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Abstract 9 

Extreme flood flows in rivers and the floating debris they carry have the potential to generate 10 

significant impact forces on bridges spanning the watercourse. Recent flood events have 11 

highlighted the vulnerability of masonry arch bridges in flood events. This paper explores the 12 

structural response of a typical masonry arch bridge subject to flood flow and impact from flood-13 

borne debris using a validated numerical modelling approach. The meshless method smoothed 14 

particle hydrodynamics (SPH) is used to model the fluid behaviour giving the pressure 15 

distributions on a single-span arch bridge arising from both the fluid and debris impact. Taking 16 

the pressure-time histories derived from the SPH model, the response of the bridge structure is 17 

then simulated using a nonlinear finite element (FE) model via Abaqus/Explicit. The effects of 18 

submergence ratio of bridge components: abutment, arch barrel, spandrel wall, debris orientation 19 

and flow velocity are explored. Results indicate that the debris impact resulted in greatest increase 20 

in the stresses in the bridge with a fully submerged abutment and side-on (0-degree) debris 21 

orientation. The influence of the debris impact with end-on (90-degree) orientation on the 22 

structural response was relatively low despite its higher peak pressure values. Moreover, for the 23 

type of realistic flow scenarios considered, significant local tensile stresses can be generated in the 24 

spandrel wall and arch barrel leading to structural damage.  25 
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1. Introduction 28 

Masonry arch bridges are among the oldest bridge forms in use and continue to play a vital role in 29 

the transport networks in many locations around the world. It is estimated that between 200,000 30 

and 500,000 masonry arch bridges are in daily use in mainland Europe [1] with approximately 31 

40,000 in the UK, corresponding to ~40% of the total bridge stock [2]. Although these structures 32 

have typically demonstrated good performance under normal service loads, increased frequency 33 

and intensity of extreme environmental loading such as flash flooding etc., present a major 34 

challenge to their long-term viability. Failure and damage of masonry arch bridges result in not 35 

only disruption to transportation networks and communities, but also economic losses owing to 36 

the cost of remedial works and bridge replacement, and most importantly may result in loss of life 37 

[3].  38 

Table 1: Details of several flooded masonry arch bridges in the UK (2009-2021) 39 

Bridge name Area 
No of 

Spans  

Date of 

flooding 

Flood effect on the 

bridges 

Damage 

source 

Debris 

types 

Workington 

(Calva) 
Workington 3 2009 Partially collapsed S, F, D Tree log 

Northside Workington 3 2009 Bridge collapsed F - 

Little 

Braithwaite 
Braithwaite 1 

  2009, 

2015 

Bridge collapsed in 

2009, partially 

collapsed in 2015 

F, D Tree log 

Coledale High  Braithwaite 1 2015 Parapet collapsed F,D Tree log 

Bell  Welton 1 2015 Bridge collapsed S,F - 

Pooley Ullswater 3 
2009, 

2015 

Damaged in 2009, 

bridge collapsed in 

2015 

S,F - 

Waterstave 

Bridge 
Bradninch 1 2012 Bridge collapsed F - 

Eamont Penrith 3 2015 Damaged  S 
Asphalt 

portion  

Brougham 

Castle (Old) 
Penrith 3 2015 Partially collapsed S,F 

 Small 

boulders  

Sprint  Burneside 1 2015 Damaged S,F - 

Tadcaster N. Yorks 9 2015 Partially collapsed S,F - 

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]. 40 
All data collected from published resources[5–20], details e.g. hydraulic data at the bridge locations, bridge 41 
dimensions, debris details etc. are required for further investigations. 42 



Masonry arch bridges spanning watercourses are vulnerable to flood-induced loads that can cause 43 

serious structural damage. Notable examples include the bridges damaged by recent extreme 44 

events such as storm Desmond and Eva in the UK in December 2015 [16]. Over the last two 45 

decades, a significant amount of masonry arch bridges in the UK have incurred failure or serious 46 

damage resulting from extreme flood events as detailed in Table 1. In all of these cases, the 47 

masonry constituted stone blockwork with the exception of Waterstave Bridge which was of clay 48 

brickwork construction. The sources of bridge failures or damages were classified in accordance 49 

with Deng et al. [4] as scour, i.e. undermining of the bridge foundation due to removal of sediment 50 

(S), flood damage to the bridge superstructure from the hydrodynamic action of the flow (F) and 51 

debris impact (D) from flood-borne objects such as tree logs. A debris-induced damage or failure 52 

has been designated only where categorically stated, in many other cases debris was cited as being 53 

present without the being directly attributed to the failure e.g. Tadcaster Bridge as discussed by 54 

the Institution of Civil Engineers [19]. 55 

 56 

Fig. 1: Woody debris (tree trunk) around Bakewell Bridge spanning the River Wye in Bakewell, 57 

Derbyshire, UK (Image by Eda Majtan) 58 

The flood-induced forces exerted on a masonry arch bridge comprise horizontal hydrostatic forces, 59 

hydrodynamic drag and uplift forces, hydrostatic uplift or buoyancy forces where components are 60 

submerged and also floating debris impact forces. Depending on the flow velocity, hydrodynamic 61 

forces can result in serious damage, particularly when the buoyancy forces reduce the effective 62 



self-weight of submerged main structural components such as the arch barrel and associated fill. 63 

In addition to this, the presence of the debris inside the flow as shown in Fig. 1 results in increases 64 

in water level corresponding to an increase in both hydrostatic and hydrodynamic forces as well 65 

as the debris impact force itself on the structural members including the abutment, spandrel wall 66 

and arch barrel [21]. Existing research has tended to focus on scour effects on bridge abutments 67 

during flooding. Despite its destructive potential, the interaction between the arch superstructure, 68 

flood flows and debris, has received relatively little attention. [22]. 69 

Most existing masonry arch bridges were built before the early 1900s without consideration of 70 

flood-induced loads. Although the UK bridge assessment code CS 469, formerly BD 97/12 [23,24] 71 

and Ciria C742 [25] present evaluation methods for hydraulic actions at existing highway bridges, 72 

the focus is on scour rather than any direct effects on the bridge superstructure. The Highways 73 

England design code CD 356 [26] addresses hydraulic actions on bridge piers considering the 74 

length-to-width ratio, in addition to the actions on the submerged superstructure by suggesting 75 

drag coefficients for a typical rectangular deck, however, no detailed provision is made for debris 76 

impact. A detailed study described by the US NCHRP Report 445 [27] was performed to develop 77 

equations for estimating the maximum waterborne debris forces on bridge piers and 78 

superstructures including changes in drag coefficient in relation to the flow-blockage ratio with 79 

different Froude numbers. However, the bridge types investigated in the aforementioned report 80 

were simple beam bridges in either steel or concrete. To investigate the reduction in the load 81 

carrying capacity of fully submerged masonry arch bridges due to the resulting buoyancy forces, 82 

Hulet et al. [28] conducted small-scale experiments considering three flooding scenarios and a 83 

reference case: (a) a dry bridge, (b) an unwaterproofed bridge, (c) a waterproofed bridge with 84 

external flooding and dry backfill and (d) a waterproofed bridge with internal flooding and 85 

saturated backfill. Despite the same failure type, i.e., a four-hinge mechanism, being observed in 86 

all bridges under vertical load, the study found that a significant reduction in the load carrying 87 

capacity of the bridges occurred where the arch barrel was submerged, 40% in scenario (b) and 88 



43% in scenario (c). The load carrying capacity slightly increased in scenario (d) owing to the 89 

greater weight of saturated backfill material adopted. Proske et al. [22] performed a 1:20 scale 90 

experiment to determine the load carrying capacity of a masonry arch bridge subject to horizontal 91 

static and dynamic forces in the transverse direction, i.e. perpendicular to the bridge span, 92 

representing debris flow containing a large amount of sediment and debris inside the flow, e.g. a 93 

boulder based on their field measurements. The study revealed different failure modes of the arch 94 

barrel under static and dynamic loads, most importantly the greatest structural damage occurred in 95 

the case of debris impact. Although Proske et al. [22] postulated that flood-induced transient 96 

horizontal loads might cause failure of a spandrel wall e.g. sliding, bulging and rotation of spandrel 97 

walls [29] and thus failure of the bridge, there is a scarcity of studies on the behaviour of masonry 98 

arch bridges subject to flood induced hydrodynamic and impact forces.  99 

One of the reasons for the scarcity in such studies is the difficulty in accurately obtaining the force-100 

time histories associated with these events. Experimental studies may be limited by the method of 101 

data capture e.g. uncertainty in the location of peak pressure and hence pressure probe location. 102 

This problem may be overcome by numerical modelling. Various mesh-based computational fluid 103 

dynamics (CFD) approaches have been used to estimate the hydrodynamic loading on an obstacle, 104 

e.g. pier, or other bridge forms, these methods have included the finite difference method (FDM) 105 

[30], the finite element method (FEM) [31] and the finite volume method (FVM) [31–33] by 106 

applying a volume-of-fluid (VOF) method to track the free surface.  107 

Modelling free-surface flow carrying moving debris around a bridge including both fluid-solid and 108 

solid-solid interactions can be a significant challenge for these mesh-based methods [34]. An 109 

alternative to these is the meshless method of smoothed particle hydrodynamics (SPH). The basis 110 

of the SPH method for fluid mechanics is the solution of the Navier-Stokes equations using a 111 

Lagrangian approach. In the SPH method, the flow is represented with moving particles where 112 

physical properties of the flow are carried with each particle. SPH has the capability to simulate 113 

engineering problems including fast-dynamic flows, large deformations of the fluid domain with 114 



a complex free surface, motions of a floating body and the interfaces between fluid-solid as well 115 

as solid-solid regions [35]. This is in contrast to other aforementioned CFD methods which require 116 

a special treatment, such as VOF, to track the free surface and moving floating debris with high 117 

computational cost associated by the remeshing technique [36,37].  118 

 

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 119 

other methods such as the discrete element method (DEM) or FEM [38–40] to achieve two-way 120 

coupling. In two-way coupling, the deformation of the structure and its effect on the 121 

hydrodynamics of the fluid is simulated, however such approaches can be computationally 122 

expensive. This issue is compounded when accounting for the complex nonlinear behaviour of the 123 

masonry arch bridge [41] and where 3D modelling of the fluid and the structure is necessary. 124 

Whilst two-way coupling may be useful where the impacted structure is comparatively flexible, in 125 

the case of an essentially rigid structure such as a masonry arch bridge, where anticipated 126 

deflections are minimal, a one-way coupling approach can be justified. In one-way coupling, the 127 

hydrodynamic model is used to derive the pressures acting on the structure assuming it to be rigid, 128 

these pressure-time histories are then used as the input to a separate bridge model incorporating 129 

realistic material models (Fig. 2). The work presented here adopts the one-way coupling approach 130 

using SPH in combination with the FEM considering the main aim of the research, investigating 131 

the global behaviour of the bridge subject to flood-induced loads. In cases where the local 132 

behaviour is of key interest, a micro-modelling approach can be used or alternatively a discrete 133 

element method approach (DEM) [42,43]. The SPH simulations were conducted using the open-134 

source code, DualSPHysics version 4.4 [44,45], while the FE work employed the software 135 

              
                

   

                  
                

   

         
          

           



Abaqus/Explicit 2020. The flood-induced loads on a scale model bridge were investigated in the 136 

SPH simulations since this paper presents part of authors’ wider study involving laboratory 137 

experiments using a scale model of the representative masonry arch bridge [46]. After a Froude 138 

scaling law was applied to the pressure-time histories obtained from the model bridge, the 139 

structural response of the corresponding full-scale arch bridge was obtained via FE analysis. It 140 

should be noted that the full-scale density of the bridge material was also adopted in the scaled 141 

down model. Since the entire bridge structure was simulated, a macro-modelling approach was 142 

adopted for the FE analysis of the masonry for computational efficiency [47–50].  143 

The structure of the paper is as follows. Firstly, a brief explanation of the SPH method is presented 144 

followed by use of a validated SPH model to simulate flood-induced flow and debris impact on 145 

the representative 1:10 scale bridge. Next, the FE model used in this study is validated and then 146 

deployed to evaluate the structural response of the full-scale bridge to the pressure-time histories 147 

obtained from the SPH simulations. Finally, the implications of the numerical results are discussed 148 

and future work is identified.   149 

2. Investigation of flood-induced forces on a single-span masonry arch bridge 150 

Considering the scope of this present research, a brief explanation of the SPH method is first 151 

provided. Further information and detailed validation studies of the SPH method for the 152 

hydrodynamics and the floating debris striking a bridge can be found in the previous authors’ 153 

study, Majtan et al. [51]. The flood-induced forces on a single-span masonry arch bridge (1:10 154 

scale) with different submergence ratios of its structural components, abutment, arch barrel and 155 

spandrel wall, and orientations of floating debris impacts are investigated herein. 156 

2.1. Overview of smoothed particle hydrodynamics (SPH) method 157 

SPH solves the Navier-Stokes equations in Lagrangian form where the fluid is represented by a 158 

set of moving particles carrying physical properties, e.g., density, velocity and pressure. These 159 

properties are updated at every time step according to its neighbouring particles via use of an SPH 160 

discretisation for integral interpolants. An in-depth presentation of the SPH methodology can be 161 



found in Violeau and Rogers [35] and full details of the weakly compressible SPH formulation 162 

used in this paper is presented in Domínguez et al. [45]. Herein, only the main equations are 163 

presented. The Navier-Stokes equation for mass and momentum conservation in Lagrangian form 164 

are: 165 

 𝑑𝜌

𝑑𝑡
=  − 𝜌∇. 𝒗 (1) 

 𝑑𝒗

𝑑𝑡
=  − 

1

𝜌
∇𝑃 + 𝜐0∇

𝟐𝒗 + 𝒈 (2) 

where 𝜌 is the density, 𝑡 is the time,  𝒗 is the velocity vector, 𝑃 and  𝜐0 denote the pressure and 166 

kinetic viscosity (10-6 m2s-1 for water), while 𝒈 represents the gravitational acceleration (0, 0, -167 

9.81 m s-2). The integral form of Eq. (1) is rewritten for an interpolated particle 𝑎 in SPH discrete 168 

form considering the effect of each neighbouring particle b as: 169 

 𝑑𝜌𝑎

𝑑𝑡
= 𝜌𝑎 ∑ 𝒗𝑎 − 𝒗𝑏 ∙ 𝛻𝑎𝑊𝑎𝑏

𝑚𝑏

𝜌𝑏
𝑏

 (3) 

where 𝑚𝑏 and 𝜌𝑏 represent the mass and density of particles b, 𝛻𝑎𝑊𝑎𝑏 is the gradient of the 170 

smoothing kernel, 𝑊𝑎𝑏, with respect to particle 𝑎. The smoothing kernel, 𝑊𝑎𝑏, is obtained based 171 

on the distance between particles 𝑎 and b and the smoothing length (ℎ). In the SPH discretisation, 172 

the form of the kernel function 𝑊𝑎𝑏 can be chosen based on desired accuracy and computational 173 

cost; the fifth-order Wendland kernel is chosen for this research [45]. 174 

There are two different viscosity treatments available in DualSPHysics for the momentum 175 

equation: (i) artificial viscosity or (ii) laminar + sub-particle stress (SPS) turbulence methods 176 

including an empirical value and real viscosity for water, respectively. Following previous 177 

validation by the authors [51], this study uses the second method which is based on a large-eddy 178 

simulation (LES) approach for WCSPH.  Thus, the momentum equation in SPH form with 179 

laminar+SPS treatment is given: 180 



 𝑑𝒗𝑎

𝑑𝑡
= −∑𝑚𝑏

𝑏

(
𝑃𝑎 + 𝑃𝑏

𝜌𝑎  𝜌𝑏
) 𝛻𝑎𝑊𝑎𝑏 + 𝒈 + ∑𝑚𝑏

𝑏

(
4 𝑣0 𝒓𝑎𝑏 ∙ 𝛻𝑎𝑊𝑎𝑏

 𝜌𝑎 + 𝜌𝑏  𝑟𝑎𝑏
2 + ƞ2 

) 𝒗𝑎𝑏

+ ∑𝑚𝑏

𝑏

(
𝜏𝑎
𝑖𝑗⃗⃗ ⃗⃗  + 𝜏𝑏

𝑖𝑗⃗⃗ ⃗⃗   

𝜌𝑎  𝜌𝑏
) 𝛻𝑎𝑊𝑎𝑏 

(4) 

where 𝜏𝑖𝑗⃗⃗ ⃗⃗   is the sub-particle stress (SPS) tensor and  ƞ = 0.01ℎ2 [52]. It should be also noted that 181 

although two SPH formulations are used by SPH solvers, incompressible SPH (ISPH) [53] and 182 

weakly compressible SPH (WCSPH) first proposed by Monaghan [54], this study employs 183 

WCSPH via use of DualSPHysics owing to its accurate results for fluid-structure interactions 184 

without any fluctuation problems in pressure [55–57]. 185 

2.2. SPH modelling and results of 1:10 scale bridge 186 

This present paper is part of a wider research campaign including experimental works in the 187 

laboratory flume at the University of Manchester, UK [46]. In the SPH numerical simulations, a 188 

model arch bridge of 1:10 scale was therefore used to match the physical flume dimensions. The 189 

geometry of a representative masonry arch bridge was proportioned in accordance with dimensions 190 

of typical masonry arch bridges in the field, see Table 2. The representative full-scale bridge 191 

consisted of 8 m span, 0.25 rise-to-span ratio and 4 m width in the streamwise direction in 192 

consideration of a single vehicular lane bridge. At the 1:10 scale model bridge, these dimensions 193 

correspond to 0.8 m span and 0.4 m width shown in Fig. 3(a) and Fig. 3(b). Following the particle 194 

convergence studies published previously by the authors [51], an initial inter-particle distance of 195 

dp = 0.01 m was chosen. 196 

Table 2: Geometrical properties of masonry arch bridge[58–61] 197 

Bridge Name 
Span 

(m) 

Rise 

(m) 

Rise/ 

span 

Bridge 

width 

(m) 

Arch 

thickness 

(m) 

Spandrel 

wall 

thickness 

(m) 

Backfill 

depth at 

crown (m) 

Torksey 4.90 1.15 0.23 7.80 0.343 0.380 0.246 

Bridge 270 2.70 1.35 0.50 2.00 0.350 0.480 0.750 

Dundee 4.00 2.00 0.50 6.00 0.250 0.330 0.250 

Bolton 6.00 1.00 0.17 6.00 0.220 0.660 0.300 

Prestwood 6.55 1.43 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 9.42 2.99 0.32 5.81 0.600 0.400 0.410 



Bridgemill 18.30 2.85 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 

 198 
(a) 199 

  200 
(b) 201 

Fig. 3: (a) Plan and side view of the numerical domain (b) a single-span arch bridge with the 0-202 

degree initially oriented tree log (not to scale) 203 

The hydraulic conditions were defined considering the flume capacity. Three hydraulic conditions 204 

in relation to submergence ratio of the structural components, abutment, arch barrel and spandrel 205 

wall were examined keeping the velocity of the free surface at 0.2 m/s with two debris orientations 206 

(θ) for its initial position (Table 3). The most common significant debris type in a natural 207 

watercourse, a floating tree log, was simulated in the present investigation. Using data from 208 

previous studies [62–64], the log’s diameter-to-length ratio was chosen as 0.059 (Fig. 3(b)). The 209 

source wood for tree log was specified as English Brown Oak which has a density of 740 kg/m3 210 

[65]. The 0-degree and 90-degree initial debris orientations represented a side-on and end-on 211 



impact i.e., where the log’s long axis was parallel and perpendicular to the bridge span 212 

respectively. Note that due to the flume capacity, a relatively slow flow was examined herein with 213 

the free-surface velocity of 0.2 m/s at the inlet, corresponding to a Froude number of 0.071 in case 214 

1, 0.059 in case 2 and 0.051 in case 3.  This corresponds to 0.63 m/s at the prototype scale. The 215 

field data from a real-life flooding scenario is discussed in Section 3.3.3 216 

Table 3: Scenarios for submergence ratio of structural components and debris details 217 

Case 

No. 

Flow depth 

at inlet, 

Hin (m) 

Flow 

rate 

(m3/s) 

Fully submerged 

structural 

component 

Debris  

Debris 

length 

(m)  

Debris 

diameter 

(m)  

Initial debris 

orientation 

(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 218 

the abutment, arch barrel and spandrel wall were submerged corresponding to case 1, 2 and 3 in 219 

Table 3, respectively. The flow was modelled over a 10-second period, the impact events occurring 220 

between 6 s and 10 s are investigated herein. Fig. 4(b) and Fig. 4(c) show average pressure histories 221 

obtained on the back and front spandrel walls in case 1 where the measurements points are given 222 

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 223 

should be reiterated that these pressure-time histories pertain to the 1:10 scale bridge. In 224 

accordance with Froude scaling [66], these pressures were multiplied by a factor of 10 before being 225 

applied to the full-scale FE model of the bridge presented later.  226 

Table 4: Measurement points at back and front walls in case 1, 2 and 3 227 
 Back (B) Front (F) 

  Name 
Measurement point 

(x,y,z) 
Name 

Measurement point 

(x,y,z) 

Case 1 

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 

BL4 2.63, 0.2, 0.18 FL4 2.17, 0.2, 0.18 



Case 2 

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 

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 

Case 3 

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 

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 = 0.2 m 

Fully submerged abutment 

Hin = 0.3 m 

Fully submerged arch barrel 

Hin = 0.4 m 

Fully submerged spandrel wall 
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(c) (f) (i) 

Fig. 4: Pressure distribution from SPH simulations on 1:10 scale bridge (a) case 1, (d) case 2 and 229 
(g) case 3 and pressure-time histories on back and front walls (b, c) case 1, (e, f) case 2 and (h, i) 230 
case 3 231 



   232 
                                  (a)                                                                           (b) 233 

     234 
                                          (c)                                                                         (d) 235 

Fig. 5: Case 1A (a) combination of hydrodynamic and debris impact pressure distribution at the 236 

first debris impact, t = 6.28 s, and (b) peak debris impact values , t = 6.32 s, where the debris 237 

impact locations were shown at the left (L) and right (R) side of the bridge (c) pressure-time 238 

histories at peak debris impact locations at L with LP1-LP5, (d) pressure-time histories at peak 239 

debris impact locations at R with RP1-RP5 in the order from outside to inside 240 

To map the debris impact pressures on the faces of the front spandrel wall and abutment a grid of 241 

numerical pressure probes with a separation of 0.02 m were used as shown in Fig. 5(a) and             242 

Fig. 5(b). The debris impact pressures decreased with the increase in the water depth H due to 243 

decrease in the debris velocity, thus the number of numerical pressure probes in contact with the 244 

debris depends on distinct debris impact pressures captured when the debris strikes the bridge 245 

structure. Herein, (i) LP and RP are used to refer to the left- and right-hand sides of the upstream 246 

bridge face impacted by the debris; and (ii) the numbers 1-5 indicate the numerical pressure probe 247 

impacted with 1 being the furthest from the arch barrel and 5 being nearest the arch barrel, see Fig. 248 

5(a). Fig. 5(a) shows the pressure distribution on the spandrel wall at the first debris impact,  t = 249 

6.28 s in case 1A, while Fig. 5(b) gives peak pressure values associated with the debris impact at 250 

t = 6.32 s. Fig. 5(c) and Fig. 5(d) provide detailed pressure-time histories where the debris impacted 251 

the left (L) and right (R) side of the bridge in the order from outside to inside. 252 



      253 
                                               (a)                                                                     (b) 254 

                   255 
              (c)     256 

Fig. 6: Pressure-time histories associated with the debris impact on (a) left (L) and (b) right (R) 257 

sides of the bridge in case 2A, (c) both left and right side of the bridge in case 2B 258 

In case 1B, the initially 90-degree oriented debris was transported without impacting the bridge. 259 

Similar to case 1A, the  left and right sides of the bridge were used to provide detailed pressure-260 

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 261 

the arch barrel was submerged, less debris impact load was observed on the bridge in case 2A (Fig. 262 

6(a)) compared to case 1A with 0-degree initial debris orientation (Fig.5(a)-(d)), while the debris 263 

orientation of 90 degree in case 2B (Fig.6(c)) led to increases in the peak impact ~7.5 times higher 264 

than that in case 2A (Fig. 6(a)) with shorter rise time, 0.12 s.  265 

         266 
                                      (a)                                                                              (b) 267 

Fig. 7: Pressure-time histories associated with the debris impact in (a) case 3A and (b) case 3B 268 

The pressure-time histories at the impact locations are provided in Fig. 7(a) and Fig. 7(b) for case 269 

3A and case 3B, respectively. When the spandrel wall was fully submerged, the flow fluctuation 270 



in front of the bridge resulted in rotation of the debris leading to an oblique impact in case 3A, 271 

whilst the same angle as its initial condition was observed in case 3B.  272 

3. FE modelling of the full-scale masonry arch bridge 273 

The structural analysis of masonry is complex due to its non-homogeneous and anisotropic nature. 274 

There are three main approaches to FE modelling of masonry, each with implications for accuracy 275 

and computational efficiency, these are detailed micro-modelling, simplified micro-modelling and 276 

macro-modelling. In the detailed micro-modelling approach, the masonry unit and mortar are 277 

modelled as a continuum element and the interface between them as a discontinuum element, while 278 

in the simplified micro-modelling approach the units are expanded and the interface between them 279 

is assigned based on the mortar properties. Macro-modelling assumes the masonry to be a 280 

homogenous continuum without direct consideration of the interface between units and mortar and 281 

is used where the global behaviour of the whole structure is of interest [47,67–69]. Many existing 282 

studies have focused on the behaviour of the masonry arch barrel itself under vertical loading using  283 

mesoscale modelling approaches including simplified micro-modelling of the arch barrel and 284 

macro-modelling of the spandrel walls and backfill without consideration of the transverse 285 

behaviour of the bridge [70,71]. Since the present study seeks to investigate the global behaviour 286 

of the entire bridge, a macro-modelling approach for all structural components is adopted 287 

[48,58,61] with a focus of brickwork masonry. In the forthcoming section, a brief description of 288 

the methodology used in this study is detailed. The macro-model approach is first validated using 289 

experimental data of brickwork walls subject to out-of-plane impact. Following this, the validated 290 

modelling approach is used to investigate the behaviour of a representative single-span masonry 291 

arch bridge under different flooding scenarios. 292 

3.1. Background to FE modelling approach 293 

Hydrodynamic and debris impact loads are time-dependent dynamic loads; hence an explicit solver 294 

was employed in this work due to its numerical stability in such applications [47,56]. All models 295 

used 3-D solid 8-node hexahedral elements (C3D8R) with linear, first order, interpolation. These 296 



elements accommodate a reduced integration technique and hourglass control to tackle possible 297 

uncontrolled distortion of the mesh. To optimise the model in terms of accuracy and computational 298 

efficiency as well as tackle mesh distortion in the masonry arch bridge models, an adaptive mesh 299 

refinement was also performed by reducing the element size locally.  300 

To model the nonlinear behaviour of masonry, the concrete damaged plasticity (CDP) model was 301 

chosen due to its suitability for quasi brittle materials in compression and tension [72]. The CDP 302 

model can be employed by defining the plasticity parameters, compressive behaviour and tensile 303 

behaviour of the material. In the plasticity parameters, the dilation angle (ψ) is the internal friction 304 

of the material representing the angle of the plastic potential function ranging between 12 and 37 305 

degrees depending on the roughness of the unit surfaces. While lower values were used for the 306 

brick masonry walls by Cavaleri et al. (2020) [47], the dilation angle was kept between 24 and 37 307 

in previous studies of masonry arch bridges with both brick and stone masonry [58,59,70]. It 308 

should be noted that using lower dilation angle values due to less friction might lead to a decrease 309 

in the structure’s stiffness. 𝜖 is the flow potential eccentricity and 𝑓𝑏0/𝑓𝑐0 is the ratio of initial 310 

compressive yield stresses under biaxial and uniaxial loads with the default values of 0.1 and 1.16, 311 

respectively [73]. 𝐾𝑐 represents the ratio of the second stress invariants on the tensile meridian to 312 

the compressive meridian at the yield surfaces that ranges between 0.5 and 1.0 with the default 313 

value of 0.67 [73]. The viscosity parameter, 𝜇, is a viscoplastic regularisation used to tackle 314 

convergence problems during stiffness degradation and softening behaviour of the material, 315 

particularly in Abaqus/Standard with an implicit scheme [73,74]. The present work adopts a value 316 

of 𝜇 = 0 since the convergence problems pertain to the implicit regime and not explicit. 317 

Masonry is a non-homogeneous and anisotropic material consisting of stiffer units and softer 318 

mortar. Masonry typically has higher resistance to compressive forces and very low resistance in 319 

tension due in part to the weak bond between unit and mortar. If the brick and mortar types used 320 

in the masonry assembly are known, design codes such as BS 5628 [75] and Eurocode 6 [76] 321 

present equations to predict the compressive, shear and tensile strength of the masonry assembly. 322 



Current design codes deal with modern units and mortar types, whereas most masonry arch bridges 323 

are of historic construction. In the case of assessment of existing masonry bridges, Hendry [49] 324 

found that BS 5628 provides a better agreement with the experimental results compared to 325 

Eurocode 6. The study of Kaushik et al. [77] found that the Eurocode 6 overestimates the 326 

compressive strength for brick masonry according to their experimental results and proposed a 327 

modification to the Eurocode 6 equation as follows: 328 

 𝑓𝑐 = 0.63 𝑓𝑏
0.49 𝑓𝑚

0.32 (5) 

where 𝑓𝑐 is the compressive strength of masonry assembly and 𝑓𝑏 and 𝑓𝑚 represent the compressive 329 

strength of brick unit and mortar, respectively. The proposed equation may underestimate the 330 

compressive strengths of brickwork with relatively high compressive strength of brick reported by 331 

Hendry [49], however the tests results from other existing masonry arch bridges [78,79] were well 332 

predicted. In the present study, Eq. 5 was employed for the numerical model where the unit and 333 

mortar strength are known. Kaushik et.al [77] also provided the compressive stress-strain 334 

relationship for brick masonry with different mortar types where the peak strain, 𝜀𝑐, and the elastic 335 

modulus, 𝐸𝑐, can be calculated: 336 

 
𝜀𝑐 =

0.27

𝑓𝑚
0.25  

𝑓𝑐  

𝐸𝑐
0.7 (6) 

 𝐸𝑐 = 550𝑓𝑐     (7) 

Like Eq. 7, many studies in the literature suggested using the multiplier of 550 [47,49] compared 337 

to the multiplier of 1000 and 900 proposed by Eurocode 6 and BS 5628, respectively. In the CDP 338 

model, the plastic strain is defined rather than the total strain and can be calculated as: 339 

 𝜀𝑐
𝑝𝑙 = 𝜀𝑐 − 𝜀𝑐

𝑒𝑙  (8) 

where the compressive damage parameters are not considered [73]. 𝜀𝑐 is the total strain, 𝜀𝑐
𝑒𝑙 and 340 

𝜀𝑐
𝑝𝑙

 represent the elastic and plastic strains, respectively.  341 

The post-peak behaviour of the material in tension can be defined by assigning the tensile stress-342 

strain curve, the stress-displacement curve or the stress-fracture energy representing the area under 343 



the stress-displacement curve. For a brittle material with little or no reinforcement, the results in 344 

the CDP model strongly depend on the mesh size during the crack propagation [80]. After local 345 

failures occur, adoption of the tensile stress-strain approach may result in convergence problems 346 

even if the mesh refinement is performed [73]. Therefore, the fracture energy in the tension 347 

approach was used here. In this study, the tensile strength, 𝑓𝑡  , of brick masonry was assumed as 348 

0.035𝑓𝑐 according to previous studies [47,81]. The fracture energy of masonry in tension varies 349 

between 0.004 N/mm and 0.055 N/mm in relation to its tensile strength as observed experimentally 350 

by various researchers [82–85]. As an empirical approach based on the experimental results [82–351 

85], the following equation was used in the CDP model as: 352 

 𝐺𝑡 = 0.1 𝑓𝑡
0.85 (9) 

where the 𝑓𝑡 is in N/mm2 and 𝐺𝑡 is in N/mm.  353 

In Abaqus/Explicit, the contact modelling between the structural components can be addressed 354 

with two main approaches: general contact and contact pairs (CP) in relation to desired 355 

computational efficiency. This study employs the CP approach by defining leading and following 356 

surfaces, named as master and slave surfaces in the FE terminology, with tangential and normal 357 

stress behaviour of the surfaces in contact referring to the friction and normal pressures, 358 

respectively. The default option for normal behaviour is hard contact, whilst the friction coefficient 359 

needs to be defined for tangential behaviour with a penalty formulation which is detailed in both 360 

the validation and case studies. 361 

Another important issue is the time increment control and associated stability in the explicit 362 

scheme. While Abaqus/Standard employs the equilibrium between external and internal forces 363 

with the Newton-Raphson iteration method, Abaqus/Explicit integrates the dynamic nodal 364 

responses, e.g. velocity, stress, at each time increment. Thus, the stability of the numerical model 365 

strongly depends on the time increment which needs to be controlled considering the maximum 366 

frequency of all elements [73]. When considering this highly nonlinear dynamic problem, the 367 



automatic option for adjusting the time increments in Abaqus/Explicit was used in this present 368 

research. 369 

3.2. FEM Validation study: brick masonry parapet walls subject to out-of-plane impact load 370 

Despite various studies conducted on the structural behaviour of masonry arch bridges subject to 371 

vertical loads under static or quasi-static loads [58,78,79] and in-plane horizontal loads e.g. from 372 

seismic action [86], there are no readily available studies on the behaviour of masonry arch bridges  373 

under dynamic horizontal loads in the transverse direction [22]. Hence, an experimental study on 374 

masonry parapet walls under out-of-plane impact loads representing accidental vehicle impacts 375 

[87] was chosen to examine the capability of the FE modelling approach. Gilbert et al. [87] 376 

performed a detailed experimental investigation on the behaviour of unreinforced masonry walls 377 

using different wall thickness, wall length, masonry unit type and strength, boundary conditions, 378 

impact locations etc. From the test series conducted [87], a free-standing brickwork parapet wall 379 

subject to out-of-plane impact load, named as specimen B2 and shown in Fig. 8(a), was chosen to 380 

simulate with the FE method. The dimension of the brickwork wall was 9.15 m long x 1.07 m high 381 

x 0.215 m wide constructed on a rectangular steel base plate with 0.012 m thickness which was 382 

bolted to the floor. The loads were applied at the centre of a steel loading plate with dimensions of 383 

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 384 

experiment, a test rig comprising a drop weight with adjustable drop height was used to obtain 385 

different impulse values with various peak impact forces and impact durations. In this present 386 

study, the out-of-plane impact load exerted by the 380 kg mass dropped from a 2.5 m height 387 

corresponding to a 2.66 kNs impulse load was applied to the wall from the centre of the steel 388 

loading plate with the force-time history given in Fig. 8(b). 389 



     390 
                                                (a) Front elevation view of test arrangement 391 

 392 
(b) Force-time history 393 

Fig. 8: (a) Front elevation view of  the test setup for wall B2, (b) impact force-time history 394 

applied at the centre of the steel loading plate (based on [87]) 395 

Specimen B2 was constructed from clay bricks of 2200 kg/m3 density and 134 N/mm2 compressive 396 

strength bonded by mortar type class iii based on BS5628 part 1 [75], with the mean density of 397 

2090 kg/m3 and compressive strength of 8.6 N/mm2 were used. Also, the experiment determined 398 

the friction coefficient of 0.85 between the steel base plate and the masonry wall [87]. 399 

Table 5: Plasticity parameters and mechanical properties of brick masonry in the CDP model 400 

Plasticity parameters 

Dilation angle(ψ) Eccentricity(𝜖) fb0/fc0 Kc Viscosity(µ) 

30 0.1 1.16 0.67 0 

Mechanical properties of brick masonry 

Density (kg/m3) fc (N/mm2) Ec (N/mm2) ft (N/mm2) Gt (N/mm) 

2150 13.82 7604 0.484 0.054 

 401 
Fig. 9: Compressive stress-strain curve of masonry 402 



To simulate the experiment, the masonry wall and steel loading plate were first modelled with the 403 

same dimensions given in the experiment by assuming the loading plate as a rigid body in the FE 404 

model. The linear and nonlinear material properties of masonry were defined as provided in Table 405 

5. The default values for the plasticity parameters; 𝜖,  fb0/fc0, Kc and µ were employed. The 406 

dilatation angle, ψ, was chosen based on the previous studies on masonry arch bridges [58,59,70]. 407 

The compressive strength of masonry, fc, was calculated from Eq. 5 using the compressive 408 

strengths of brick and mortar provided in the experiment. Ec was obtained according to Eq. 7. Eq. 409 

6 was used to calculate 𝜀𝑐 and the associated compressive stress-strain curve of masonry as 410 

illustrated in Fig. 9, where Eq.8 evaluated the plastic strain, 𝜀𝑐
𝑝𝑙

 for the CDP model by using 𝜀𝑐 411 

and 𝜀𝑐
𝑒𝑙  values at the descending branch of the curve with the ultimate plastic strain of 0.00359. 412 

An ft of 0.484 N/mm2 was adopted in the FE model corresponding to 0.035fc as previously 413 

discussed. Gt was calculated based on Eq. 9 and the Poisson’s ratio of 0.2 was used in all FE 414 

models. 415 

 416 
                                                                                   (a) 417 

                                                                                               418 
                                       (b)                                                                          (c) 419 
Fig. 10: (a) Front view of FE model with applied boundary conditions (b) side view of FE model 420 

with three mesh sizes; coarse, medium, fine and (c) comparison of displacement histories 421 

between experiment and FE models using three mesh sizes 422 

Reflecting the experimental boundary conditions, the movements and rotations of the wall were 423 

restricted in the x and z directions and the y direction at the base, see Fig. 8(a) and Fig. 10(a). A 424 

two-step analysis was performed for the validation study: (1) the first step was the structural 425 



analysis of the wall under the dead load, while in the second step (2) the force-time history was 426 

applied to the masonry wall through the centre of the steel loading plate using the amplitude option 427 

in Abaqus. The CP interaction with a surface-to-surface option was employed between the loading 428 

plate and masonry wall by using a friction coefficient of 0.85 in the penalty formulation in the 429 

tangential direction as provided in the experiment and hard contact in the normal direction. 430 

Considering the simple rectangular geometry of the masonry parapet wall, the h-refinement 431 

approach was used by defining mesh sizes globally rather than defining local seeds. Fig. 10(b) 432 

illustrates a side view of the FE model with three different mesh sizes in relation to the number of 433 

the element along the width of the wall: coarse, medium and fine meshes representing 434 

approximately 200 x 200 x 200 mm, 100 x 100 x 100 mm and 50 x 50 x 50 mm element sizes, 435 

respectively, while Fig. 10(c) compares the displacement histories at 440 mm above the base, 115 436 

mm from the centre of the loading steel beam, between the experiment and the different mesh 437 

sized models. It can be observed that there is significant mesh sensitivity in this case and noted 438 

that the prediction for the displacement value at 0-0.12 s associated with the first crack could not 439 

be improved by refining the mesh size. Hence the finest mesh size was chosen with 3.4% error at 440 

the peak displacement and 1.3 s computational (CPU) time where t = 0.7 s was physical time via 441 

use of the Intel i7- 10875H CPU @2.30 GHz. 442 

 443 
                         (a) 444 

 445 
                          (b) 446 

 447 
                          (c) 448 

Fig. 11: Comparison between crack patterns on masonry wall B2 (a) experimental based on [87] 449 

(b) numerical, front face and (c) numerical, back face of the wall at t = 0.7 s (scale factor = 0.5) 450 



Fig. 11(a) shows the crack pattern of wall B2 at failure obtained in the experiment, whilst Fig. 451 

11(b) and Fig. 11(c) provide the crack pattern at the front and back face of the wall at the end of 452 

simulation, t = 0.7 s. Considering the crack pattern of wall B2 observed in Fig. 11(a), the FE model 453 

could capture the approximate crack pattern reasonably well. Another numerical study in the 454 

literature also simulated this experiment using simplified micro-modelling [69]. For further 455 

comparison, the displacement history at 440 mm above the base, 115 mm from the centre of the 456 

loading steel beam obtained in the FE model was compared with the experimental study and the 457 

simplified micro-modelling approach of Burnett et al. [69] as given in Fig.12. The macro-model 458 

predicted the peak displacement value well with 3.4% error, in closer agreement with the 459 

experimental value than simplified micro-modelling with the 61.3% error. The study of Burnett et 460 

al. [69] used a nonlinear constitutive model only for the interfaces via a specially formulated 461 

contact interface model, while a linear constitutive model was employed for all other parts 462 

including the masonry units. The greater error in the simplified micro-model may be due to the 463 

influence of the key contact interface parameters: base friction, fracture energy, dilation angle and 464 

joint failure stress according to [69]. It should also be stated that Burnett et al. [69] obtained a 465 

closer agreement for other wall cases such as those with abutments compared to wall B2 and their 466 

simplified micro-model can undoubtedly provide detailed information for local behaviour of the 467 

structure.  468 

 469 
Fig. 12: Comparison of displacement histories [69,87] 470 



3.3. Hydrodynamic case studies  471 

As detailed previously in Table 2, the geometric characteristics of a representative full-scale 472 

single-span masonry arch bridge was used in this study with 0.25 rise-to-span ratio, 0.45 m thick 473 

arch barrel, 0.55 m thick spandrel wall and 0.3 m backfill depth above the crown.  474 

Table 6: Mechanical properties of brick masonry 475 

Density (kg/m3) fc (N/mm2) Ec (N/mm2) ft (N/mm2) 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 476 

summarised in Table 6. The fc of 9.33 N/mm2 was used based on an experimental study in the 477 

literature [49], Ec , ft and Gt were defined following the same procedures as the validation study. 478 

The CDP parameters were the same as the validation study, whilst the compressive stress-strain 479 

behaviour of brick masonry was calibrated based on the fc value and 𝜀𝑐  as seen in Fig. 13. The 480 

present study assumed the masonry arch bridge is waterproof and therefore does not include any 481 

saturation in the backfill, thus the density of 1800 kg/m3 and Ec of 100 N/mm2 were used for 482 

backfill modelling based on [58,70]. 483 

 484 
                                 Fig. 13: Compressive stress-strain curve of brick masonry 485 

Following the validation study, CP interaction was employed between the arch barrel, front and 486 

back spandrel walls and backfill defining normal behaviour with a hard contact option and 487 

tangential behaviour with a penalty option. In the penalty formulation, a friction coefficient of 0.85 488 

was used between the masonry arch barrel and spandrel walls, while a value of 0.3 was used 489 

between the backfill and the masonry members such as the arch barrel and spandrel walls in 490 

accordance with the friction angle of the backfill material based on previous numerical studies 491 



[58,70]. The same element type, C3D8R, with the validation study was used in the case studies. 492 

To optimise model resolution, a mesh sensitivity analysis was performed using various mesh sizes 493 

for structural components. The global mesh sizes of approximately 100 mm and 50 mm were 494 

employed for the spandrel wall and arch barrel, respectively, whilst an adaptive mesh refinement 495 

technique was performed using various mesh sizes locally by means of creating partitions and 496 

local seeds so as to apply the debris impact on represented elements as well as to tackle 497 

convergence problems in relation to meshing the complex arch barrel and spandrel wall geometry, 498 

see Fig. 14(a) for case 1. The mesh size for backfill was kept relatively coarser with element sizes 499 

around ~ 200 mm to optimise the computational efficiency.  500 

 501 
                                         (a)                                                                      (b) 502 

Fig. 14: (a) Mesh, (b) boundary conditions and loads applied in case 1 503 

The boundary conditions were fixed at the bottom of the bridge with no displacement in the x, y 504 

and z directions and no displacement in the x direction was defined at the sides of the spandrel wall 505 

and backfill considering previous numerical studies [60,70]. Similar to the validation study, the 506 

dead loads and flood-induced loads were applied at the first step and second step of the analysis, 507 

respectively. As previously described, for the input loads, the pressure values obtained from the 508 

SPH models, see Fig. 4, were multiplied by 10 in accordance with Froude scaling and applied to 509 

associated areas via use of partition in Abaqus as shown in Fig. 14(b). To apply the debris impact 510 

pressure-time histories at the same location as the hydrodynamic simulations, the pressure probe 511 

spacing used in the SPH model and in the FE model were the same. For these purposes, the mesh 512 



sizes were kept spatially uniform at the location where the debris impacted. It should be reiterated 513 

that although the geometrical similarity between the prototype and model was provided 514 

successfully, the dynamic similarity, thus kinematic similarity, was constrained by the flume 515 

capacity used in the experiment. The free-surface velocity of the flow was 0.2 m/s in the 516 

experiments with all submergence ratios representing a velocity of 0.63 m/s the full-scale scenario. 517 

Field data from real life flood scenarios reveal much faster flows can occur e.g. 3.14 m/s at Pooley 518 

Bridge, 3.2 m/s at Eamont Bridge, 4.2 m/s at Brougham Bridge and 4.3 m/s at Sprint Bridge during 519 

the 2015 UK flood events as detailed previously in Table 1. In view of this, the pressure-time 520 

histories obtained using corresponding higher flow velocities [88] were also used to investigate 521 

associated structural response to these loads as detailed in Section 3.3.3. 522 

3.3.1. Results: hydrodynamic loads only in slow flow (vflow = 0.63 m/s) 523 

Three scenarios were examined where the following structural components were submerged: 524 

abutment in case 1, arch barrel in case 2 and spandrel wall in case 3, respectively, see Table 3 and 525 

Fig. 4. The bridge was subject to dead load only before applying the flood-induced loads as an 526 

initial step (Fig.15(a)). Fig. 15(b), Fig. 15(c) and Fig. 15(d) show the maximum principal stress 527 

distribution on the bridge in case 1, case 2 and case 3 where the stress values are presented in 528 

N/mm2. As can be seen from the results, the hydrodynamic effect on the bridge was relatively 529 

small due to using lower free-surface velocity values compared to typical values from real flooding 530 

scenarios. Although the dominant loading was the hydrostatic pressure in these cases increasing 531 

with the water depth from the free surface to the bottom of the bridge in all cases, higher tensile 532 

stress values occurred where the arch barrel and spandrel wall were submerged in case 2 and case 533 

3. The significant effect of buoyancy and reduction in the compressive stress state of the barrel 534 

can be clearly observed from Fig. 15(a) to Fig. 15(d). The maximum tensile stress on the arch 535 

barrel was around 0.172 N/mm2 in case 2, while this value was ~0.187 N/mm2 in case 3 where the 536 

tensile strength of the masonry is 0.33 N/mm2. Nevertheless, the tensile stresses are significant 537 

especially given the range of tensile strengths expected in the field. 538 



                                539 
                                         (a)                                                                             (b) 540 

 541 
                                          (c)                                                                          (d) 542 

Fig. 15: Maximum principal stress distribution on masonry arch bridge under (a) only dead load, 543 

(b) hydrodynamic load in case 1, (c) case 2 and (d) case 3 at the end of simulation corresponding 544 

to t =10 (N/mm2) with front and top views  545 

3.3.2. Results: combination of hydrodynamic and debris impact loads in slow flow (vflow = 0.63 546 

m/s) 547 

Fig. 16 illustrates the maximum tensile stress distribution on the bridge under the combination of 548 

hydrodynamic and debris impact loads in case 1A at t = 6.4 s where only the abutment was 549 

submerged, see Fig. 4(b), Fig. 4(c), Fig. 5(c) and Fig. 5(d). Compared to case 1, the presence of 550 

the debris resulted in increasing the overall stress distribution slightly with 2.33 percent higher 551 

maximum tensile stress, 0.22 N/mm2, while the tensile stress values on the arch barrel and spandrel 552 

walls were 1.57 times higher (157%) in case 1A compared with those in case 1. Despite lower 553 

tensile stress values in the cases with the free-surface velocity of 0.63 m/s, this floating debris 554 

impact load directly links to the debris velocity associated with the free-surface velocity of the 555 

water flow. 556 



 557 
Fig. 16: Maximum principal stress distribution on masonry arch bridge in case 1A at t = 6.4 s 558 

(N/mm2) 559 

Fig. 17(a) and Fig. 17(b) give the maximum tensile stress distribution on the masonry arch bridge 560 

with a fully submerged arch barrel in case 2A and case 2B corresponding to 0-degree and 90-561 

degree debris impacts, respectively. Although 8 times higher debris impact pressures were applied 562 

to the structure within ~0.2 s impact duration in case 2B, the associated stress distribution cannot 563 

be distinguished in Fig. 17(b) and the overall ~3% increment was observed in the tensile stresses 564 

on the arch barrel and spandrel walls in the case 2A and case 2B. This might be due to relatively 565 

slow debris velocity associated with lower free-surface velocity with the submerged arch barrel in 566 

both case 2A and case 2B as well as the short impact duration in case 2B despite its higher pressure 567 

values. Similarly with case 2A and case 2B, a slight change in the response of the bridge was 568 

observed in case 3A and case 3B compared to case 3 as shown in Fig. 17(c) and Fig. 17(d). It can 569 

be concluded that the floating debris impact loads and associated response of the bridge under 570 

these loads are strongly dependent on the free-surface velocity. Fig. 16 and Fig. 17(a)-(d) show 571 

that when the submergence ratio of the bridge increases, the velocity of the free surface decreases, 572 

thus the debris impact loads and its effect on the bridge descrease,  and hence the debris impact 573 

loads and their effect on the bridge descrease. Another important issue is the debris impact 574 

duration. While the debris impact with 90-degree orientation resulted in 8 times higher load exerted 575 

on the bridge in case 2B compared to case 2A and 1.53 times higher in case 3B compared to case 576 

3A, the response of the bridge to these higher loading conditions with shorter impact duration 577 



within ~0.2–0.3 s is almost the same, in terms of the resulting stresses, with the cases with 0-degree 578 

debris orientations. 579 

      580 
                                                   (a)                                                                    (b) 581 

   582 
                                            (c)                                                                          (d) 583 

Fig. 17: Maximum principal stress distribution on masonry arch bridge (N/mm2) in (a) case 2A     584 

at t = 8.6 s , (b) case 2B at t =  6.4 s, (c) case 3A at t = 10 s and (b) case 3B at t =  8.5 s 585 

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

The flow velocity in rivers varies depending on the topographical and hydrological conditions 587 

where the river flow interacts with the masonry arch bridge. Considering hydraulic reports at the 588 

location of the Pooley Bridge collapse due to the flood in Cumbria, UK during the 2015 flood 589 

event (Table 1), the mean velocity reached 3.14 m/s around the bridges as detailed by Environment 590 

Agency and Mathews and Hardman [8,16] . Despite detailed investigation needed to examine these 591 

flood-induced loads on Pooley Bridge, this section provides a general estimation of how flood-592 

induced loads may cause bridge damage or collapse using the same representative bridge and 593 

higher flow velocity value of 3.14 m/s observed during the real-life flooding compared to 0.63 m/s 594 

used in the previous case study which was based on the experimental setup.  595 



Following the case study, the 1:10 scaled bridge model was used for SPH simulations. For the 596 

hydraulic conditions, the case of the fully submerged arch barrel was adopted with the mean 597 

model-scale velocity of 1 m/s so as to represent ~3.14 m/s in the full-scale as detailed by Majtan 598 

et al. [88]. The structural response of the full-scale masonry arch bridge under this flooding 599 

scenario was examined in FE using the same boundary conditions and interaction properties 600 

among the structural components as the case study. 601 

                                                       602 
                                  (a)                                                                          (b) 603 

           604 
         605 

                                       (c)                                                                         (d) 606 



                                            607 
(e) 608 

Fig. 18: Flooding scenario with fully submerged arch barrel, (a) maximum principal stress 609 

distribution and (b) minimum principal stress distribution on the bridge during the first crack, (c) 610 

maximum principal stress distribution, (d) minimum principal stress distribution and (e) crack 611 

patterns at the end of simulation 612 

Fig. 18(a) shows the maximum tensile stress distribution at the first time-step, 0.2 s in the FE. The 613 

maximum stress reached the tensile strength of 0.33 N/mm2 on the spandrel wall and arch barrel 614 

rather than the bottom of the abutment compared to the case 2 with dominant hydrostatic loads, 615 

therefore the material failure was observed at the first time-step. After this material failure, the 616 

tensile stresses tend to zero with increasing strain as the maximum tensile stress distribution and 617 

crack pattern on the bridge at the end of simulation are given in Fig 18(c) and Fig. 18(e), 618 

respectively. Meanwhile, the minimum stresses show that no compressive failure occurred during 619 

the first crack, at 0.2 s Fig. 18(b) and at the end of the simulation Fig. 18(d). 620 

4. Conclusions 621 

In this paper, flood-induced hydrostatic, hydrodynamic and floating debris pressures on a 622 

representative masonry arch bridge were derived using the SPH method. These pressure-time 623 

histories were then used to model the associated structural response of the bridge using the FEM. 624 

The adopted macro modelling approach was first validated against existing experimental work on 625 

brick masonry parapets subject to impact. A good level of accuracy was achieved in terms of the 626 

displacement vs. time response and associated crack patterns in comparison with the experimental 627 

results. The main findings of this investigation reveal that: 628 



• Increase in the submergence ratio of a waterproof bridge led to higher tensile stress development 629 

on the bridge superstructure due the buoyancy effect. 630 

• Impacts from floating woody debris, even in normal, non-flood scenarios, can result in 631 

significant impulsive forces. Depending on the location of the impact, local damage may arise in 632 

the form of cracking, this in turn can lead to progressive damage via secondary mechanisms such 633 

as fill washout etc. 634 

• Debris with an initial orientation of 90-degrees (end-on) to the bridge span exerted larger forces 635 

compared to the 0-degree (side-on) scenario with a fully submerged arch barrel and spandrel. 636 

However, these forces had very short durations and hence the resulting tensile stresses in the arch 637 

components were only slightly greater than those associated with the hydrodynamic forces alone 638 

i.e. in the absence of debris.  639 

• A realistic flood flow, based on data from previous flood events, indicated that the hydrodynamic 640 

load was the fundamental driver in bridge damage. The maximum tensile stresses were observed 641 

at the spandrel wall and arch barrel, leading to crack developed and structural damage. 642 

This work reveals that both the hydrodynamic forces and floating debris impact forces need to be 643 

considered when assessing existing masonry arch bridges that span watercourses. Quantification 644 

of these associated flood forces can lead to improved bridge management strategies to ensure these 645 

structures continue to perform in service. The outcomes of this work need to be viewed within the 646 

context of the limitations of the SPH and FE methodologies adopted. Further work is required to 647 

refine the FE models, including more detailed modelling of the backfill soil, associated effects 648 

from water ingress due to cracking of the masonry as well as the effect of pre-existing defects in 649 

the bridge structure.  650 
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