead load,
(b) hydrodynamic load in case 1, (c) case 2 and (d) case 3 at the end of simulation corresponding
to t =10 (N/mm?) with front and top views

3.3.2. Results: combination of hydrodynamic and debris impact loads in slow flow (vfiow = 0.63
m/s)

Fig. 16 illustrates the maximum tensile stress distribution on the bridge under the combination of
hydrodynamic and debris impact loads in case 1A att = 6.4 s where only the abutment was
submerged, see Fig. 4(b), Fig. 4(c), Fig. 5(c) and Fig. 5(d). Compared to case 1, the presence of
the debris resulted in increasing the overall stress distribution slightly with 2.33 percent higher
maximum tensile stress, 0.22 N/mm?, while the tensile stress values on the arch barrel and spandrel
walls were 1.57 times higher (157%) in case 1A compared with those in case 1. Despite lower
tensile stress values in the cases with the free-surface velocity of 0.63 m/s, this floating debris
impact load directly links to the debris velocity associated with the free-surface velocity of the

water flow.
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Fig. 16: Maximum principal stress distribution on masonry arch bridge in case 1A att=6.4s
(N/mm?)
Fig. 17(a) and Fig. 17(b) give the maximum tensile stress distribution on the masonry arch bridge

with a fully submerged arch barrel in case 2A and case 2B corresponding to 0-degree and 90-
degree debris impacts, respectively. Although 8 times higher debris impact pressures were applied
to the structure within ~0.2 s impact duration in case 2B, the associated stress distribution cannot
be distinguished in Fig. 17(b) and the overall ~3% increment was observed in the tensile stresses
on the arch barrel and spandrel walls in the case 2A and case 2B. This might be due to relatively
slow debris velocity associated with lower free-surface velocity with the submerged arch barrel in
both case 2A and case 2B as well as the short impact duration in case 2B despite its higher pressure
values. Similarly with case 2A and case 2B, a slight change in the response of the bridge was
observed in case 3A and case 3B compared to case 3 as shown in Fig. 17(c) and Fig. 17(d). It can
be concluded that the floating debris impact loads and associated response of the bridge under
these loads are strongly dependent on the free-surface velocity. Fig. 16 and Fig. 17(a)-(d) show
that when the submergence ratio of the bridge increases, the velocity of the free surface decreases,
thus the debris impact loads and its effect on the bridge descrease, and hence the debris impact
loads and their effect on the bridge descrease. Another important issue is the debris impact
duration. While the debris impact with 90-degree orientation resulted in 8 times higher load exerted
on the bridge in case 2B compared to case 2A and 1.53 times higher in case 3B compared to case

3A, the response of the bridge to these higher loading conditions with shorter impact duration
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584 Fig. 17: Maximum principal stress distribution on masonry arch bridge (N/mm?) in (a) case 2A
585 att=8.6s,(b)case2Batt= 6.4s,(c)case 3Aatt=10sand (b) case 3Batt= 85s

586  3.3.3. Real-life flooding scenario with only hydrodynamic loads (veiow = 3.14 m/s)

587  The flow velocity in rivers varies depending on the topographical and hydrological conditions
588  where the river flow interacts with the masonry arch bridge. Considering hydraulic reports at the
589 location of the Pooley Bridge collapse due to the flood in Cumbria, UK during the 2015 flood
590 event(Table 1), the mean velocity reached 3.14 m/s around the bridges as detailed by Environment
591  Agency and Mathews and Hardman [8,16] . Despite detailed investigation needed to examine these
592  flood-induced loads on Pooley Bridge, this section provides a general estimation of how flood-
593 induced loads may cause bridge damage or collapse using the same representative bridge and
594  higher flow velocity value of 3.14 m/s observed during the real-life flooding compared to 0.63 m/s

595 used in the previous case study which was based on the experimental setup.
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Following the case study, the 1:10 scaled bridge model was used for SPH simulations. For the
hydraulic conditions, the case of the fully submerged arch barrel was adopted with the mean
model-scale velocity of 1 m/s so as to represent ~3.14 m/s in the full-scale as detailed by Majtan
et al. [88]. The structural response of the full-scale masonry arch bridge under this flooding
scenario was examined in FE using the same boundary conditions and interaction properties

among the structural components as the case study.
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Fig. 18: Flooding scenario with fully subme(rg)ed arch barrel, (a) maximum principal stress
distribution and (b) minimum principal stress distribution on the bridge during the first crack, (c)
maximum principal stress distribution, (d) minimum principal stress distribution and (e) crack
patterns at the end of simulation
Fig. 18(a) shows the maximum tensile stress distribution at the first time-step, 0.2 s in the FE. The

maximum stress reached the tensile strength of 0.33 N/mm? on the spandrel wall and arch barrel
rather than the bottom of the abutment compared to the case 2 with dominant hydrostatic loads,
therefore the material failure was observed at the first time-step. After this material failure, the
tensile stresses tend to zero with increasing strain as the maximum tensile stress distribution and
crack pattern on the bridge at the end of simulation are given in Fig 18(c) and Fig. 18(e),
respectively. Meanwhile, the minimum stresses show that no compressive failure occurred during
the first crack, at 0.2 s Fig. 18(b) and at the end of the simulation Fig. 18(d).

4. Conclusions

In this paper, flood-induced hydrostatic, hydrodynamic and floating debris pressures on a
representative masonry arch bridge were derived using the SPH method. These pressure-time
histories were then used to model the associated structural response of the bridge using the FEM.
The adopted macro modelling approach was first validated against existing experimental work on
brick masonry parapets subject to impact. A good level of accuracy was achieved in terms of the
displacement vs. time response and associated crack patterns in comparison with the experimental

results. The main findings of this investigation reveal that:
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e Increase in the submergence ratio of a waterproof bridge led to higher tensile stress development
on the bridge superstructure due the buoyancy effect.

e Impacts from floating woody debris, even in normal, non-flood scenarios, can result in
significant impulsive forces. Depending on the location of the impact, local damage may arise in
the form of cracking, this in turn can lead to progressive damage via secondary mechanisms such
as fill washout etc.

¢ Debris with an initial orientation of 90-degrees (end-on) to the bridge span exerted larger forces
compared to the 0-degree (side-on) scenario with a fully submerged arch barrel and spandrel.
However, these forces had very short durations and hence the resulting tensile stresses in the arch
components were only slightly greater than those associated with the hydrodynamic forces alone
i.e. in the absence of debris.

o A realistic flood flow, based on data from previous flood events, indicated that the hydrodynamic
load was the fundamental driver in bridge damage. The maximum tensile stresses were observed
at the spandrel wall and arch barrel, leading to crack developed and structural damage.

This work reveals that both the hydrodynamic forces and floating debris impact forces need to be
considered when assessing existing masonry arch bridges that span watercourses. Quantification
of these associated flood forces can lead to improved bridge management strategies to ensure these
structures continue to perform in service. The outcomes of this work need to be viewed within the
context of the limitations of the SPH and FE methodologies adopted. Further work is required to
refine the FE models, including more detailed modelling of the backfill soil, associated effects
from water ingress due to cracking of the masonry as well as the effect of pre-existing defects in
the bridge structure.
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