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Abstract 

Masonry arch bridges form a pivotal part of the transport networks of the UK and many 

other countries worldwide. Nonetheless, these historical structures face substantial 

challenges in terms of their safety and functionality. Factors such as climate change and 

natural hazards contribute to the continuous deterioration of materials, while growing 

demands are imposed upon them by modern traffic systems. Despite extensive research 

conducted on masonry arch bridges over the past two decades, the understanding of their 

fundamental behaviour remains limited, especially concerning their three-dimensional 

(3D) response characteristics. This dissertation aims to comprehensively assess 3D 

behaviour and failure mechanisms of brickwork masonry arch bridges under different 

loading scenarios, improving the resilience of these critical infrastructure assets. 

The dissertation initiates with the characterisation of material and mechanical 

parameters of masonry arch bridges. Initially, small-scale material level tests are 

conducted to determine the properties of masonry units and mortar, as well as the 

internal friction angle and cohesion of the backfill materials. Then, the compressive 

strength and Young’s modulus of masonry prisms, as well as unit-mortar bond properties 

are experimentally assessed at the component level. Further, large-scale shear box tests 

are carried out to identify the frictional properties existing between the masonry 

specimens with different bonds and backfill materials. Additionally, both static and high-

cycle fatigue three-point bending tests are conducted on masonry flat arches. The 

experimental results highlight the inherent variability of masonry properties. Moreover, 

crack propagation and load-deflection curves obtained from the flat arche tests reveal a 

rapid degradation in stiffness when load magnitude changes. 

Utilizing the materials characterised, a full-scale masonry arch bridge is constructed in 

the laboratory. The bridge is well instrumented with various sensors to capture its 3D 

response under loads. Static and cyclic (three loading cycles) patch loads are applied to 

nine locations on the backfill surface, including both centric and eccentric locations. The 

magnitudes of the load are increased gradually from 150 kN (approximately 22-25% of 

the peak load that the bridge is expected to carry) to 250 kN (~50% of the ULS), until the 

bridge failure. Crack evolution, accumulation of damage, load-deflection responses of the 

arch barrel, in-plane and out-of-plane deflection of the spandrel walls are analysed. 
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In addition to the contacting gauges, digital image correlation (DIC) is utilised to monitor 

the initiation and propagation of full-field strain/cracking in the spandrel wall during 

these tests. Comparing DIC data with readings from displacement gauges, the results 

confirm that DIC can measure the deformations of the untreated surface with satisfied 

accuracy, using the inherent brick bond patterns and natural characteristics of the 

masonry surface as tracking points. DIC results provide valuable insights into the 

cracking behaviour of the masonry arch bridge throughout the entire loading-unloading 

process, offering critical information on the load levels that induced the onset and the 

activation of hinges. Additionally, the interaction between the arch barrel and spandrel 

wall, as well as the crack mechanism in the spandrel wall, are analysed. 

Moreover, along with the loading tests, hammer-induced vibration response of the 

bridge are collected, and modal parameters of the bridge with different levels of damage 

are identified using stochastic subspace identification (SSI) method. Also, numerical 

analysis is performed to identify the mode shapes of the bridge. Full life-cycle vibration-

based assessment is carried out by analysing the correlation between stiffness 

degradation and variations in the bridge’s modal parameters. The results demonstrate 

that the first-order frequency had the highest sensitivity to the damage accumulation in 

the masonry arch bridge. The evolution of early-stage damage, the formation of the first 

hinge, and the fully activation of a four-hinge mechanism are successfully captured. 
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1 Introduction 

1.1  Background 

Masonry is one of the oldest structural forms around the world not only results from the 

abundance of raw materials such as stone and clay, but also for its good durability, 

simplicity of construction, cost-effectiveness, and excellent in bearing gravitational loads 

[1]. Typical masonry includes churches, monuments, towers, arch bridges, etc. They are 

widely distributed, and a large number of them, which have been in use for centuries, are 

still in service today. 

Masonry arch bridges are a vital part of the transportation infrastructure system around 

the world. The most representative masonry arch bridges include the Göltzsch Viaduct 

bridge in Germany, Knaresborough Viaduct and Ouse Valley Viaduct in the UK, (see 

Figure 1.1). It is estimated that there are approximately 200,000 masonry arch bridges 

and culverts in Europe and 40,000 masonry arch bridges in the UK. On the railways, 

approaching half the bridge spans in the UK network are of masonry arch construction, 

amounting to >25,000 spans.  

 
Figure 1.1 Masonry arch bridges. (a) Knaresborough Viaduct; (b) Göltzsch Viaduct [2]; and (c) 
Ouse Valley Viaduct [3]. 

The majority of masonry arch bridges were built between the 17th and 19th centuries [4,5]. 

Keeping these old bridges safe and functional is of great significance, not only for their 

contribution to the landscape but more importantly, because the cost of replacing them 

may be too high to be acceptable. It is estimated that the average reconstruction cost of 

each bridge is £800k, and the cost of replacing all these bridges conservatively exceeds 

£20bn at 2011/21 prices (ERMABI, 2019).  

However, the health status of the ageing masonry arch bridges is of great concern. For 

example, after serving for years, these bridges inevitably suffered several damages due 



- Chapter 1: Introduction- 
 

  24 

to:  

a) Environmental effects: several environmental factors such as the temperature, 

moisture (in the forms of rain, ice and snow), soil conditions, vegetation, solar 

radiation (in particular short-wave radiation), chemicals in the air, and pollution-

derived parameters can cause long-term erosion of masonry and thus results in 

the severe structural deterioration of masonry arch bridges [6,7]; 

b) Natural disasters and effects of climate change: masonry structures are 

extremely vulnerable to earthquakes due to their low shear and tensile strength. 

On the other hand, climate change results in an increased risk of flooding and 

rainstorms, and effects such as scour can result in the bridge collapse (e.g., an 

arch bridge in Tadcaster, North Yorkshire, was destroyed by the 2015 Boxing Day 

floods) [8,9]; and 

c) Man-made or anthropogenic effects: the long-term man-made or 

anthropogenic vibrations, as well as the increasing traffic loads, may cause fatigue 

failure and accidental damage to masonry arch bridges. 

In addition to the material deterioration over time, most masonry arch bridges are being 

subjected to increasing demands in terms of vehicle and train numbers, speeds, and axle 

loads, which also post considerable risk to their structural safety. For instance, with the 

introduction of long-wheelbase freight wagons, railway arch bridges in northwestern 

England have been subjected to higher loads than expected and suffered severe 

unforeseen and costly damage. In Europe, it is proposed for passenger traffic that the 

maximum speed should be allowed up to 350 km/h, which will significantly amplify the 

vibration of the bridges [10]. Moreover, fatigue damage has been observed on some 

masonry arch bridges, and the repeated application of heavy loads would rapidly 

accelerate the deterioration of the arch bridges, as suggested by maintenance engineers 

[11].  

In recent years, the fatigue behaviour of masonry is gaining increasing attention from 

the scientific community and engineers. Fatigue is defined as the failure of a material 

under cyclic stresses (or strains) below the strength limit. Since there is always no 

obvious macroscopic plastic deformation in structures, and the upper bound of the cyclic 

load that causes fatigue failure is generally far less than the 'safe' load estimated by static 

analysis, fatigue failure usually occurs very suddenly and may lead to catastrophic 

accidents.  
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Several experimental studies have been carried out on the compressive fatigue behaviour 

of brickwork masonry, including masonry prisms and columns [12–15]. Regarding the 

fatigue behaviour of the masonry arch bridge, [16] have carried out the first high-cycle 

fatigue test on the masonry arch bridge under plane-strain conditions. Through testing 

four bridges with different backfill materials subjected to a range of loading scenarios; 

they found that repeated cyclic loading at safe working load levels did not significantly 

affect the ultimate load-carrying capacity of the virgin masonry arch bridge. As the upper 

bound of the cyclic load increased, more severe damage was observed, such as loss of 

bricks from the arch barrel, which resulted in a considerable reduction in the ultimate 

capacity of the bridge.  

So far, the study on characteristics of the three-dimensional response of the bridge, 

fatigue behaviour, and damage accumulation of brickwork masonry arch bridge under 

static/cyclic/fatigue loading is still at the initial stage. The serviceability and permissible 

limit states of masonry arch bridges under static/fatigue loads considering the 

interaction between different components are not fully understood by the scientific 

community and engineers. Moreover, experimental data is not sufficient regarding the 

3D response of the bridge and structural behaviour under high-cycle fatigue loads, which 

bring considerable difficulties for the development of numerical models on masonry arch 

bridge.  

1.2  Aim, Objectives, and Thesis Outline 

The overall aim of this PhD project is to gain an improved understanding of the 3D 

behaviour of masonry arch bridges under static and quasi-static loads, primarily utilizing 

laboratory experiments.  

The objectives of this PhD project include: 

1. Gain an up-to-date understanding of the behaviour of brick masonry through the 

literature review. 

2. Comprehensively characterise material and mechanical parameters of masonry arch 

bridges. 

3. Gain a better understanding on the 3D response characteristics of masonry arch 

bridges subjected to different loads. 
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4. Using advanced non-contact sensing technics to monitor the damage accumulation 

and assess the conditions of masonry arch bridge. 

This doctoral thesis is publication-based and includes 6 peer-reviewed journal 

publications. Chapter 2 to Chapter 7 consist of previously published papers that cope the 

objectives of this research project. Chapter 8 summaries the main findings of the 

research, limitations, and recommendations for the future works. The main 

contributions of this doctoral project included: 

1.2.1 Chapter 2: Publication #1 (Liu et al., 2023a) 

A material characterization framework was developed and a comprehensive dataset of 

properties representing historic masonry structures was provided through a series of 

laboratory tests from the material level to the component level. 

1.2.2 Chapter 3: Publication #2 (Liu et al., 2023b) 

Frictional parameters between masonry arch bridge and backfill materials were 

characterized, considering two masonry bond configurations (i.e., English bond and 

stretcher bond) and two types of backfill materials (i.e. crushed limestone and clay). 

1.2.3 Chapter 4: Publication #3 (Sarhosis, Liu and Gilbert, 2024a) 

A full-scale masonry arch bridge was designed and constructed in the laboratory using 

the materials characterized in chapter 2 and 3. Patch loads with increasing magnitudes 

were applied at different locations on the top of the backfill in order to investigate the 3D 

response and damage accumulation in the bridge. Details of the experimental setup, 

material characterisation, and results obtained from static and repeated load tests at low- 

and medium load levels are presented in Chapter 4, focusing on the elastic behaviour and 

early-stage damage initiation and accumulation in the masonry arch bridge.  

1.2.4 Chapter 5: Publication #4 (Liu et al., 2024b) 

Results obtained from the high-level loading test and two failure-level tests were 

analysed in Chapter 5. In particular, the three-dimensional behaviour, load-carrying 

capacity, failure mechanism, and residual capacity of the masonry arch bridge were 

discussed. 

1.2.5 Chapter 6: Publication #5 (Liu et al., 2025) 

Apart from the results from obtained from physical attaching gauges, digital image 
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correlation (DIC) was used for full-field displacement/strain analysis. This chapter 

presented the results obtained from DIC. Specifically, the accuracy of DIC was verified 

by comparing the results obtained from DIC and LVDTs. Then, critical loading values 

that induced hinges were discussed. Furthermore, the interaction mechanism between 

the arch barrel and spandrel wall was analysed. 

1.2.6 Chapter 7: Publication #6 (Liu et al., 2024c) 

Along with the loading tests on the masonry arch bridge, full lifecycle vibration-based 

monitoring on the bridge was conducted. The modal parameters (i.e., frequency and 

damping ratio,) of the bridge were identified using stochastic subspace identification 

(SSI) method. The correlation analysis between the damage accumulation and variations 

in modal parameters of the bridge were investigated. 
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2 Multi-scale Material Characterisation 

This chapter represents the slightly modified post-print version of the article: B. Liu, A. 

Drougkas, V. Sarhosis, “A material characterisation framework for assessing brickwork 

masonry arch bridges: From material level to component level testing”, Construction and 

Building Materials, 397 (2023) p. 132347. The formatting and numbering of equations, 

tables and figures have been adapted to this document. 

2.1  Abstract 

This chapter aims to present a systematic framework for material characterisation to 

assess brickwork masonry arch bridges. An extensive laboratory campaign was carried 

out to characterise brickwork and backfill material in masonry arch bridges. Initially, the 

strength and Young’s modulus of bricks and mortar, as well as the internal friction angle 

and cohesion of the backfill materials (e.g., crushed limestone and puddling clay), were 

characterised by undertaking small-scale material level tests. Then, the compressive 

strength and Young’s modulus of masonry prisms, as well as unit-to-mortar bond 

properties (e.g., tensile strength, angle of friction and cohesion) were assessed at the 

component level. Further, large-scale shear box tests were carried out to identify the 

frictional properties, including the interface friction angle and cohesion, between the 

brickwork and backfill material. Moreover, both static and high-cycle fatigue three-point 

bending tests were performed on masonry flat arches to obtain fatigue crack growth and 

stiffness degradation parameters. Outputs from this experimental campaign can be used 

for parameter identification and model calibration of complex/high-fidelity numerical 

models developed to assess masonry arch bridges.  

2.2  Introduction 

Assessing the structural performance of ageing masonry infrastructure (see Figure 2.1) 

is a complex task. Masonry is a brittle composite material with great inherent variability 

at the material level. The mechanical behaviour of masonry largely depends on the 

material properties of masonry units (i.e., bricks) and bonding materials (i.e., mortar), 

as well as the bond properties between units and mortar. Moreover, masonry arch 

bridges are vulnerable to material degradation induced by various factors, including 

weathering, chemical and biological factors. Existing and ageing masonry arch bridges 
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characterised by (a) low bond strength of mortar joints, and (b) cracking along mortar 

joints [17]. 

 
Figure 2.1 Primary elements of a masonry arch bridge. 

To assess the strength properties of historical masonry arch bridges, destructive testing 

that takes samples from real bridges can be the most straightforward and accurate 

method. For example, utilizing Brazilian testing on masonry core specimens containing 

inclined mortar layers to determine the shear strength of masonry was investigated by 

[18]. First, 22 masonry cores were tested, with the core samples placed with different 

mortar layer inclinations (𝛼) (i.e., 𝛼 ranging from 0 degree to 50 degrees), and the axial 

stress at failure 𝜎!  and the shear capacity 𝑓-  have been calculated according to the 

formulas: 

𝜎! = (𝐹/𝐴) 	× cos 𝛼 (2.1) 

𝑓- = (𝐹/𝐴) 	× sin 𝛼 (2.2) 

Then, direct shear tests were performed on 9 masonry panels under three levels of 

compressive stress. The linear regression analysis on the correlation between shear and 

compression stresses obtained from Brazilian testing and shear testing on masonry 

panels were compared, and a good agreement was obtained regarding the initial shear 

strength and friction angle of the mortar joint. On the other hand, 45 core samples with 

different joint configurations were drilled from an old masonry arch bridge. By 

performing Brazilian testing and compression testing with loading caps on cylindrical 

masonry core samples, the compressive strength, Young’s modulus, tensile and shear 

capacities of aged masonry were determined [19]. The testing results provide an accurate 

assessment of the mechanical properties of the aged masonry arch bridge. However, such 
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destructive testing can result to irreversible damage to the structure due to the removal 

of material. In addition, invasive sampling can cause physical alterations to the bridge, 

which can be problematic, if the masonry arch bridge is listed and contains historical 

significance. 

For in-service bridges, visual inspection, non-destructive tests (NDT) and structural 

health monitoring (SHM) may be preferable, as they enable real-time and continuous 

assessment of masonry arch bridges without causing any damage to bridges. Visual 

inspection can be used to capture any potential surface-level defects (i.e., cracks). More 

recently visual inspection can be done with the use of drones which are able to take a 

series of photos of the bridge and develop three-dimensional reconstruction models. 

Additionally, non-destruction vision-based technics can also be used as digital image 

correlation (DIC) to obtain localised stain maps [20–22]. Vibration-based structural 

monitoring can also be used to obtain the dynamic response of the masonry arch bridges 

(i.e., natural frequencies and mode shapes) [23–25]. Analysing changes in these dynamic 

characteristics of the bridge over time can indicate the presence of damage and signs of 

deterioration in masonry arch bridges. Moreover, in-situ flat jack testing can be adopted 

to evaluate acting normal stress and compressive behaviour of masonry [26–28]. Other 

techniques, such as ultrasound, ground penetrating radar, and acoustic emission, can 

provide internal hidden details and help to identify the non-visible by human eye damage 

in masonry arch bridges [29–31]. 

Over the years, a series of full-scale experimental tests on masonry arch bridges have 

been done to understand their mechanical response [32–34]. Such tests have been used 

later for the development and validation of high-fidelity models. Even though such newly 

built specimens are not specifically representative of a particular masonry arch bridge, 

their mechanical properties (i.e., relatively strong units with low bond strength) can 

broadly reflect the mechanical performance of masonry and reproduce the failure 

mechanism of a real masonry arch bridge. For example, twenty-four tests on small scale 

masonry arch bridges carried out by Royles and Hendry [35] clearly demonstrated the 

enhancement effects of backfill, spandrels and wingwalls on the load-carrying capacity 

of masonry arch bridges. According to their experimental observations, the typical failure 

mode for single-ring masonry arch bridges under static loads is a four-hinge mechanism, 

with higher compressive stresses concentrated at the springings, quarter, and three-

quarters of the arch barrel. For multi-ring masonry arch bridges, the occurrence of shear 

cracks between adjacent rings results in ring separation, which significantly reduces the 
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structural integrity of masonry arch bridges [36,37]. When subject to fatigue loads below 

the safe working load, the stiffness of the bridge was reduced. However, the residual 

capacity of cracked bridges did not decrease significantly unless any considerable 

damage occurred, such as the loss of bricks [16]. More recently, the fatigue behaviour of 

masonry arch bridges is receiving increasing attention from engineers and scientific 

communities [11]. Ronca et al. [38] performed the first high-cycle fatigue tests on 

masonry prisms and proposed stress life relationships for masonry under centric 

compression cyclic loads. Followed by Ronca’s study, other compression fatigue tests on 

masonry have been carried out considering the effects of centric/eccentric loading, 

degree of water saturation of specimens, loading rates and stress gradients [12,14,15]. 

Alexakis et al. [39] performed fatigue tests on masonry beams to investigate the damage 

accumulation of brick masonry under bending cyclic loads. Although some insights into 

the fatigue behaviour of masonry have been discussed, the main focus was on the 

reduction in the load-carrying capacity of specimens with the increase in loading cycles. 

Nevertheless, the crack propagation and damage accumulation in masonry subjected to 

high-cycle fatigue load have not been thoroughly discussed, which is, however, of great 

help in understanding the stiffness degradation and fatigue life of masonry. 

While the experimental testing of structures is effective in capturing the structural 

response under mechanical loading, the high cost of performing tests, complex 

construction process, various restrictions of testing facilities, and potentially extremely 

long test periods make it challenging to conduct laboratory experiments on large-scale 

masonry arch bridges. Hence, several numerical methods ranging from simple to 

complex/high fidelity (i.e., FEM and DEM) have been developed and increasingly used 

to predict the in-service behaviour of masonry arch bridges [40–43]. To precisely 

reproduce the mechanical behaviour of a masonry arch bridge, a large number of input 

parameters are required, including the primary material properties of masonry units, 

mortar and backfill materials for plugging into constitutive models, interface parameters 

determining the interaction between the contact elements, and damage accumulation 

parameters, when fatigue phenomena in the structure are of interest. 

From previous studies [44,45], it was shown that these input parameters can 

significantly influence the computational accuracy of the model, and therefore they 

should be carefully and reasonably selected. Most of these parameters can be 

characterized by experiments at the material level and the component level. For example, 

Table 2.1 summarises some material and mechanical properties (mean values) of 
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masonry obtained from experimental studies in recent years. From Table 2.1, the 

variability in the mechanical behaviour of masonry is evident. Also, it is suggested that 

the type of units, mix proportion of mortar and their bond performance can significantly 

affect the mechanical properties of masonry. 

To the best of the authors’ knowledge, there is no framework that indicates what types of 

experiments can be conducted in the laboratory to characterise critical parameters for 

assessing the static and fatigue behaviour of masonry arch bridges. To this end, this study 

performed an extensive experimental campaign to characterize material properties of 

brickwork masonry arch bridges. A series of newly built specimens were tested under 

different stress conditions. The selection of materials to construct those specimens was 

based on representative materials that found in real masonry arch bridges (i.e., relative 

strong units and low strength mortar). The primary aim of this chapter is to develop a 

systematic framework that links experimental approaches to the parameters that can be 

identified. Also, from the material level to the component level testing, a high-quality 

dataset is provided regarding the material properties of masonry units, mortar joints, 

and backfill materials, bond strength properties at the unit-to-mortar interface, shear 

behaviour at the masonry-to-backfill interface, as well as the stiffness degradation 

parameters of masonry flat arches under high-cycle fatigue loading, which allows 

researchers to develop and validate numerical models of masonry arch bridges. 
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2.3  Material characterisation framework  

Figure 2.2 shows a framework for the laboratory experimental programme and the 

corresponding parameters which can be identified. According to the framework, there 

are two levels of testing that can be conducted under laboratory conditions. These are: a) 

material level testing and b) component level testing. At the material level testing, the 

properties of materials (e.g., masonry units, mortar joints, and backfill materials) in a 

masonry arch bridge can be characterised. The component level testing can be utilized to 

characterise the mechanism parameters of interfaces and the interactions between 

different elements in a masonry arch bridge (e.g., unit-to-mortar interface and 

interaction between masonry and backfill), as well as to assess the static and fatigue 

performance of masonry components under different stress conditions. 

 
Figure 2.2 Material characterisation framework: experiments and parameters identified. 

Following the proposed framework, in the present study, an extensive experimental 

campaign was designed and carried out from material level to component level to 

systematically assess the static and fatigue behaviour of masonry arch bridges. The 

experimental specimens constructed by using new materials were designed to have the 

similar mechanical behaviour of real masonry arch bridges (i.e., strong masonry units 

bonding with low strength mortar). Through experimental tests, a comprehensive set of 

parameters representing the low strength masonry arch bridge was identified. 



- Chapter 2: Multi-scale Material Characterisation- 
 

 35  

Specifically, as the first step, the material properties of masonry units, mortar joints and 

backfill were characterised. Also, the compressive behaviour of masonry prisms and unit-

to-mortar bond properties were determined through component level tests. In addition, 

large-scale shear box tests were carried out to identify the interface frictional parameters 

between masonry and backfill materials and assess the influence of masonry bond types 

and backfill properties on the masonry-to-backfill shear behaviour. Finally, both static 

and high-cycle fatigue loading tests were performed on masonry flat arch specimens to 

investigate the static and fatigue bending behaviour of masonry. 

2.4  Characterization of masonry units, mortar joints and backfill 

materials 

2.4.1 Material properties of masonry units and mortar joints 

For the masonry units, high compressive strength/low water absorption fired clay bricks 

(referred to as the type A brick) were selected. The type A brick measured 215 mm in 

length × 102.5 mm in width × 63 mm in height, and the density of the brick was 

determined to be 2,470 kg/m3. Mechanical properties of the type A brick, including 

compressive strength 𝑓!,# , flexural strength 𝑓$,# , and tensile strength 𝑓%,# , were 

characterised by standard compression tests, three-point bending tests, and Brazilian 

(splitting) tests, respectively, following the procedure required by the British standard 

BS EN 772 [54]. For the mortar, a low strength mix with cement:lime:sand proportions 

(by volume) equal to 1:2:9, corresponding to type O mortar, was adopted to represent 

the low bond strength material that may be encountered in old masonry arch bridges 

[55–58]. 

2.4.1.1 Compression tests on bricks 

For the compression tests, a compression load was applied to the bed face of the type A 

brick with a bearing area equal to 215 mm × 102.5 mm. Two load distribution plates 

consisting of a timber plate (for better load distribution by avoiding hard contacting 

between steel plate and brick) and a steel plate were positioned on the top and bottom of 

the brick, with the timber side attached to the brick (see Figure 2.3 (a)). After the 

specimen was centrally positioned in the test rig, a compression load was applied 

continuously under load control at a constant stress rate of 0.4 MPa/s. The value of 𝑓!,# 

was determined by dividing the ultimate compression load by the bearing area (𝐴!), and 

a shape correction factor 𝛿 was applied as suggested by the British standard BS EN 772-
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1 [59]. The compressive strain was measured using four strain gauges attached to the 

stretcher faces of the bricks. Nine bricks were tested in total to ensure the consistency of 

the results. Moreover, Young’s modulus of type A brick was obtained by calculating the 

slope of the stress-strain curve in the interval of 5% to 33% peak stress.  

 
Figure 2.3 Characterisation on material properties of the type A bricks. (a) compression tests; 
(b) three-point bending tests; and (c) Brazilian (splitting) tests. 

2.4.1.2 Three-point bending tests on bricks 

The flexural strength of the type A brick was determined by three-point bending tests 

according to Eq. 2.3 (see Figure 2.3 (b)). Eight bricks were tested in total to ensure the 

repeatability of the results. The brick was placed on two supports with a span of 175 mm, 

and a bending load was applied to the middle of the brick. The test was executed in 

displacement control at a constant rate of 1 mm/min until brick failure. The bending 

tensile strength (𝑅%&) of the unit can be determined by the following equation according 

to the British standard BS EN 1052-2 [60]: 

𝑓$,# = 3𝐹𝑙/2𝑏ℎ. (2.3) 

𝑅%& = 𝐹𝑙/𝑏ℎ. (2.4) 

where 𝐹 is the failure load (N); 𝑙 is the distance between supports (mm); 𝑏 and ℎ are 

the specimen width and height, respectively (mm). 

2.4.1.3 Brazilian (splitting) tests on bricks 

The tensile strength of the type A brick was determined by Brazilian (splitting) tests, 

following the procedure outlined in the British standard BS EN 12390-6 [61]. Regarding 

the sampling procedure, nine cylindrical specimens having a diameter of 75±0.7 mm 

and a height of 63 mm were first drilled from five full bricks. For each specimen, two 

plywood strips were mounted in diametrically opposed locations on the cylindrical face 

of the specimens for the application of the splitting force (see Figure 2.3 (c)). The width 

of plywood was approximately 5 mm, which was 6.7% of the diameter of cylindrical 
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specimens, allowing the size effect present during splitting tests to be disregarded [62]. 

Two LVDTs were mounted on the two flat faces of the cylindrical specimen, 

perpendicular to the expectant splitting crack, to capture the growing of the width of the 

splitting crack. The tests were performed by using a 600 kN Instron Universal Testing 

Machine under displacement control at a constant rate of 0.07 mm/min. 𝑓%,# of the brick 

was derived from the splitting load (𝐹()) and dimensions of the brick cylinder according 

to: 

𝑓%,# =
2𝐹()
𝜋𝐿!𝑑!

(2.5) 

where 𝐿! is the specimen length, and 𝑑! stands for the diameter of a cylinder. 

2.4.1.4 Bending and compression tests on mortar 

The flexural strength (𝑓$,* ) and compressive strength (𝑓!,* ) of type O mortar were 

characterised at different curing ages, ranging from 13 to over 200 days, to identify the 

variation of mortar properties over time. It is worth noting that all the mortar specimens 

were cured under laboratory conditions. Three-point bending tests were carried out on 

mortar prisms with dimensions equal to 160 x 40 x 40 mm in accordance with the British 

standard BS EN 1015-11 [63].  

    
Figure 2.4 Characterisation on material properties of the type O mortar. (a) Three-point 
bending tests; and (b) compression tests. 

As shown in Figure 2.4 (a), the mortar prism was placed on two supports with a span of 

100 mm, and a vertical load was applied at the middle of the specimen under 

displacement control at a constant rate of 0.5 mm/min. After the prism failed under the 

bending load, the two parts obtained from the previous flexural test were used to evaluate 

the compressive strength of mortar (see Figure 2.4 (b)). Two steel plates were placed 

underneath and above the specimen, respectively, to control the load-bearing area as 40 

mm x 40 mm. The compression load was applied at a displacement control of 0.5 

mm/min. It is noteworthy that, for the testing at each curing age, at least three prisms 
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were tested under bending loads, and accordingly, six specimens were compressed to 

determine the average compressive strength of type O mortar. 

2.4.1.5 Results from testing bricks and mortar 

Table 2.2 lists mean values and the coefficient of variation (CV) of material properties 

for bricks and mortar obtained from the experiments. The mortar properties listed in 

Table 2.2 were 28-day strength parameters as indicative.  

Table 2.2 Material properties of bricks and mortar. 

Material 
Type A brick Type O mortar (28-day) 

No. of specimens Mean values 
(CV) 

No. of 
specimens 

Mean values 
(CV) 

Density (kg/m3) 9 2470 (1.3%) 6 1738 (2.4%) 

Compressive strength 
(MPa) 9 111.3 (6.2%) 6 2.4 (6.0%) 

Flexural strength 
(MPa) 8 19.76 (9.6%) 6 0.85 (13.7%) 

Bending tensile 
strength (MPa) 8 13.17(9.6%) - - 

Tensile strength 
(MPa) 9 6.73 (13.5%) - - 

Modulus of elasticity 
(MPa) 9 31762.6 

(15.7%) 6 112.6 (36.9%) 

 

Typical response graphs obtained from the splitting tests on bricks, three-point bending 

tests and compression tests on mortar are shown in Figure 2.5 (a), (b), & (c), respectively. 

A good agreement was observed, suggesting a high consistency between different tests 

on bricks and mortar specimens. Also, the peak splitting load for the brick was equal to 

50.77 kN on average, and the critical splitting crack width was 0.012 mm with a CV of 

21%. According to Eq. (2.5), 𝑓%,# of the brick was determined to be equal to 6.73 MPa 

with a CV equal to 13.5%. Figure 2.5 (d) & (e) show the evolution of 𝑓$,*, 𝑓!,*, and density 

(𝜌*) of mortar for different curing periods. The curing of mortar is related to the process 

of the hydration of cement, during which the strength of mortar increases with the 

gradual loss of moisture, followed by carbonation. The strength of mortar increased 

significantly from 13 days to 28 days, with 𝜌*  dropping from 1,822 kg/m3 to 1,738 

kg/m3. Very similar average strength and density of mortar were observed after 28 days 

of curing. Moreover, the flexural strength of type O mortar was observed to be 

approximately 35% of its compressive strength. 
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Figure 2.5 Testing results from bricks and mortar: (a) brick splitting test results; three-point 
bending test results (b) and compression test results (c) on mortar after curing for 28 days; 
variation in strength (d) and density (e) of mortar at different curing periods. 

2.4.2 Material properties of limestone and puddling clay 

The influence of the presence of backfill on the load-carrying capacity of a masonry arch 

bridge can be considerable. The backfill is responsible for transmitting and distributing 

live loads from the road or rail surface to the arch barrel and for laterally stabilising the 

arch barrel as it sways under load [34,64]. To date, several analysis models and high-

fidelity numerical tools able to quantify the effects of backfill on the mechanical 

behaviour of masonry arch bridges have been developed. In such models, several 

properties are required to define the constitutive law of the backfill material, such as the 

density, internal friction angle (𝜑), cohesion (𝑐) etc. 

According to a statistic performed by Callaway on the available literature that explicitly 

states the type of backfill material, the cohesive materials (i.e., clay) and granular 

materials (i.e., sand, gravel, and Carstone) were the most adopted ones for masonry arch 

bridges. For instance, there were 10 out of 43 masonry arch bridges used clay, and 20 out 

of 43 masonry arch bridges used granular materials for backfill [34]. Thus, in the present 

study, direct shear box tests were carried out to characterise the material properties of 

the two most representative and widely used backfill materials, including crushed 

limestone and puddling clay. The limestone adopted in the study belonged to the MOT 



- Chapter 2: Multi-scale Material Characterisation- 
 

 40  

type 1 graded crushed limestone according to the requirements of the UK Ministry of 

Transport’s specification for highway works [65], which was a cohesionless coarse-

grained angular fill material. The bulk density of limestone was determined to be 1,919 

kg/m3. Table 2.3 lists the index properties for the cohesive puddling clay containing some 

mudstones and rock particles. Figure 2.6 shows the grain-size distribution of the 

limestone and puddling clay used. 

Table 2.3 Summary of main characteristics of the puddling clay. 

Property Value/classification 

Classification CL 

Natural moisture content 11% 

Liquid limit 32% 

Plastic limit 17% 

Plasticity index 15% 

Maximum dry density 1,840 kg/m3 

 

 
Figure 2.6 Grain-size distribution of the limestone and puddling clay. 

2.4.2.1 Direct shear box tests on backfill materials 

Direct shear box tests were carried out to characterise the frictional properties of the two 

backfill materials selected. For the limestone, a 300 mm large square shear box with a 

height of 200 mm was used (see Figure 2.7 (a)), which meets the requirements outlined 

in the standard ASTM-2011 [66], including that (a) the length of the shear box should 

be at least ten times larger than the maximum particle diameter of the soil, and (b) the 



- Chapter 2: Multi-scale Material Characterisation- 
 

 41  

minimum specimen thickness shall be no less than six times the maximum grain 

diameter. Given the fact that the size of the shear box has little influence on the accuracy 

of results as long as the above requirements are met [67], a small-scale 100 mm square 

shear box was used for clay (see Figure 2.7 (b)).  

 
Figure 2.7 Direct shear box test apparatus. (a) large-scale direct shear box for testing 
limestone; and (b) small-scale direct shear box for testing puddling clay. 

To assess the internal friction angle of the backfill materials, the peak shear strength was 

determined under three levels of normal compression, with two repetitions under each 

normal stress to ensure the consistency of the results. A similar instrumentation plan 

was adopted for the small and large direct shear box tests, namely, two LVDTs were 

mounded to capture the vertical deformation of the soil specimen and the horizontal 

displacement of the lower box, respectively, and a load cell for monitoring the shear force. 

For the clay, the shear resistance was characterised under consolidated drained 

conditions. It is worth noting that the clay sample was put in a sealed bag to prevent 

evaporation of water. Regarding the sampling and testing process, a clay sample with a 

mass equal to 380 g was placed into the small shear box in three layers. Following the 

placement of each layer, the clay was compacted manually, and the total thickness of the 

clay was controlled to be approximately 25 mm. Two sets of the porous plate and 

perforated grid plate were positioned underneath and above the clay sample, allowing 

water drainage during consolidation and shearing. The target normal stress (i.e., 50 kPa, 

111 kPa, and 164 kPa) was applied immediately after the clay was placed and was kept 

constant for three days for clay consolidation. Subsequently, the vertical settlement of 

the clay was measured. Accordingly, the density of consolidated clay was calculated to be 

equal to 1,716 kg/m3 on average with a CV equal to 6.7%. Prior to shearing, the upper 

and lower box was unlocked by removing two clamping screws and separated slightly by 

turning two gap screws. A low shear rate of 0.300 mm/min was selected to minimise the 

influence of excess pore pressure during shearing. The maximum shear displacement 

was set to be 15 mm, corresponding to 15% of the specimen size. After shearing, the 
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moisture content of clay was measured, which was observed to decrease slightly from 

10.44% to 9.09% over the 26 days of testing. 

For the direct shear box test on limestone, firstly, a 28 kg sample of limestone was placed 

in four layers into the large shear box. Following the placement of each layer, the 

limestone was manually compacted by striking a 300 mm long 50 mm wide timber beam 

with a hammer. The timber beam was moved along the surface to ensure even 

compaction and a flat surface. After all the limestone was placed into the shear box, the 

target normal stress (i.e., 115 kPa, 170 kPa, and 226 kPa) was applied via a steel plate 

placed on top of the limestone for pre-compression. After approximately 5 minutes, no 

significant volume change was observed due to the incompressibility of the limestone. 

The average density of the limestone was measured to be 1919 kg/m3 with a CV equal to 

2%. Finally, the lower box moved horizontally along slide tracks at a constant rate of 1 

mm/min.  

2.4.2.2 Results from the direct shear box tests 

Figure 2.8 shows the direct shear box test results for limestone and clay. Figure 2.8 (a) 

shows the peak shear strength under different levels of normal stress and the linear 

regression analysis results. Given the cohesionless nature of limestone, the intercept of 

the linear fit to the peak strength obtained from limestone was set to zero. The internal 

friction angle for limestone was found to be equal to 47.8°, whereas the internal friction 

angle and cohesion for the puddling clay were determined to be 37.2°  and 30 kPa, 

respectively. The shear stress versus shear displacement under different levels of normal 

stress for clay and limestone are shown in Figure 2.8 (b) & (c), respectively. Overall, the 

graphs indicated good consistency of the results. For the puddling clay, the shear 

resistance curve showed a peak behaviour under the normal stress of 50 kPa and 164 kPa, 

where the shear stress increased to its peak value with the residual strength decreasing 

significantly, suggesting that a strain-softening behaviour occurred at the sliding plane. 

However, the shear failure of clay under 111 kPa normal compression and the failure of 

limestone was of a ductile type without an obvious peak point observed. In addition, the 

shear strength of limestone was significantly greater than that of clay under the same 

normal stress. This could be attributed to the considerable interlocking effect between 

limestone particles during shearing. 
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Figure 2.8 Results from direct shear box tests on backfill materials: (a) shear strength 
envelope for clay and limestone; shear strength versus shear displacement for clay (b) and 
limestone (c). 

2.5  Characterization of brickwork masonry at component level 

It is well established that masonry has high compressive strength but relatively low 

tensile and flexural strengths, which results from the low bond strength between bricks 

and mortar joints and makes vertical masonry structural components vulnerable to in- 

and out-of-plane horizontal forces. Indeed, the interaction between bricks and mortar 

joints can considerably affect the load transfer and cracking process of masonry, and 

unit-to-mortar bond properties play a vital role in the mechanical behaviour of masonry 

arch bridges [17].  

Different parameters are required to characterise the interaction between bricks and 

mortar joints for different numerical strategies. For the micro-modelling strategy, 

masonry units are represented by continuum linear/nonlinear elements, and 

discontinuities at the unit-to-mortar bonds are represented by nonlinear interfaces [68]. 

This strategy requires parameters such as the interface friction angle 𝜑,, cohesion 𝑐,, 

and tensile bond strength 𝑓%,, as inputs to define the force and displacement transfer 

between the bricks. In addition, a macro-modelling strategy is also widely used for 

modelling masonry structures, which represents the heterogeneous masonry by a 

homogenised continuum model, and the discontinuities and nonlinearity behaviour of 

bonds are reflected by appropriately formulated constitutive laws [69]. For the macro 

model, the compressive strength (𝑓!,+), elastic modulus (𝐸+), and Poisson’s ratio (𝑣+) of 

masonry are required as input parameters. Therefore, the study characterized the 

parameters required for the micro-modelling and macro-modelling strategies through (a) 

compression tests on masonry prisms, (b) masonry triplet shear tests, and (c) direct 

tensile tests on masonry cross-couplets and full-couplets. It is noteworthy that the bricks 

were not wetted before the construction of the specimens, as this is not usually done in 
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actual large-scale practice. The experimental setups and results obtained are reported in 

this section. 

2.5.1 Compressive properties of masonry 

2.5.1.1 Compression tests on masonry prisms 

The material properties of masonry units and mortar affect the compressive properties 

of masonry. A strong unit-to-mortar bond could result in high compressive strength 

masonry. In the present study, the compressive properties (i.e., compressive strength and 

elastic modulus) of masonry prisms were determined following the guidelines outlined 

in the British standard BS EN 1052-1 [70]. Eleven masonry stack bond prisms were 

constructed and cured under laboratory conditions. Each prism specimen was 

constructed from four type A dry bricks bonded together with 10 mm thick type O mortar 

joints. The dimensions of the masonry prism were 102 mm in width, 201 mm in length, 

and 282 mm in height. During the test, two timber and steel plates with an appropriate 

thickness were positioned on the top and bottom of the prism to ensure that the 

compressive stress can be evenly distributed over the bearing area. The compression load 

was applied at a rate of 0.3 MPa/s under load control. In order to obtain the stress-strain 

relationship of the masonry prism, the compressive stress applied to the specimen was 

monitored by a load cell built into the actuator, and the compressive strain was 

monitored by two LVDTs attached to each of the stretcher faces of the prisms (see Figure 

2.9). 

 
Figure 2.9 Compression tests on masonry prisms. 

2.5.1.2 Results from compression tests on masonry prisms 

The compressive strength of masonry prisms varied from 27.72 MPa to 41.53 MPa, with 

a mean value of 34.11 MPa and a CV of 13.9%. 𝐸+  was calculated according to the 
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stress-strain relationship obtained from the masonry prisms under compression, which 

was determined to be equal to 4.626 GPa with a CV equal to 28.2%. The highly scattered 

results could be attributed to several factors, including the specimen size effect, variation 

in specimen geometry, friction at the ends of specimens, and possible eccentricity in the 

loading applied due to geometric imperfections [71].  

2.5.2 Tensile bond strength of unit-mortar interfaces 

It has been generally determined that masonry has little resistance to horizontal loads 

acting parallel to the bed joint, and most masonry walls develop cracks at the unit-to-

mortar interfaces due to the lower tensile strength of discontinuities. The tensile strength 

and shear behaviour of unit-to-mortar interfaces are influenced by a variety of factors, 

including the surface texture and water absorption of units, the mortar composition, 

temperature, and humidity conditions [17]. For numerical analysis, bond properties 

between bricks and mortar can significantly affect the out-of-plane behaviour of masonry. 

To this end, direct tensile tests and triplet shear tests were performed in the study to 

comprehensively assess the bond properties of unit-to-mortar interfaces. 

2.5.2.1 Direct tensile tests on unit-mortar interfaces 

The determination of the tensile strength at the unit-to-mortar interface is difficult as 

the tensile strength is quite low and suffers from a high degree of variability [72]. Current 

experimental methods fall into two categories, including flexural tensile strength tests 

(i.e., bond wrench tests, diagonal compression tests, and Z-shape bending tests) and 

direct tensile strength tests (i.e., cross-couplet tensile tests and full-couplet tensile tests) 

[47,73]. In the present study, both full-couplet and cross-couplet tests were performed 

to fully evaluate the direct tensile strength of the unit-to-mortar interface. 

Figure 2.10 (a) & (b) show the experimental setup for the cross-couplet and full-couplet 

tensile tests, respectively. For the cross-couplet tests, the sampling and testing procedure 

followed the requirements outlined in the standard ASTM C952-12 [74]. In total, 

thirteen cross-couplet specimens made of type A dry bricks bonded with 10 mm thick 

type O mortar joints were constructed and cured under laboratory conditions for 21 days. 

During testing, the upper brick was supported at three locations, and a vertical 

compression load was applied to the lower brick at a constant rate of 0.2 mm/min. A load 

cell was placed between the actuator and the loading platen to monitor the applied 

compression load. It is worth noting that due to the low bond strength of the type O 

mortar joint, three of the thirteen specimens broke under the self-weight of the lower 
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brick before any load was applied. 

 
Figure 2.10 Characterisation on the direct tensile bond strength of the unit-to-mortar 
interface. (a) Cross-couplet tensile test; and (b) full-couplet tensile test. 

To improve the issue of brick cross-couplets failure under the self-weight of the lower 

brick, six full-couplet specimens with a larger bonding area were constructed and tested 

(see Figure 2.10 (b)). The full-couplet specimens were also made of type A dry bricks 

bonded with 10 mm thick mortar joints, but the bonding area increased to 210 x 102 mm. 

The tensile load was applied to the full-couplet specimens through a plate-rod system. 

More specifically, two steel plates with dimensions of 210 x 102 x 5 mm were fabricated, 

and a hexagon nut was welded to the centre of one surface of each plate. Then, the flat 

sides (without nut) of the steel plates were glued to the top and bottom surfaces of the 

specimen using a chemical adhesive (Teroson UP 130). Two threaded rods were then 

screwed into the hexagonal nuts. During the test, the lower rod was clamped to keep it 

stationary, while the tensile force was applied by pulling the upper rod at a constant rate 

of 0.2 mm/min. It was observed that two specimens failed at the steel plate-to-brick 

interfaces under tension due to the poor quality of the chemical bond. Thus, four valid 

results were obtained. 

2.5.2.2 Results from cross-couplet and full-couplet tensile tests 

Figure 2.11 shows the failure types of cross-couplet and full-couplet specimens. 

According to the experimental observations, failure modes of cross-couplets included: (1) 

pure bond failure occurred at the unit-to-mortar interface, leading to the lower brick 

falling off; (2) shear crack occurred at the mortar joint due to the relatively low shear 

strength of mortar compared to the tensile bond strength at the unit-to-mortar interface; 

and (c) the combination of above two modes. However, all the full-couplet specimens 

had the same failure type, which was that specimens failed along the unit-to-mortar 

interfaces (Figure 2.11 (e) to (h)). Moreover, it could be seen from Figure 2.11 (a) that 

the C_1 specimen had a poor bond quality and a relatively small bond area compared to 

the other specimens, resulting in the lowest tensile strength measured from the C_1 
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specimen.  

 
Figure 2.11 Failure modes of brick cross-couplets and full-couplet specimens under tension. 

The difference in failure modes between cross-couplet and full-couplet specimens may 

help to explain that the average tensile strength measured from cross-couplet specimens 

was larger than that from full-couplet specimens. Figure 2.12 shows the individual 

tensile strength values obtained from the cross-couplet and full-couplet specimens. The 

value of 𝑓%,,  was determined by dividing the ultimate load by the bonding area. The 

results showed a high variation across the tests, ranging from 0.043 MPa to 0.342 MPa, 

with an average value of 0.166 MPa and a CV of 54.3%. The significant scatter in the data 

was due to various factors, including the inherent variations in material properties, 

inconsistent quality of the workmanship of the bricklayer, differences in surface texture 

and the suction behaviour of bricks etc. The dispersed results obtained under laboratory 

conditions also emphasised the heterogeneity of real masonry arch bridges.  

 
Figure 2.12 Tensile bond strength values. 



- Chapter 2: Multi-scale Material Characterisation- 
 

 48  

2.5.3 Frictional properties of unit-to-mortar interface 

2.5.3.1 Experimental setup for masonry triplet shear tests 

Masonry triplet shear tests were carried out on thirteen specimens under different levels 

of pre-compression (i.e., 0.1, 0.2, 0.6, and 1.0 MPa), following the requirements outlined 

in the British standard BS EN 1052-3 [75]. All masonry triplets were constructed with 

type A dry bricks bonded with 10 mm thick mortar joints. Figure 2.13 shows the test rig 

used. During the test, a vertical (shear) load was applied via two 15 mm diameter steel 

rollers positioned 14 mm from the centre lines of the mortar beds, and a steel plate was 

used to distribute the load over the top of the middle brick. The outer two bricks were 

supported on two steel plates, with each plate supported on a 15 mm diameter steel roller 

placed 14 mm from the centre line of the mortar joint. Pre-compression was applied by 

an independent steel frame system consisting of two square steel tubes, two thread rods, 

and bolts, allowing the compression load to be adjusted through loosening or fastening 

the bolts. Two pads were attached to two ends of bricks to distribute the compression 

load clamped by the steel frame. In addition, a load cell was placed between the steel 

frame and a load distribution pad to monitor the compression load applied. A monotonic 

shear load was applied under displacement control at a rate of 1 mm/min. The shear slip 

of mortar joints was monitored by two LVDTs, as shown in Figure 2.13 (a). 

 
Figure 2.13 Triplet shear test. (a) Test set-up; and (b) schematic representation of the test. 
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2.5.3.2 Results from masonry triplet shear tests 

Figure 2.14 shows the two failure modes of masonry triplets observed in the tests, 

including the pure interface failure that the mortar joint detached from the brick (Figure 

2.14 (a)) and the combined interface failure and mortar tensile/shear failure (Figure 2.14 

(b)). Table 2.4 summarises the peak (𝑓(,)405) and residual shear strength (𝑓(,/4() obtained 

from the masonry triplet shear tests under different levels of pre-compression, which can 

be derived from the peak load (𝐹(,)405 ) and residual load (𝐹(,/4( ) according to the 

following equations: 

f:,;<=> =
F:,;<=>
2A?

(2.6) 

f:,@<: =
F:,@<:
2A?

(2.7) 

where 𝐴,  stands for the cross-sectional area of a masonry triplet parallel to the bed 

joints.  

It could be seen that both the peak and residual strength exhibited by masonry triplets 

were dependent upon the level of horizontal compression, that the strength increased as 

the compression level went up. A Mohr-coulomb failure criterion could be used to 

describe the sliding failure of masonry triplets, which indicates that the shear failure 

occurs as soon as the following equation is not satisfied:  

τ ≤ c? + σA × tanφ? (2.8) 

where 𝜏 is the shear strength of triplets; 𝑐, and 𝜑, represent the cohesion and friction 

angle at the unit-to-mortar interface, respectively; and 𝜎!  stands for the pre-

compression. 

Figure 2.14 (c), the peak shear strength and the linear regression analysis results, 

suggested that the friction angle and cohesion of the unit-to-mortar interface were equal 

to 36.3° and 0.29 MPa, respectively. While the values of residual friction angle and 

residual cohesion were equal to 31.0° and 0.12 MPa, respectively. The detailed shear 

stress-displacement curves are plotted in Figure 2.14 (d). Moreover, by comparing the 

cohesion and tensile bond strength at the brick-mortar interface, it is found that the ratio 

between 𝑐, and 𝑓%,, was around 1.75, slightly larger than the value of 1.4 suggested by 

Milani and Lourenço [76]. However, this might be resulted from the high variability of 

the 𝑓%,, characterised in the study. 



- Chapter 2: Multi-scale Material Characterisation- 
 

 50  

Table 2.4 Peak and residual shear strength obtained from masonry triplet shear tests. CV is in 
parentheses. 

𝝈𝒄 (MPa) 𝒇𝒔,𝒑𝒆𝒂𝒌 (MPa) 𝒇𝒔,𝒓𝒆𝒔 (MPa) 

0.1 0.292 (19.4%) 0.192 (11.8%) 

0.2 0.437 (14.5%) 0.240 (22.0%) 

0.6 0.833 (11.8%) 0.467 (10.9%) 

1.0 0.936 (8.0%) 0.735 (1.8%) 

 

 
Figure 2.14 Results from masonry triplet shear tests. (a) Failure type 1; (b) failure type 2; (c) 
relationship between shear strength and pre-compression stress; and (d) shear stress versus 
vertical displacement curves. 

2.6  Static & fatigue behaviour of masonry flat arches under bending 

loads 

After serving for hundreds of years and under increasing traffic loads, old masonry arch 

bridges have inevitably suffered significant structural deterioration and damage. Fatigue 

damage to masonry arch bridges caused by long-term traffic loads has been observed and 

is attracting the attention of engineers and researchers. For example, several bending 

and longitudinal cracks were detected to propagate in the arch barrel of the Marsh Lane 

Viaduct (Leeds, UK) and the Osobowicki Bridge (Wroclaw, Poland) [39,77]. In order to 

assess the damage accumulation and fatigue failure mechanism of masonry under 

bending loads, both static and cyclic loading tests were performed on masonry flat arch 

specimens. 
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2.6.1 Experimental setup for the masonry flat arch tests 

Masonry flat arches were constructed by bonding nine type A dry bricks with eight 10 

mm thick mortar joints in between. The dimensions of the specimens were 647 mm in 

length, 210 mm in height, and 102 mm in width (see Figure 2.15 (a)). Static and cyclic 

loading tests were carried out after the specimens were cured for three months under 

laboratory conditions, at which point the full strength of the type O mortar was 

considered to be reached (see Figure 2.5 (d)). In accordance with the real stress 

conditions that masonry arch barrels experience during the passage of trains, the 

combined axial compression and vertical bending loads were applied to the masonry flat 

arches. The axial compression was provided by an independent steel frame similar to 

that used for triple shear tests but with longer rods to accommodate the larger specimens. 

A load cell with 100 kN capacity was placed between the flat arch and steel frame to 

monitor the axial load applied (see Figure 2.15 (b)). The flat arches were placed on two 

supports with a span of 584 mm, and the static/cyclic load was applied to the middle 

brick via a loading plate. A servo-hydraulically driven actuator was used for the 

static/cyclic loading application. Figure 2.15 (c) indicates the instrumentation plan, 

which was the same for both static and fatigue tests. More specifically, five LVDTs were 

used to monitor the mid-span vertical deflection (LVDT 1), the horizontal crack opening 

(LVDT 2 & 3) and shear displacement (LVDT 4 & 5) of the two central joints. 

 
Figure 2.15 Static and fatigue testing on masonry flat arches under bending loads. (a) 
Masonry flat arch specimen; (b) schematic representation of the test setup (unit: mm); and (c) 
instrumentation plan. 

Regarding the loading protocol, for the static tests, three levels of 𝜎! (i.e., 0.1, 0.2, and 

0.4 MPa) were adopted in the study to investigate the correlation between the flexural 

strength of masonry flat arches with the axial pre-compression stresses. Under each pre-
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compression level, three specimens were tested. During the test, a monotonic load was 

applied vertically to the middle brick at a constant rate of 1 mm/min.  

 
Figure 2.16 Incremental cyclic loads applied to the masonry flat arch specimen. 

For the fatigue test, a pre-compression of 0.2 MPa was adopted to simulate the axial 

constraint provided by the surrounding bricks in a real arch barrel. Incremental cyclic 

loads were applied, with the loading range remaining at 4 kN, while the peak load 

increased by 4 kN every approximately 350,000 cycles (see Figure 2.16). The frequency 

of the fatigue load was 1 Hz, corresponding to a typical passenger train with an axle 

distance of 10 m passing over a bridge at a velocity of 36 km/h. The cyclic loading started 

from 4 kN to 8 kN, which was approximately 6.5% to 12.9% of the ultimate capacity in 

accordance with the results obtained from the static tests. Five incremental loading 

stages were carried out in total, and the last of which had a loading range of 20 kN to 24 

kN. To accurately capture the response of the specimens, the data logging rate was set at 

5 Hz (5 points were recorded per second), namely five times higher than the loading 

frequency. 

2.6.2 Results from the static tests on masonry flat arches 

The peak loads and average flexural strength obtained from static tests on nine masonry 

flat arches are presented in Table 2.1. Figure 2.17 shows the failure mechanisms 

observed in the specimens. It is worth noting that the hydraulic system lost control 

during the experiment for the ninth specimen ( 𝜎!  = 0.4 MPa), which led to an 

unexpected load being suddenly imposed on the flat arch, resulting in the collapse of the 

specimen. 

It is worth noting that the existence of the steel frame significantly affected the behaviour 

and failure mechanisms of masonry flat arches. The steel frame limited the lateral 
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deformation of the masonry flat arch at its geometric central axis and considerably 

increased the stiffness of the specimen. With the increase in the vertical load, the 

deflection of the specimens increased, the compression load applied by the steel frame 

was also increased significantly. During the tests, the primary damage in the flat arch 

specimens was observed to be occurred within the central area, including three central 

bricks and two mortar joints in between. Three types of failure could be summarized as 

following: (1) brick cracking along the thrust line due to the high compression stress 

(Figure 2.17 (a)), (2) shear failure of the specimen along the mortar joints (Figure 2.17 

(b)), and (3) collapse of the specimen (Figure 2.17 (c)). Among the six specimens under 

0.1 and 0.2 MPa pre-compression, five had the same failure mode of brick cracking, 

except the second specimen under 0.2 MPa of 𝜎! 	collapsed. The two specimens under 

0.4 MPa of 𝜎! failed due to mortar crushing and shear failure.  

Table 2.5 Summary of the static test results on nine masonry flat arch specimens. 

𝝈𝒄 (MPa) Number Failure mechanism Peak load (kN) Average peak 
load (kN) 

0.1 

1 Cracking of bricks 57.04 

59.46 2 Cracking of bricks 55.64 

3 Cracking of bricks 65.71 

0.2 

4 Cracking of bricks 60.60 

61.80 5 Specimen collapse 58.08 

6 Cracking of bricks 66.71 

0.4 

7 Mortar crushing and  
shear failure 33.62 

41.32 8 Mortar crushing and  
shear failure 49.10 

9 - - 

 

Figure 2.18 shows responses of flat arch specimens under three levels of pre-

compression, including the vertical deflection at the middle span obtained from LVDT 1 

(Figure 2.18 (a)), the horizontal crack opening for the left and right-side central joints 

obtained from LVDT 2 and 3, respectively (Figure 2.18 (b)), and the shear slip for the left 

and right-side central joints obtained from LVDT 4 and 5, respectively (Figure 2.18 (c)). 

Under the same pre-compression level, the ultimate strength of the three tested 

specimens varied within an acceptable range considering the variability of masonry 

mechanical properties. However, other features of the response showed a certain degree 
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of variation. It could be seen that the shear slip and crack opening primarily occurred at 

one central joint rather than two joints at the beginning of the test. As the bending 

moment increased, the crack propagated upwards. As the load approached the peak 

value, another central joint crushed. For example, for the third specimen under the pre-

compression of 0.2 MPa, it could be seen that the right-side joint cracked first when the 

vertical load increased to approximately 5 kN. As the bending moment increased, the 

crack width of the right-side joint continued to increase. However, at that location almost 

no shear slip was observed (see Figure 2.18 (c)), indicating that the flat arch was rotating 

round the top hinge point at this stage. When the vertical load increased to 45 kN, 68% 

of the ultimate load carrying capacity, a crack appeared in the left-side central joint, and 

the shear slip also occurred, indicating downward sliding of the middle brick. 

 
Figure 2.17 Failure modes of masonry flat arches under static loads. (a) Cracking of brick; (b) 
mortar crushing and shear failure of the specimen; and (c) collapse of the specimen. 

The results shown in Table 2.5 and Figure 2.18 suggest that the flat arch specimens under 

0.1 MPa and 0.2 MPa of 𝜎! had similar ultimate strength, whereas the specimens under 

0.4 MPa of 𝜎! had the lowest ultimate capacity. This phenomenon was closely related to 

the failure mechanisms of the specimens. By comparing the responses of the specimens 

under 0.1 MPa and 0.2 MPa pre-compression levels, it could be seen that as 𝜎! 

increased, the ultimate capacity of specimens increased slightly. However, the slope of 

the load-deflection curves suggested that the stiffness of the specimen was enhanced 

significantly with a higher pre-compression level. Given that the flat arches under 0.1 

and 0.2 MPa pre-compression had the same failure mode (bricks cracked under 

compression), the ultimate capacity of the specimen was directly related to the 

compressive strength of masonry. Thus, increasing the pre-compression level from 0.1 
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MPa to 0.2 MPa did not significantly contribute to the load-carrying capacity of the flat 

arch. However, when 𝜎!  was increased to 0.4 MPa, the ultimate capacity of the 

specimens decreased, which could be attributed to the fact that the highest pre-

compression level led to the mortar being crushed more quickly. The drop of the crushed 

mortar pieces resulted in a significant reduction in friction between bricks, which further 

caused the shear failure of the specimens. 

 
Figure 2.18 Responses of the masonry flat arches under three levels of pre-compression. 
Column (a) Load versus mid-span deflection; column (b) horizontal crack opening of the two 
central joints; and column (c) shear displacement of two central joints. 

2.6.3 Results from the high-cycle fatigue test on a masonry flat arch 

specimen 

Following the static tests, a high-cycle fatigue test was performed on a masonry flat arch 

to investigate the damage accumulation and crack propagation in masonry under long-
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term cyclic bending loads. Over 1,750,000 loading cycles were performed over twenty 

days. Ultimately, the specimen did not fail due to fatigue before the end of the test 

protocol. Nevertheless, the large number of loading cycles applied can still provide 

valuable insight into the fatigue behaviour and long-term damage accumulation of 

masonry arch bridges subjected to cyclic vehicle loads over a range of time periods. More 

specifically, the vibration frequency (𝑓 , unit: Hz) induced by a passing train can be 

estimated by the following Eq. (2.9) [78]: 

𝑓 =
𝑉
𝑑

(2.9) 

where 𝑉 represents the velocity of a train (unit: m/s), and 𝑑 stands for the wheelbase 

distance of a train (unit: m).  

A train with a total length of 𝐿% m passing through a masonry arch bridge with a length 

of 𝐿+  m requires approximately (𝐿+ + 𝐿%)/𝑉  seconds. Then the number of loading 

cycles (𝑁) induced by a passing train to the bridge can be simplified estimated by the 

following equation: 

𝑁 = 𝑓 ∙
𝐿+ + 𝐿%

𝑉
(2.10) 

Assuming the following parameters as an example: 𝑉 = 10 m/s; 𝑑 = 10 m; 𝐿% =100 

m; 𝐿+ = 200 m; and 5 to 20 trains passing over the bridge per day, 1,750,000 loading 

cycles applied in this study can represent the number of cyclic loads the bridge is 

subjected to over a period of 8 to 32 years. 

Figure 2.19 shows the crack propagation of the specimen during the fatigue test. In 

principle, the accumulation of damage occurred according to the following process: (1) 

a bond failure crack appeared along the unit-to-mortar interface at the beginning of the 

test at the right central joint. (2) As the number of loading cycles and the peak load 

increased, the crack propagated upwards gradually along the unit-to-mortar interface, 

and a horizontal crack occurred approximately one-third of the way down the right joint 

(see the stage of 12 to 16 kN in Figure 2.19). (3) The flat arch behaved as a three-hinge 

mechanism. Mortar crushed at the top of the right joint under compression. Until this 

stage, no visible damage had been observed from the left-side central joint (see the stage 

of 16 to 20 kN in Figure 2.19). (4) The right-side central joint was crushed under high 

compressive stress as the bending moment gradually increased, and the left-side joint 

also started to crush. At the end of the test, a monotonic load was applied to the specimen 
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until failure. The ultimate load was registered as 46.27 kN, which was approximately 

74.8% of the static load-carrying capacity. 

 
Figure 2.19 Crack propagation in the specimen during the fatigue test. 

For assisting in the processing and visualisation of the large dataset collected, an 

algorithm was developed to extract the maximum and minimum values of every five 

adjacent sampling points. This allows the upper and lower envelope of the response to 

be obtained. Figure 2.20 shows the upper and lower envelope for monitored responses 

of the specimen under high-cycle fatigue loads, including the mid-span deflection 

monitored by LVDT 1 (Figure 2.20 (a)), shear slip obtained from LVDT 4 and 5, 

respectively (Figure 2.20 (b) & (c)), and horizontal crack opening obtained from LVDT 2 

and 3 (Figure 2.20 (d) & (e)) of the two central joints. Figure 2.20 (a) suggested that as 

the vertical load increased, the deflection increased significantly. On the other hand, at 

each loading stage, it was observed that the deflection of the specimen increased faster 

during the first approximately 10,000 cycles, and then the increasing rate of deflection 

dropped for higher loading cycles (see Figure 2.20 (a1) to (a5)). Some jumps and 

fluctuations observed suggested either that the shear slip occurred in the middle brick or 

that the crack propagated, resulting in a reduction in the stiffness of the specimen. 

Regarding the shear slip and crack opening of two central joints, Figure 2.20 (b) to (e) 

illustrated that the damage mainly concentrated on one of the two central joints (the 

right-side joint in this case), which was similar to the observation from the static tests. 

The reason might be that after the initiation of a bond crack, the flat arch behaved as a 

3-hinge mechanism, and the high compression stress concentrated at the top point of the 

cracked joint, resulting in the damage concentrated in one joint. 
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Figure 2.20 Response of the specimen under fatigue loads. (a) Mid-span deflection; shear 
displacement of the left (b) and right joint (c); and horizontal crack opening of the left (d) and 
right central joint (e). 

Damage accumulation in the masonry flat arch under long-term fatigue loading can be 

presented as the stiffness degradation of the specimen. Additionally, stiffness parameters 

are crucial for calibrating high-fidelity numerical models. Figure 2.21 shows the stiffness 

(𝑆) of the masonry flat arch during the fatigue loading, which was calculated every 20,000 

loading cycles according to the following equation. 

𝑆 = 𝐹 𝛿⁄ (2.11) 

where 𝐹  stands for the load applied to the specimen, and 𝛿  is the corresponding 

vertical deflection of the specimen at the mid-span. 

Figure 2.21 (a) reveals that most of the degradation in the stiffness of the masonry flat 

arch occurred at the beginning of the test. The stiffness of the specimen dropped 

approximately 70% from 20.04 to 6.03 kN/mm. After that, the degradation trend became 

relatively stable with the increase in loading cycles. From Figure 2.21 (b1) to (b5), it can 

be seen that after each time of increase in the peak loads, the stiffness degradation was 

more rapid for the first approximately 40,000 cycles and then gradually stabilized. This 

indicates that any changes in peak loads could accelerate the stiffness degradation of the 

specimen and might lead to a more rapid progression of damage in masonry. Notably, 
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the continuous cyclic loading protocol adopted in the test is different with realistic 

loading scenarios of a real bridge under vehicle/train loads, which are usually composed 

of several separated vibrations with varied frequencies and magnitudes. The application 

of such continuous cyclic loading aims to trigger the fatigue damage within a short period 

of testing time under laboratory conditions. Through this way, the fatigue life of the 

specimen can be assessed based on the total number of loading cycles a specimen can 

carry before failure. However, according to the observation in this study, the pauses and 

variations in realistic cyclic loading, may accelerate the stiffness degradation of the 

specimen and lead to a more rapid progression of damage in masonry, which requires 

further investigation. 

It is also noteworthy that the stiffness of the specimen ‘jumped’ each time the peak of the 

cyclic load changed. These jumps, in addition to a drop from 5.36 kN/mm to 3.71 

kN/mm from stage 2 to stage 3, showed a slight increase at the beginning of each stage 

compared to the residual stiffness of the previous loading stage. For example, S increased 

from 5.42 kN/mm at the end of stage 1 to 5.69 kN/mm at the beginning of stage 2 (Figure 

2.21 (b1) & (b2)). This phenomenon could be attributed to the fact that an independent 

steel frame clamped the specimen during the test, and therefore, the calculated stiffness 

represented the stiffness of the steel frame-masonry flat arch composite system. As the 

bending moment of the specimen increased with the peak load, the horizontal force of 

the steel frame on the flat arch increased as the lateral deformation of the masonry flat 

arch was restricted. This interaction between the steel frame and masonry specimen 

might result in fluctuations in the stiffness of the specimen when the peak cyclic load was 

changed. 

 
Figure 2.21 (a) Stiffness of the masonry flat arch during fatigue loading. Stiffness degradation 
of the specimen in stage 1 (b1) to stage 5 (b5). 
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2.7  Conclusions 

Based on the characteristics of masonry and the requirements of existing complex/high 

fidelity numerical methods for input mechanical parameters, this study presents a 

systematic material characterisation framework to assess the static and fatigue 

behaviour of brickwork masonry arch bridges. An extensive experimental campaign from 

the material level to the component level was conducted to comprehensively characterise 

the material and mechanical parameters of brickwork masonry arch bridges. This study 

first characterised the material properties of bricks, mortar joints, and two types of 

backfill materials, including crushed limestone and puddling clay. Then, the compressive 

properties of masonry prisms, the bond strength properties of the unit-to-mortar 

interface, and the frictional parameters of the masonry-to-backfill interface were 

determined. In addition, the static and fatigue behaviour of masonry flat arch specimens 

were characterised. More specifically, from the analysis results, the following can be 

concluded: 

1. The properties of backfill had a significant effect on the frictional properties between 

masonry and backfill, whereas the influence of masonry bond types could be 

negligible for the bond types investigated. The average interface friction angle and 

cohesion of the masonry-to-clay interface were determined to be equal to 13.7° and 

18.8 kPa, respectively, and the masonry-to-limestone interface had an average 

friction angle of 34.5° with zero interface cohesion. 

2. The pre-compression stress affected the static performance of masonry flat arches 

subjected to bending loads. Using 0.1 MPa and 0.2 MPa pre-compression levels, the 

flat arch behaved as a three-hinge mechanism and failed due to the cracking of bricks 

under high compression. However, when applied 0.4 MPa pre-compression, mortar 

crushed faster than in other cases, leading to reduced friction between bricks and 

mortar joints and triggering the shear failure of the flat arch specimen.  

3. Over 1,750,000 incremental loading cycles were performed in the study to investigate 

the damage accumulation of masonry flat arch subjected to high-cycle fatigue loads. 

Similar to its static behaviour, the flat arch behaved as a three-hinge mechanism 

under fatigue loads, with damage concentrated on one central joint. As the bending 

moment increased, the mortar joint was crushed under high compression stress. The 

residual strength of the masonry flat arch after the fatigue loading test was reduced 

to approximately 75% of its static load-carrying capacity. 
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4. With the increase in loading cycles and peak loads, damage accumulation captured 

in the flat arch included the growth in the width of the bond failure crack, an increase 

in vertical deflection of the specimen, and degradation of the stiffness of the specimen. 

The results presented in the chapter could provide valuable insight into the static and 

fatigue behaviour of masonry arch bridges. The systematic framework and 

comprehensive material and mechanical properties of masonry characterised in the 

study could be used to calibrate and develop high-fidelity numerical models for masonry 

arch bridges and other structures in masonry construction. 
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3 Frictional Behaviour Between Masonry and 
Backfill Materials 

This chapter represents the slightly modified post-print version of the article: B. Liu, A. 

Drougkas, V. Sarhosis, C. Smith, M. Gilbert, “Experimental investigation on the shear 

behaviour of the brickwork-backfill interface in masonry arch bridges”, Engineering 

Structures, 292 (2023) p. 116531. The formatting and numbering of equations, tables 

and figures have been adapted to this document. 

3.1  Abstract 

This chapter presents the results from an experimental campaign to characterise the 

shear behaviour of the brickwork-backfill interaction in masonry arch bridges. Two 

representative backfill materials found in real masonry arch bridges (compacted crushed 

limestone and clay) were sheared against brickwork masonry specimens with two 

different bond patterns (a soldier course bond and an English bond). The results 

demonstrated that the interface shear behaviour between masonry and backfill was 

different from the internal shear behaviour of backfill materials. When compacted 

crushed limestone was adopted as the backfill material, the ratio between the masonry-

limestone interface friction angle (𝜑,) and the internal friction angle (𝜑) of limestone was 

determined to lie within the range from 0.70 to 0.75. However, when clay was used as 

backfill material, the 𝜑, 𝜑⁄  ratio was much lower, and of the order of 0.51 to 0.52 under 

the assumption of zero-cohesion at the interface, or 0.35 to 0.39 if interface cohesion was 

considered. Moreover, the properties of the backfill material had a significant influence 

on the interface shear behaviour, whereas the effects of brickwork bonding pattern were 

marginal. This study provides valuable insight into the identification of brickwork-

backfill interface parameters for the numerical analysis of masonry arch bridges. 

3.2  Introduction 

Masonry arch bridges form a vital part of the transportation infrastructure systems of 

many countries. For example, it is estimated that there are approximately 40,000 

masonry arch bridges in the UK [40]. To assess load-bearing capacity and to predict the 

in-service behaviour of masonry arch bridges, reliable numerical or analytical methods 
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are needed. A number of input parameters are generally required for these methods to 

characterize the behaviour of bridges, including the material properties of the masonry 

units, mortar joints and backfill, as well as the interface parameters between masonry 

and backfill. The selection of these parameters plays a determining role in whether the 

numerical or analytical methods employed can accurately model structural performance, 

and varying these parameters can significantly impact the calculation results [44,45]. 

The masonry material properties can be determined by standard small-scale laboratory 

experiments [62,79]. Also, the properties of the backfill materials, including internal 

friction angle 𝜑 and cohesion 𝑐, can be characterised via direct shear box tests [80]. 

However, although masonry and backfill interface parameters (i.e., interface friction 

angle 𝜑,  (or friction coefficient 𝜇, ), interface cohesion 𝑐,  and stiffness) have been 

recognised as having a strong influence on the load-carrying capacity of masonry arch 

bridges [81], there is no commonly used experimental procedure for obtaining them. 

Table 3.1 lists soil properties and interface parameters for masonry arch bridges adopted 

by researchers in recent studies. A noticeable discrepancy can be observed in the 

selection of these parameters across studies. For instance, most researchers adopted a 

ratio of the friction angle of the interface between the masonry-backfill and of the backfill 

itself (𝜑, 𝜑⁄ ) at approximately 0.70, with a minimum of 0.46 and a maximum of 0.82. 

One of the reasons for these discrepancies may be the different backfill materials 

investigated. However, even the studies that adopted the same backfill material (e.g., 

both [82] and [83] used crushed limestone backfill), they assigned different ratios of 

𝜑, 𝜑⁄  in their numerical models. This inconsistency in parameter settings can be 

primarily attributed to the limited understanding of the interface interaction between 

masonry and backfill materials. Moreover, to the best of the authors’ knowledge, no study 

has considered the influence of backfill properties or masonry bond patterns when 

selecting interface parameters, despite the fact that masonry of different bond patterns 

has different surface roughness and texture, which may lead to variations in interface 

frictional parameters, as previously reported [84].  

In the past, direct shear box tests were widely used to evaluate the shear behaviour of a 

variety of soils and interfaces between soil and construction materials (i.e., wood, steel 

and concrete) [85–87]. For instance, for a cohesionless sand material, as the sand 

particles become more angular, the ‘interlocking’ between particles becomes more 

pronounced, leading to higher shear strength and internal friction angle [88]. Also, the 
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roughness and texture of the surface, soil properties, particle size, and moisture content 

have been identified to be the most critical factors affecting the shear behaviour between 

soil and construction materials [89–93]. Moreover, previous research has pointed out 

that the peak shear stress at soil-structure interfaces is most likely to be different from 

the shear strength of the soil itself, depending on the relative surface roughness. As the 

surface roughness increases, the shear strength of the interface tends to increase and 

gradually approaches that of e.g., sand when the surface roughness is close to the particle 

size [94]. However, for clay-structure interfaces, except in the case of very smooth 

surfaces, the interface shear strength is often assumed to be approximately equal to, or 

slightly smaller than, the shear strength of the clay itself [92,95]. These studies 

emphasize that the shear behaviour of the soil-structure interface largely depends on the 

soil properties and structure surface characteristics. 

Table 3.1 Frictional properties of backfill materials and masonry-backfill interface adopted in 
the previous numerical studies. 

Studies Types of 
backfill 

Backfill properties Masonry-backfill 
interface parameters 

𝝋𝒊 𝝋⁄  Internal 
friction angle 

𝜑 (°) 

Cohesion 
𝑐 (kPa) 

Interface 
friction angle 

𝜑((°) 

Cohesion 
𝑐( (kPa) 

Sarhosis et al. 
2019 [96] 

Reddish-brown 
sand with a little 

clay 
37 7 25 0 0.68 

Gilbert et al. 
2010 [82] 

Crushed 
limestone 54.5 3.3 24.8 1.1 0.46 

Grosman et al. 
2021 [83] 

50 mm graded 
crushed 

limestone 
43.8 1 28 19 0.64 

Forgács et al. 
2021 [97] 

Typical 
limestone 37 5 20 - 0.54 

Scozzese et al. 
2019 [9] 

A granular 
mixture fill 38 - 31 - 0.82 

Oliveira et al. 
2010 [98] Not specified 30 - 20 - 0.67 

Pulatsu et al. 
2019 [81] Not specified 30 20 20 0 0.67 

Bayraktar et al. 
2021a [99] Not specified 35 50 17 - 0.49 

Bayraktar et al. 
2021b [100] Not specified 30 80 17 - 0.57 

Pantò et al. 2022 
[101] Not specified 43.5 1 31 2.9 0.71 
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In the case of masonry arch bridges, the backfill is responsible for transmitting and 

distributing live loads from the road or rail surface to the arch barrel and for laterally 

stabilising the arch barrel as it sways under loading. Therefore, understanding the shear 

behaviour between masonry and backfill materials is essential in assessing the 

mechanical behaviour of masonry arch bridges. Moreover, experimental evidence is 

necessary to establish reasonable friction parameters at the masonry-backfill interface 

when developing numerical models of masonry arch bridges. 

To this end, this chapter aims to present an experimental procedure to characterise the 

shear behaviour of the backfill-arch ring and backfill-spandrel wall interaction in 

masonry arch bridges. A total of 36 experimental tests have therefore been carried out to 

characterise the frictional properties of limestone and clay, as well as the interface 

frictional parameters of the four types of brickwork-backfill interfaces typically found in 

masonry arch bridges in the field. Based on the test results and post-shear failure 

characterisations, the influence of masonry bond patterns and backfill properties on the 

interface shear behaviour was analysed. Finally, the ratios of friction angle between the 

backfill and brickwork-backfill interfaces were summarised according to the types of 

backfill and the cohesion characteristics of brickwork-backfill interfaces.  

3.3  Experimental programme 

3.3.1 Units, mortar, and masonry specimens 

High compressive strength/low water absorption fired clay bricks (hereafter referred to 

as Type A bricks) were used in the study as masonry units. The bricks had nominal 

dimensions of 215 mm length × 102 mm width × 63 mm height and a density of 2,470 

kg/m3. The compressive strength, Young’s modulus, flexural strength, and also the 

tensile strength of the Type A bricks were characterised via standard compression tests, 

three-point bending tests, and Brazilian (splitting) tests, following the procedure and 

requirements outlined in [54,102]. Table 3.2 lists the number of test samples, the 

determined strength properties, and also the coefficient of variation (CV) of the test 

results for the Type A bricks used. Cement mortar with a mix ratio of 1:2 (cement/sand 

by volume) and a water/binder ratio of 0.4 (by weight) was selected as the bonding 

material to ensure good joint durability and rapid hardening time. 

Previous studies have pointed out that the hardness of construction materials can affect 

the shear strength parameters at soil-construction material interfaces, particularly for 
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soft construction materials such as wood, geomembranes, and soft polymer [103–105]. 

When relatively high normal stresses are applied, the motion of soil particles along the 

soil-solid contact interface is characterised by both sliding and ploughing, resulting in an 

increase in interface friction [106,107]. However, this effect is observed to be less 

significant as the hardness of the construction material increases. For hard construction 

materials such as concrete and steel, the roughness and texture of the solid surface and 

soil characteristics, such as soil density, water content, particle size and morphology, are 

the dominating factors affecting interface behaviour [91,108], rather than the strength 

of the construction materials. The critical factor that determines whether a construction 

material is classified as ‘soft’ or ‘hard’ in shear box testing is whether the material's 

surface is disturbed by soil particles during shearing. In the study, the high strength 

bricks and cement mortar were used to achieve high durability of the brickwork 

specimens, avoiding damage to mortar joints by backfill particles during the tests, and 

maintaining the same surface roughness and texture over the twelve tests performed on 

each brickwork specimen. Moreover, according to the findings from the steel-soil 

interface and the concrete-soil interface tests, the strength properties of the bricks and 

mortar joints are not expected to affect the friction behaviour of the brickwork-backfill 

interface, as long as the brickwork surface is not disturbed. 

Table 3.2 Material properties of bricks. 

Material properties Number of samples Mean values (MPa) CV 

Compressive strength 9 111.3 6.2% 

Flexural strength 8 19.8 9.6% 

Tensile strength  9 6.7 13.5% 

Young’s modulus 9 31762.6 15.7% 

3.3.2 Brickwork specimens 

Given the fact that the roughness and texture of a solid surface can significantly affect 

the shear behaviour at soil-structure interfaces, two types of joint layouts were 

considered in the study to investigate the influence of bond patterns and joint 

arrangements on the shear behaviour at the masonry-backfill interface. In designing the 

brickwork specimens, a primary consideration was to employ bond patterns 

representative of those found in real brickwork masonry arch bridges. Figure 3.1 shows 
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a schematic drawing of a typical brickwork masonry arch bridge found in the UK. As 

shown in Figure 3.1, the backfill material fills the void between the spandrel walls and 

arch barrel, and forms a level surface for vehicles and trains to pass over. Consequently, 

there are two types of masonry-backfill interfaces, namely spandrel wall-backfill 

interfaces and arch ring-backfill interfaces; see Figure 3.1.  

 
Figure 3.1 Typical brickwork masonry arch bridge showing the spandrel wall-backfill interface 
and arch-backfill interfaces. 

The primary function of spandrel walls in a masonry arch bridge is to resist the horizontal 

soil pressure from the backfill. Spandrel walls can be built in multi-wythe arrangements 

to provide better resistance to lateral soil pressures. For masonry arch bridges found in 

the UK, English bond and Flemish bond are the most widely used [109,110]. Compared 

to masonry constructed using Flemish bond, English bond has a lower mortar volume 

and higher strength, and is therefore more widely used in the construction of load-

bearing components, including spandrel walls in brick-masonry bridges [111]. In this 

study, one of the two brickwork specimens was therefore designed to have the same 

layout of joints as English bond, to simulate the interaction between backfill and spandrel 

walls (Figure 3.2 (a)). Brickwork with English bond is constructed by laying alternate 

courses of stretchers and headers. Joints between the stretchers were centred on the 

headers in the course below.  

The main load-carrying element in a masonry arch bridge is the arch barrel, which may 

consist of a single ring or multiple concentric rings (multi-ring). Geometric parameters 

of an arch barrel (i.e., span-rise ratio, ring thickness) can significantly affect its load-

carrying capacity. In addition, the spatial arrangement of bricks with mortar joints 

influences crack propagation and the mode of failure of the arch [83]. To simulate the 
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joint arrangement on the extrados of an arch barrel, an aligned joint layout was adopted 

in this study as a second bond pattern [112]. More specifically, for a single-ring voussoir 

arch, bricks were laid directly at the side of one another along the arch line, with the 

narrow edge facing out. All joints were aligned when observed from the top of the arch 

(Figure 3.1), which can be referred to as a soldier course bond type (Figure 3.2 (b)). 

 
Figure 3.2 Brickwork specimens (unit: mm). (a) Brickwork specimen with an English bond 
pattern to simulate the spandrel wall-backfill interface; (b) Brickwork specimen with a soldier 
course bond pattern to simulate the arch-backfill interface. 

Figure 3.2 shows the method of constructing experimental specimens from brickwork 

with an English and a soldier course bond pattern. Both brickwork specimens had similar 

dimensions, measuring approximately 282 mm in length, 282 mm in width, and 102 mm 

in depth (single Wythe), allowing them to be accommodated by the shear box. To achieve 

the designed bond patterns within the confined space, Type A bricks were cut into four 

different sizes. More specifically, the brickwork specimen with an English bond pattern 

consisted of four bricks in size A, two each of bricks in sizes B, C, and D, while the 

specimen with a soldier course bond pattern contained six bricks in size A and four bricks 

in size B. The bricks were bonded with cement mortar joints measuring 10 mm in 

thickness. A 10 mm thickness was selected based on its common application in practice 

and its widespread adoption in experimental and numerical studies [19,113–115]. The 

brickwork joints were concave (see Figure 3.3), which is representative of joint profiles 

found in real masonry arch bridges [116]. This concave shape had an approximate radius 
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of 5 mm and a maximum depth of 4 mm, which was created by pressing a curved steel 

jointer against the joints before the mortar hardened. Moreover, the smeared mortar was 

removed from the surface of the brickwork specimens using a Nylon brush. The two 

specimens used in this study were constructed on the same day by the same experienced 

mason to minimize any variability in specimens. 

 
Figure 3.3 Concave shape mortar joints. 

3.3.3 Direct shear tests on backfill materials 

The selection of soil is crucial, as its properties can considerably affect soil-structure 

interface behaviour. Typically, material that was easily accessible at the worksite was 

employed as backfill in the construction of masonry arch bridges, which means there is 

significant variation in backfill properties across bridges [64]. Although there is no 

comprehensive report on the materials most commonly used, available literature 

suggests that over 65% of masonry arch bridges have used clay, sand, and limestone 

gravel as the backfill material [34]. In addition, most previous experimental studies on 

masonry arch bridges have used clay and compacted crushed limestone as backfill 

materials [16,36]. Therefore, this study adopted these two widely used materials, i.e., 

compacted crushed limestone and cohesive puddling clay (also often called ‘puddle clay'), 

to assess the effects of soil properties on the shear behaviour of masonry-backfill 

interfaces. 

Limestone is a cohesionless course-grained angular fill material. The grain-size 

distribution of the limestone used in this study is shown in Figure 3.4. The puddling clay 

used in the study contained some mudstones and rock particles. Its index properties and 

grading curve are shown in Table 3.3 and Figure 3.4, respectively [117–119]. 

To determine the shear properties (i.e., internal friction angle and cohesion) of the 

limestone and clay, a series of direct shear box tests were carried out. More specifically, 

a large shear box (Figure 3.5 (a)) was used for the direct shear tests on limestone to meet 

the requirements outlined [66], such as that the length of the shear box should be at least 
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ten times larger than the maximum particle diameter of the soil. The large shear box 

employed was 300 mm square with a thickness of 200 mm. A steel plate with grids at the 

inner surface was placed on top of the sample for the application of normal stress. Shear 

displacement was controlled by a belt-driven motor that pushes or pulls the lower shear 

box horizontally along slide tracks. Movement of the upper shear box was prevented by 

a horizontal arm fixed to the external box. During the pre-testing compression and 

shearing, a proving ring mounted between the arm and the lower shear box was used to 

measure the shear force applied, and two LVDTs were used for measuring the vertical 

deformation of the sample and the horizontal displacement of the lower shear box, 

respectively. 

 
Figure 3.4 Particle-size distribution of the limestone and puddling clay used in the study. 

 

Table 3.3 Summary of main characteristics of the puddling clay used. 

Property Value/classification 

Classification Lean Clay (CL) 

Natural moisture content 11% 

Liquid limit 32% 

Plastic limit 17% 

Plasticity index 15% 

Maximum dry density 1,840 kg/m3 

 

 



- Chapter 3: Frictional Behaviour Between Masonry and Backfill Materials- 
 

 71  

Six direct shear box tests on limestone were performed under three levels of normal 

stress (115 kPa, 170 kPa, and 226 kPa), with two repetitions at each normal stress level 

to check the repeatability of the results. The same normal stress levels were adopted in 

the direct shear box tests on limestone as in the interface shear tests between brickwork 

specimens and backfill materials; the rationale for adopting these normal stress levels 

will be discussed in section 3.1. Given that the maximum particle diameter of limestone 

is approximately 25 mm, the thickness of the limestone sample was set to be 200 mm, 

the full capacity of the large shear box, to meet the requirement that the minimum 

specimen thickness shall be no less than six times the maximum grain diameter [120]. 

For the sampling and testing procedure, a total of 28 kg of limestone was placed into the 

shear box in four separate layers for each test. Each sample was manually compacted 

evenly by striking a 300 mm long, 50 mm width timber plate with a hammer to 

approximately reproduce the dense state of the backfill found in real masonry arch 

bridges. After all limestone was placed into the shear box, the target normal stress was 

applied via a steel plate placed on top of the sample for pre-compression. No significant 

volume change in the limestone observed after approximately 5 mins of compression due 

to its incompressible behaviour. The bulk density of limestone after compression was 

determined to be equal to 1,919 kg/m3 with a CV equal to 2.0%. Before shearing, the 

upper shear box was raised around 5 mm against the lower box by turning four gap 

screws fitted in the four corners of the upper box. During shearing, the lower shear box 

was moved horizontally at a rate of 1 mm/min until a total displacement of at least 20 

mm was achieved. It is worth noting that the constant normal stress was kept applied to 

the sample during the whole process of pre-compression, uplifting of the upper box, and 

shearing.  

Considering that: a) the size of the shear box does not affect the accuracy of the 

characterisation of soil shear properties as long as the requirements outlined in [120] are 

satisfised; and b) with a smaller size shear box and lower volume of clay, the quality of 

compaction can be more easily controlled, a small shear box was used for testing the clay 

under consolidated drained conditions (see Figure 3.5 (b)). It is worth noting that the 

clay sample during testing was in its natural state, which means that it had a natural 

moisture content and was not fully saturated (i.e., the clay is unlikely to be fully saturated 

unless the bridge has been flooded for a long period). This was to ensure the experimental 

results were representative of the behaviour of the clay in the field. Nevertheless, any 

large particles of mudstone or rock were removed from the clay sample before testing to 



- Chapter 3: Frictional Behaviour Between Masonry and Backfill Materials- 
 

 72  

minimize inconsistencies due the size of the shear box used. 

 
Figure 3.5 (a) Large shear box apparatus for testing limestone; and (b) small shear box 
apparatus for testing clay. 

A total of six tests were performed on clay samples at three levels of normal stresses (50 

kPa, 111 kPa, and 167 kPa) with two repetitions under each normal stress to ensure 

consistency. The sample preparation and testing procedure were as follows: firstly, 

approximately 380 g of clay was weighed from a sealed plastic bag. The sample was then 

placed into a clean shear box over a set of porous and perforated grid plates. After that, 

the sample was manually compacted until its thickness reached approximately 25 mm. 

Another set of porous and perforated grid plates were placed on top of the sample 

following the manual compaction. Then, the shear box was installed in the apparatus, 

with the loading yoke hooking onto the lower shear box. Immediately after assembly of 

the shear box, the target constant normal load was applied for 3 days (the clay 

consolidation time was set to be the same as that for brickwork-clay interface shear tests), 

and the vertical deformation was monitored. After three days of consolidation, the 
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volume change of the sample was recorded, and the average density of clay was 

determined to be 1,716 kg/m3 with a CV equal to 6.7%. Before shearing, the upper and 

lower boxes were unlocked by removing two clamping screws and separated slightly by 

turning two gap screws. Finally, the sample was sheared at a low rate of 0.300 mm/min. 

The maximum horizontal displacement was 15 mm. LVDTs were used to measure the 

vertical deformation and horizontal displacement. The shear force was recorded by a 

load cell with a capacity of 2 kN placed between the lower shear box and the horizontal 

arm. The moisture content of the clay was measured after each test. Over the 26-day test, 

the moisture content of clay decreased slightly, ranging from 10.44% to 9.09%. 

3.4  Brickwork-backfill interface shear strength tests 

To accommodate the brickwork specimens, the large-scale shear box was used for the 

brickwork-backfill interface shear strength tests, and the configuration of the modified 

apparatus is shown in Figure 3.6. The shear response of the brickwork-backfill interfaces, 

including the soldier course brickwork-limestone (SL) interface, soldier course 

brickwork-clay (SC) interface, English bond brickwork-limestone (EL) interface, and 

English bond brickwork-clay (EC) interface, were investigated. For each brickwork-

backfill combination, three levels of normal stress were applied, and two repetitions of 

each test were carried out to check the repeatability of the results. In total, 24 interface 

shear tests were performed.  

 
Figure 3.6 Large shear box for brickwork-backfill interface shear tests. 

3.4.1 Determination of normal stress levels 

The levels of normal stress applied in interface shear box tests were determined to 

represent real stress conditions found on masonry arch bridges. Assuming zero pore 
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water pressures (neglecting any soil suction), effective stresses are assumed to be equal 

to total stresses. Given the depth of backfill at the arch vault is	 𝐻, the vertical total stress, 

𝑆-, at the arch barrel can be calculated as: 

𝑆- = 𝛾 ∙ 𝐻 (3.1) 

where 𝛾 is the unit weight of the backfill material. 

A smooth interface between spandrel wall-backfill has been assumed to obtain 

approximate estimates of operational stresses. Now, based on the Rankine’s theory [121], 

the passive lateral soil pressure 𝑃) acting on the spandrel wall at the depth of 𝐻 can be 

expressed as: 

𝑃) = 𝛾𝐻𝐾) + 2𝑐y𝐾) (3.2) 

where 𝐾), the passive lateral earth pressure coefficient, is related to the internal friction 

angle of soil (𝜑) and can be obtained by: 

𝐾) = 𝑡𝑎𝑛. {45 −
𝜑
2~

(3.3) 

Assuming that a masonry arch bridge has a backfill depth over the crown of the arch 

barrel equal to 1 m [122],	and assigning typical values of	20 kN/m3 and 40° for	 𝛾	 and 

𝜑 of the backfill (cohesionless) respectively, the passive vertical soil pressure on the arch 

barrel was calculated to be equal to 20 kPa, as per Eq.(3.1). The full passive condition 

could give 92 kPa lateral pressure on spandrel walls (Eq.(3.2)). If an active action of 

passing vehicles was taken into consideration, additional active pressures would be 

applied to the arch barrel vertically and spandrel wall horizontally, depending on the 

weight and speed of the vehicle, and could reach a peak of 500 kPa at the spandrel wall 

and diminishes with distance from the load (for an analytical solution of the lateral stress 

acting on a retaining wall caused by a horizontal line load on a backfill see [123]). 

Considering the real stress state of a masonry arch bridge analysed above and the 

capacity of the large-scale shear box, the three levels of normal stresses for the interface 

shear tests were determined to be 115 kPa, 170 kPa, and 226 kPa, respectively. 

3.4.2 Interface shear test procedures 

After 30 days of curing, the brickwork specimen was placed in the lower half of the large 

shear box. The dimensions of the brickwork specimens were approximately 282 mm long 
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× 282 mm wide × 102 mm high, allowing them to be perfectly accommodated by the 

lower shear box. There was a gap of approximately 9 mm between the specimen and the 

walls of the shear box, which was filled with plaster so that the specimen was fixed in 

position after the plaster had become solid (Figure 3.6). Following installation of the 

brickwork specimen, a certain amount of backfill material (15.9 kg of limestone or 16.6 

kg of puddling clay) was placed in the upper shear box in three separate layers. Each 

placement was followed by manual compaction to achieve a dense state of backfill, in line 

with the soil conditions found in real masonry arch bridges. It should be noted that the 

same masonry specimen was used for the 12 interface shear tests (6 tests with limestone 

and 6 tests with clay) to maintain similar surface roughness and texture. Then, the tested 

masonry specimen was removed, and another specimen with a different bond type was 

installed. 

After placing the backfill material into the upper box, the testing procedures were 

different for the limestone and clay cases. For the brickwork-limestone interface tests, 

the procedures for pre-compression and shear were the same as those for the direct shear 

box tests on limestone. On the other hand, the brickwork-clay interface tests were 

performed under consolidated drained conditions. The states of the clay samples in the 

interface shear tests were the same as those in the direct shear box tests on clay, both 

being the natural states of the puddling clay.  

Figure 3.7 shows a typical consolidation curve for clay under constant normal stress. Clay 

was compressed sharply as a normal load was applied due to the air extrusion and the 

grid plate bedding into the sample. The second phase represents the clay consolidation 

with the dissipation of excess pore pressure. Clay was assumed to be fully consolidated 

when no significant volume change was observed. The time to 100% consolidation 

largely depends on the availability of drainage paths around the sample. In this study, 

the clay was surrounded by the masonry underneath and steel plates around and above. 

Limited drainage paths could result in the clay taking considerable time to reach 100% 

consolidation. To determine the clay consolidation time, the first test was started after 7-

days of consolidation under the normal stress of 115 kPa. Then, the test was repeated in 

the same loading conditions but with the consolidation time reduced from 7-days to 3-

days. Since no significant difference was observed in peak interface shear stress and 

shear stress versus horizontal displacement, the consolidation time for brickwork-clay 

interface shear tests was set to be 3 days for the rest of the tests considering the feasibility 



- Chapter 3: Frictional Behaviour Between Masonry and Backfill Materials- 
 

 76  

of the tests under laboratory conditions. A low shear rate of 0.300 mm/min was adopted 

to minimize the influence of excess pore pressure during shearing. The minimum 

horizontal displacement was 20 mm, which was 6.7% of the sample size. 

 
Figure 3.7 Clay consolidation curve under a constant normal stress. 

The average density of the consolidated clay was determined to be equal to 2,035 kg/m3 

with a CV of 1.8%. Also, the moisture content of the clay samples tested in the large shear 

box decreased from 11.90% (day 0) to 10.31% (day 96), see Figure 3.8. Values of clay 

density and moisture content obtained from twelve interface shear tests between 

brickwork specimens and the clay backfill were similar, suggesting that similar clay 

conditions were achieved. 

 
Figure 3.8 Moisture content of clay during the shear tests on masonry-clay interfaces. 
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3.5  Experimental results 

3.5.1 Direct shear test results on clay and limestone 

A total of twelve direct shear tests were carried out on two backfill materials under three 

different levels of normal stress, with two repetitions under the same conditions. Results 

from the small-scale direct shear tests on clay are shown in Figure 3.9. Figure 3.9 (a) 

shows the shear strength and linear regression analysis results, together with the 

coefficient of determination (𝑅.). 𝜑 of clay was determined to be 37.2° and 𝑐 was 30 

kPa. The friction angle of the clay obtained is higher than expected for normal clay, which 

was attributed to the fact that the natural clay sample used in this study contained some 

larger particles. The failure of the clay was a ductile type under the normal stress of 111 

kPa, whereas a peak stress followed by the strain-softening behaviour was observed 

under the normal stress of 50 kPa and 167 kPa, as shown in Figure 3.9 (b). Figure 3.9 (c) 

shows the vertical displacement versus the horizontal displacement during shearing. At 

low normal stress, the clay sustained a slight volume contraction under shear, followed 

by a dilation phase, while under the normal stress of 111 kPa, the contraction of the 

sliding surface was more pronounced. From Figure 3.9 (c), it can be seen that the 

volumetric response of clay under a normal stress of 167 kPa was less repeatable 

compared to that under the other two levels of normal stress. For one test, the sample 

tended to dilate from the beginning, whereas the other sample initially contracted and 

then slightly dilated. This type of variability in volumetric response has also been 

reported in previous studies [86]. The volumetric response of the soil under shear is 

closely related to the particle movements at the shear zone [124]. The difference in 

dilative/contractive behaviour may be attributed to the difference in shear zone 

thickness in different tests. Also, the greater randomness of the granular properties of 

the natural clay adopted in the study compared to the reconstituted clay could also make 

this difference more pronounced. 

Figure 3.10 shows the large-scale direct shear test results on limestone. In Figure 3.10 

(a) the shear strength envelope suggests that the	 𝜑 value of limestone was equal to 47.8° 

with the zero-cohesion assumption. Figure 3.10 (b) demonstrates that the shear failure 

of limestone was ductile, with no obvious peak point observed. The shear stress gradually 

increased during shearing and reached a critical state at a shear strain of approximately 

6% to 10%. Both the vertical displacement and the peak shear stress of limestone showed 

very good agreement between the two tests under the same normal stress. Moreover, 
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Figure 3.10 (c) suggests that the limestone tended to contract slightly at the beginning 

and then underwent considerable dilation until the end of the tests. The maximum 

vertical dilation was measured to be 8 mm. This significant volume dilation can be 

explained by the particle movement mechanism of limestone during shearing. The 

manual compaction and pre-compression make the limestone denser, with a great 

degree of interlock between particles. At the same time, the limestone contained several 

large particles with an angular shape, leading to great particle-particle friction. These 

factors result in the limestone grains at the slip plane being not only able to slide during 

shearing but also to tumble and lift. The rearrangement of particles at the slip plane 

requires much energy and could result in an increase in the volume of limestone during 

shearing [125]. 

 
Figure 3.9 Experimental results of small-scale direct shear tests on clay. (a) Shear strength 
envelope; (b) shear stress versus horizontal displacement; and (c) vertical displacement versus 
horizontal displacement. 

 
Figure 3.10 Experimental results of the large-scale shear box tests on limestone. (a) Shear 
strength envelope; (b) shear stress versus horizontal displacement; and (c) vertical displacement 
versus horizontal displacement. 

3.5.2 Experimental results on brickwork-backfill interfaces 

A total of twenty-four interface shear tests were carried out on four types of brickwork-
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backfill interfaces under three different levels of normal stress, with two repetitions 

under the same conditions. After the tests, no damage was observed in the brickwork 

specimens, indicating that the surface roughness and texture of brickwork specimens 

remained consistent over multiple tests. Previous studies have demonstrated that soil 

density can significantly impact the interface shear behaviour [126,127]. Table 3.4 

summarises the values of soil density achieved after pre-test compaction for the 

limestone and after 3-days of consolidation for the clay. It can be seen that the variation 

of density is very small, with a maximum CV of less than 2%, indicating that similar soil 

conditions were achieved, and the effect of backfill density variation on the interface 

behaviour between brickwork and backfill can be assumed to be negligible. 

Table 3.4 Density of the backfill materials after consolidation (before shearing). 

Interface Brickwork 
bond pattern 

Type of 
backfill 

Number  
of tests 

Density of the backfill after 
consolidation, before shearing 

Mean value (kg/m3) CV 

EC English bond Clay 6 2,021 1.4% 

SC Soldier course Clay 6 2,048 2% 

EL English bond Limestone 6 1,865 1.2% 

SL Soldier course Limestone 6 1,876 Less than 1% 

 

Experimental results obtained from the four types of brickwork-backfill interfaces are 

summarized in Table 3.5, including mean values and corresponding CVs of shear 

strength under three levels of normal stress. Overall, very similar shear strengths were 

obtained from two repetitions of the test under the same conditions, indicating a high 

degree of repeatability of the experimental results. 

Results from the interface shear tests between clay and brickwork constructed with an 

English bond pattern are illustrated in Figure 3.11. From the shear strength envelope 

and the linear regression analysis (Figure 3.11 (a)), the EC interface had a friction angle 

of 14.5° with a cohesion intercept of 16.7 kPa. Under the zero-cohesion assumption, 𝜑, 

increased to 19.2°. The shear stress increased with the horizontal displacement increase 

and reached a peak after 4 mm to 5 mm displacement (1.3% to 1.7% shear strain), 

followed by a slight decrease in residual shear strength for the further displacement (See 

Figure 3.11 (b)). The vertical displacement versus horizontal displacement curves 
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(Figure 3.11 (c)) are less repeatable than the peak shear stress and shear stress 

development. The upper half of clay samples underwent a slight contraction within 0.2 

mm during shearing, except for the one test under 226 kPa normal stress where the 

contraction of the clay sample reached up to 0.68 mm. 

Table 3.5 Summary of the interface shear test results. 

Interface Brickwork 
bond pattern 

Type of 
backfill 

Mean value and (CV) of the shear 
strength (kPa) 𝝋𝒊 

(°) 𝒄𝒊 (kPa) 
𝜎2=115 kPa 𝜎2=170  

kPa 
𝜎2=226 

kPa 

EC English bond Clay 47.2 (3.0%) 58.9  
(4.2%) 76.0 (7.5%) 

14.5 16.7 

19.2 0 

SC Soldier course Clay 48.2 (1.4%) 57.6  
(2.5%) 73.6 (3.3%) 

12.9 20.9 

18.9 0 

EL English bond Limestone 87.4 (2.6%) 106.2 (9.7%) 146.2 
(4.0%) 33.3 0 

SL Soldier course Limestone 84.6 (7.0%) 120.5 (3.4%) 162.8 
(1.0%) 35.7 0 

 

 
Figure 3.11 Experimental results on EC interface. (a) Shear strength envelope; (c) shear stress 
versus horizontal displacement; and (d) vertical displacement versus horizontal displacement. 

 
Figure 3.12 Experimental results on SC interface. (a) Shear strength envelope; (b) shear stress 
versus horizontal displacement; and (c) vertical displacement versus horizontal displacement. 
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Experimental results on the SC interface are shown in Figure 3.12. Figure 3.12 (a) 

illustrates 𝜑, of 12.9° and 𝑐, of 20.9 kPa at the SC interface. The assumption of zero-

cohesion at the interface could result in an increase in 𝜑, to 18.9°. Shear stress curves 

(Figure 3.12 (b)) showed a peak behaviour that the interface shear stress increased and 

reached a peak after a horizontal displacement of 2 to 3 mm (less than 1% of the shear 

strain). After the peak, a reduction in residual shear strength was observed, indicating 

strain-softening behaviour at the sliding plane. Moreover, the vertical deformation of 

clay samples exhibited a certain degree of variability across the tests (Figure 3.12 (c)). 

The clay dilated under lower normal stresses, and the dilation of the samples decreased 

as the normal stress increased. However, for the two tests at 170 kPa and 226 kPa normal 

stress, respectively, the clay samples contracted from the beginning of shearing. 

 
Figure 3.13 Experimental results on EL interface. (a)Shear strength envelope; (b) shear stress 
versus horizontal displacement; and (c) vertical displacement versus horizontal displacement. 

 
Figure 3.14 Experimental results on SL interface. (a) Shear strength envelope; (b) shear stress 
versus horizontal displacement; and (c) vertical displacement versus horizontal displacement. 

Shear testing results on the EL and SL interfaces are shown in Figure 3.13 and Figure 

3.14, respectively. The value of 𝜑, at the EL interface was determined to be 33.3° with 

a zero-cohesion assumption from the shear strength envelope shown in Figure 3.13 (a). 

For the SL interface, 𝜑, increased slightly to 35.7° (Figure 3.14 (a)). The shear strength 
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and shear stress development show a very good agreement for the two tests under the 

same conditions. The EL and SL interfaces have a similar ductile failure type. Specifically, 

interface shear stress increased with the increment in the horizontal displacement and 

reached a peak after shearing approximately 9 to 11 mm (3.0% to 3.7% of the sample 

size). No noticeable reduction in residual shear strength was observed, indicating the 

post-peak strain-softening behaviour was marginal (See Figure 3.13 (b) and Figure 3.14 

(b)). Regarding the volumetric response of the limestone, Figure 3.13 (c) and Figure 3.14 

(c) suggested that the limestone underwent a slight contraction and then dilation after 

the shear failure occurred. 

3.6  Discussion 

3.6.1 Influence of bond patterns on the shear behaviour of brickwork-

backfill interface  

For a continuous surface, it has been identified that surface roughness can significantly 

affect the interface resistance between soil and construction materials [9,64]. For 

example, by shearing Kawasaki clay against steel with different roughness, Tsubakihara 

et al. [128] found that, for smoother surfaces, the interface sliding occurred at the peak 

stress, followed by a reduction in residual strength. Conversely, when the surface 

roughness of steel was increased, shear failure occurred within the sand rather than at 

sand-steel interfaces, which means that the residual strength stays as the peak value. 

Subsequently, Hu and Pu [129] observed that the critical roughness of a surface is not 

only related to 𝑅+01, the absolute vertical distance between the highest peak and lowest 

valley along the surface profile, but can also be affected by the particle size of the soil. 

Therefore, a relative critical roughness, 𝑅!/ , can be used to describe how the surface 

roughness and particle size affect the shear behaviour of the soil-structure interface. 𝑅!/ 

can be expressed by the following equation: 

𝑅!/ = 𝑅+01 𝐷23⁄ (3.4) 

where 𝐷23 represents the average particle size of a soil. 

For brickwork, the surface roughness of bricks, the profile of mortar joints, and the joint 

arrangement can affect its surface roughness and texture. The former two factors could 

be deemed identical for the two masonry specimens used in this study due to the usage 

of the same materials and construction methods. However, the different layouts of joints 
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in the two masonry specimens result in different textures, which may further affect their 

shear behaviour at the brickwork-backfill interface. Based on the experimental results 

obtained from EL, SL, EC, and SC interfaces, there were no statistically significant 

differences found to indicate that the joint layout of the brickwork had a significant effect 

on the frictional properties of the four interfaces investigated in this study. 

For the brickwork and clay combinations (EC and SC interfaces), their shear stress-

displacement relationships (Figure 3.11 (b) and Figure 3.12 (b)) suggest that the shear 

behaviour of the brickwork-clay interface was in line with the typical shear behaviour of 

soil against a relatively smooth surface (i.e., the shear stress had a peak behaviour, the 

residual strength decreased, and shear failure occurred at the brickwork-clay contact 

interface) [128]. On the other hand, Figure 3.11 (a) and Figure 3.12 (a) demonstrate that 

the shear strength obtained at the EC interface was approximately 2.2% and 3.2% greater 

than that at the SC interface under normal stresses of 170 kPa and 226 kPa, respectively. 

Also, 𝜑, at the EC interface was always greater than that at the SC interface, irrespective 

of whether zero-cohesion at the interface was assumed. For instance, 𝜑,  at the EC 

interface was 12.4% and 1.6% greater than that at the SC interface when cohesion or zero 

cohesion was considered, respectively.  

The larger shear strength and 𝜑,  obtained from the EC interface compared to those 

obtained from the SC interface may, to some extent, reflect how the joint layout affects 

the shear behaviour of the brickwork-clay interface by influencing particle movement at 

the sliding plane. Specifically, clay particles fill in the concave joints under normal 

compression. During shearing, the clay over the bricks shears against the surface of the 

brick, forming the clay-brick interface. For clay particles filling the bed joints 

(perpendicular to the shear direction), the shear causes their movement to be obstructed 

by the bed joints, so that the shear failure occurs within the clay, creating clay-clay 

interfaces (see Figure 3.15 (c1)), which can be evidenced by the post-shear image of the 

masonry specimen shown in Figure 3.15 (b). Regarding the effect of head joints (parallel 

to the shear direction) on the clay movement, the head joints of the brickwork 

constructed with the soldier bond type are aligned, allowing clay particles embedded into 

the head joints to move along the joint under shearing (Figure 3.15 (a)). However, for 

the brickwork constructed with the English bond pattern, head joints are interrupted by 

several equally spaced bed joints. Thus, the movement of clay particles may be restricted, 

which could trigger lifting and squeezing of the particles during their rearrangement (see 
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Figure 3.15 (c2)). The more complex movement and rearrangement of clay particles at 

the EC interface would then require more energy, resulting in the EC interface having a 

larger shear strength and interface friction angle compared to those of the SC interface 

[130]. 

However, for the brickwork and limestone combinations (EL and SL interfaces), the 

experimental results were inconsistent with the results obtained from brickwork-clay 

interfaces. Specifically, the values of shear strength obtained from the EL interface were 

smaller than those from SL interface under normal stresses of 170 kPa and 226 kPa, and 

the value of 𝜑, for the EL interface was also slightly smaller than that for the SL interface 

(see Figure 3.13 (a) and Figure 3.14 (a)). The main reason for the inconsistency between 

the results from brickwork-clay interfaces and brickwork-limestone interfaces was the 

fact that the particle size of limestone was significantly larger than that of the clay used 

(Figure 3.2). The larger limestone particle sizes resulted in the 𝑅!/ between brickwork 

and limestone to become smaller than that between brickwork and clay. As a result, shear 

failure occurred within the limestone rather than at the brickwork-limestone interface. 

This was confirmed by the shear stress development curves obtained from the EL and SL 

interfaces (see Figure 3.13 (b) and Figure 3.14 (b)), which showed a ductile failure, 

without any significant decrease in residual shear strength [128]. 

 
Figure 3.15 (a) Layouts of mortar joints for the soldier course and English bond masonry; (b) 
post-shear photos for brickwork with an English bond pattern and clay; and (c) movement 
mechanism of clay particles during shear. 
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3.6.2 Influence of backfill properties on the shear behaviour between 

brickwork-backfill interfaces 

The force transfer mechanisms for cohesive soils and non-cohesive soils are different. 

The force transfer mechanism in clay is primarily through the inter-particle bonding, 

which is due to the cohesive forces between clay particles. Conversely, the transfer of 

forces in limestone is primarily through friction between the particles [131]. These 

different force transfer mechanisms result in the shear behaviour between the 

brickwork-limestone interface and brickwork-clay interface to differ. The results of the 

current study are overall in agreement with previously published findings on interface 

shear tests between sand-clay mixtures and structural surfaces [91,132]. Specifically, 

brickwork-clay interfaces had a lower 𝜑,  than brickwork-limestone interfaces. For 

example, assuming zero-cohesion at masonry-backfill interfaces, 𝜑, between clay and 

brickwork was approximately 55% smaller than that between limestone and brickwork. 

From the interface shear stress perspective, the peak shear stress at a brickwork-

limestone interface was significantly larger than that at a brickwork-clay interface due to 

the interlock behaviour involving limestone particles and the brickwork-limestone 

interface. Moreover, the tangential deformation at failure for the brickwork- limestone 

interface was also significantly larger than that for the brickwork-clay interface. For 

instance, it was observed that the critical tangential strains were 3.0% to 3.7% and 1.3% 

to 1.7% for the brickwork-limestone interface and brickwork-clay interface, respectively. 

3.6.3 Comparison of the internal shear behaviour of backfills and 

interface shear behaviour between brickwork and backfill 

Generally, as the surface roughness increases, shear failure at the soil-structure interface 

occurs from fully sliding along the contact interface (for very smooth interfaces) to the 

interior of the soil, which results in an interface shear behaviour close to the soil-soil 

shear behaviour [133]. The results of the present study indicate several differences in 

shear behaviour between the backfill and brickwork-backfill interfaces. Firstly, the shear 

strength of brickwork-backfill interfaces was significantly lower than that of the backfill 

materials under the same normal stress. For example, the average shear strength of 

limestone was 63.4%, 76.0%, and 52.4% higher than that of the brickwork-limestone 

interfaces at normal stress of 115 kPa, 170 kPa, and 226 kPa, respectively. Similar results 

were observed for the clay and brickwork-clay interfaces. As for the shear strain, the 

critical shear strain obtained from the direct shear tests on limestone (6% to 10%) was 
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almost twice as high as that from the brickwork-limestone interface shear tests (3% to 

3.7%).  

Table 3.6 summarises the ratio between 𝜑, of brickwork-backfill interfaces and 𝜑 of 

backfills. These ratios can be used as a guide by researchers and engineers when selecting 

friction parameters between brickwork and backfill materials when modelling masonry 

arch bridges. It can be seen from Table 3.6 that the values of 𝜑, 	are significantly smaller 

than 𝜑 of the corresponding backfill materials. Different bond types of masonry could 

result in different interface friction angles, but the difference in 𝜑, 𝜑⁄  due to the 

variation of masonry bond patterns was not pronounced. Therefore, the effects of 

masonry bond types may be negligible when assigning frictional parameters to the 

brickwork-backfill interfaces. However, Table 3.6 suggests that 𝜑, 𝜑⁄  is closely related 

to the types of backfill and the cohesion characteristics at brickwork-backfill interfaces, 

which has not been adequately considered in previous masonry arch bridge modelling 

studies (see Table 3.1). For example, taking limestone as the backfill material resulted in 

𝜑, 𝜑⁄  ranging from 0.70 to 0.75 (most previous numerical studies adopted 𝜑, 𝜑⁄  within 

or close to this range, as suggested in Table 3.1). But when the clay was adopted as the 

backfill material, 𝜑, 𝜑⁄  was determined to be 0.35 to 0.39, when the interface cohesion 

was taken into consideration. The zero-cohesion assumption at the brickwork-clay 

interface led to an increase in 𝜑, 𝜑⁄  to approximately 0.5. 

Table 3.6 Summary of shear parameters for backfills and brickwork-backfill interfaces. 

Samples/interfaces Friction angle (°)	 Cohesion 
(kPa) 𝑹𝟐 𝝋𝒊 𝝋⁄  

Clay 37.2 30.0 0.950 - 

Limestone 47.8 0 0.994 - 

EC 
interface 

With cohesion 14.5 16.7 0.942 0.39 

Zero-cohesion 19.2 0 0.993 0.52 

SC 
interface 

With cohesion 12.9 20.9 0.967 0.35 

Zero-cohesion 18.9 0 0.991 0.51 

EL interface 33.3 0 0.994 0.70 

SL interface 35.7 0 0.999 0.75 
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3.7  Conclusions 

The present study presents an experimental procedure to assess the interface shear 

behaviour between brickwork masonry and backfill materials. Thirty-six experimental 

tests were performed to investigate the internal shear behaviour of backfill materials and 

the interface shear behaviour between brickwork and backfill materials in masonry arch 

bridges. The brickwork specimens were constructed using Type A bricks with cement 

mortar to achieve good durability and to keep the surface texture of the specimen 

effectively unchanged for all 12 experiments carried out on each brickwork specimen. 

The friction angle and cohesion intercept of limestone, puddling clay, and four types of 

brickwork-backfill interfaces were characterised. Moreover, the effects of masonry bond 

patterns and backfill properties on the shear behaviour at brickwork-backfill interfaces 

were assessed. From the analysis of the results, the following conclusions can be drawn: 

1. For the brickwork and clay combinations, shear failure occurred at the brickwork-

clay interfaces. In these cases, the bond pattern of brickwork was found to affect the 

movement of clay particles. The values of 𝜑, 	 and shear strength obtained from the 

SC interface were smaller than those obtained from the EC interface due to the 

aligned joint arrangement of the brickwork specimens with a soldier course bond 

pattern. However, for the limestone, which had much larger particle sizes, shear 

failure occurred within the limestone and was of a ductile type. Nevertheless, in the 

cases investigated in the study, the influence of brickwork bond patterns on the shear 

behaviour at brickwork-backfill interfaces was not significant and may be considered 

negligible when assessing masonry arch bridges. 

2. The properties of the backfill materials had a marked impact on brickwork-backfill 

interface shear behaviour. The critical shear strain, peak shear stress and interface 

friction angle of brickwork-limestone interfaces were significantly larger than those 

of brickwork-clay interfaces.  

3. The internal angle of friction of the backfill materials was higher than the interface 

angle of friction between brickwork and backfill. On the other hand, backfill type was 

found to significantly affect the shear behaviour at the brickwork-backfill interface. 

In the case of limestone backfill, 𝜑, 𝜑⁄  ranged from 0.70 to 0.75. In the case of clay 

backfill, 𝜑, 𝜑⁄  was determined to be 0.51 to 0.52 under the assumption of zero-

cohesion at the masonry-clay interface, or 0.35 to 0.39 if interface cohesion was taken 

into account. These ratios provide experimentally-derived parameters that 
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researchers and practicing engineers can refer to when modelling masonry arch 

bridges numerically. 

However, the results presented herein relate to the specific brickwork and backfill 

employed and different material combinations may furnish different outcomes. The 

results are strongly influenced by the relative roughness of the brickwork surface and the 

backfill, as well as the arrangement and profile of the mortar joints.  

The results obtained from this study may provide researchers and engineers with a firm 

basis of the procedure to be undertaken to obtain the interface parameters between 

masonry and backfill. 
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4 The 3D Response of a Masonry Arch Bridge 
Under Low and Medium Loading Levels 

This chapter represents the slightly modified post-print version of the article: V. Sarhosis, 

B. Liu, M. Gilbert, “The 3D response of a large-scale masonry arch bridge - Part I: 

performance under low and medium loading levels”, Engineering Structures, 316 (2024), 

p. 118496. The formatting and numbering of equations, tables and figures have been 

adapted to this document. 

4.1  Abstract  

Masonry arch bridges are characterised by three-dimensional (3D) behaviour when 

subjected to external eccentric loading (e.g., vehicle loads). The arch ring, abutments, 

backfill and spandrel walls may interact with each other in a complex manner, leading to 

a 3D mode of response that can have a significant impact on the initiation and 

propagation of damage. However, there is a dearth of experimental data from tests 

designed to investigate the 3D behaviour of masonry arch bridges, particularly under 

loading levels below those required to cause failure. This chapter presents results from 

tests on a large-scale brickwork masonry arch bridge subjected to low- and mid-level 

static loads under laboratory conditions. Point loads of increasing magnitude were 

applied at different locations on the top of the backfill in order to investigate 3D response 

and damage accumulation. Details of the experimental setup, material characterisation, 

and the results obtained from static and repeated load tests at low- and mid-level load 

magnitudes are presented herein. Results demonstrate that the bridge exhibited a 3D 

mode of response under eccentric point loads. Loading at the mid-span resulted in 

greater deformation of the arch barrel compared to loading at the quarter- and three-

quarter-span points, due to the shallower backfill depth over the crown. Under the mid-

level loading, stiffness degradation was observed during the testing regime, suggesting 

an accumulation of damage in the bridge. Moreover, when loading was applied close to 

a spandrel wall, measurable out-of-plane deformation of the spandrel wall was observed, 

with this deformation increasing significantly as the load was increased from 150 kN to 

250 kN. This results from a combination of increased lateral soil pressure and decreased 

shear resistance at the arch-spandrel wall interface. 
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4.2  Introduction 

Masonry arch bridges are of significant historical and structural importance, both in the 

UK and worldwide. In Europe, most masonry arch bridges were constructed over a 

century ago and are still in active service today, forming pivotal parts of railway and 

highway transport networks, as well as being cultural landmarks [40]. However, these 

structures are ageing and often exhibit various signs of deterioration, leading to concerns 

over their long-term reliability. Observed deterioration can be because traffic loads and 

speeds have increased significantly compared to those present when the bridges were 

designed and constructed, with the higher demands imposed by modern traffic 

potentially presenting a threat to their safety [10]. Additionally, masonry material 

properties naturally deteriorate over time, due to environmental factors and the effects 

of climate change, which may lead to loss of material and to a further reduction in the 

stiffness and load-carrying capacity of a masonry arch bridge [6]. Therefore, developing 

an understanding of the circumstances in which cracks propagate and damage 

accumulates in a masonry arch bridge is likely to be of considerable interest to asset 

owners and engineers, since it can potentially help them make more informed decisions 

in respect of maintenance and rehabilitation strategies. 

Over the years, a series of experimental tests have been carried out to assess the 

structural behaviour of masonry arch bridges. Most of these tests have focused on 

structural behaviour of the arch barrel, since this is the main load-carrying element in a 

masonry arch bridge [134,135]. Melbourne et al. [37,136] performed a series of large-

scale laboratory tests on brickwork arches with different bond configurations. In these 

tests, single-ring arches were observed to fail in four-hinge failure mechanisms, whereas 

multi-ring arches were often observed to experience separation of adjacent rings due to 

the low shear resistance of the bonding material between rings. In addition, the effects 

of backfill material on the overall behaviour of masonry arch bridges, including 

underlying soil-structure interaction mechanisms, have been extensively investigated 

[36,137]. As reported in [64], the backfill distributes the live load from the traffic surface 

to the arch barrel, effectively prestresses the barrel through self-weight of the backfill, 

and also restrains lateral sway of the barrel, all significantly increasing bridge load-

carrying capacity. However, the type of backfill employed can affect the capacity of the 

bridge. For example, according to an experimental study performed by Gilbert et al. 

[138], a bridge backfilled with crushed limestone is likely to have significantly higher 
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strength than a comparable bridge backfilled with clay. Also, according to the results 

obtained from 24 arch specimens, the load-carrying capacity of a bridge can be enhanced 

by 150% and 320% via inclusion of unreinforced and reinforced spandrel walls 

respectively [35]. In addition, the presence of spandrel walls can also affect the failure 

mechanism of a masonry arch bridge (e.g., sliding and overturning of spandrel walls may 

occur under loading [139]). 

To explore the 3D behaviour of masonry arch bridges, several computational strategies 

have been developed which model material non-linearity, actual arch shape, and fill-arch 

interaction, though which make a range of different assumptions and simplifications 

[68,112]. For example, for the large-scale bridge with complex geometric characteristics, 

continuum models considering the masonry material as a homogeneous deformable 

element can be developed, and damages developed under loads are represented by 

plastic deformation [140,141]. However, these continuum models with isotropic 

material properties are not able to reflect the effects of brick arrangements and masonry 

textures. To overcome these issues, a micro-modelling strategy is proposed, which model 

the bricks and mortar joints separately and can reproduce the detailed cracking patterns 

developed in masonry. The high computational demands make it infeasible for adopting 

the detailed micro-model to large-scale structures. As an alternative, macro-modelling 

strategies have been proposed, which simulate the masonry units as rigid or deformable 

blocks and mortar joints as zero-thickness interface elements [81,83,112,115,141–144]. 

Although these high-fidelity models have been used to model structural behaviour and 

load-carrying capacity, there is currently relatively little experimental data available from 

physical tests to validate these numerical models [36]. In addition, understanding 3D 

behaviour and the interaction between the various different elements of a masonry arch 

bridge is still limited. 

In this study, a large-scale brickwork masonry arch bridge was constructed and tested 

under controlled laboratory conditions, to develop an improved fundamental 

understanding of the 3D mode of response of masonry arch bridges when subjected to a 

range of loading regimes. The experimental campaign was divided into two parts: Part I 

(the present chapter) focused on application of low- and mid-level magnitude loads, 

while Part II covers results from load tests to failure [145]. 

Thus, this chapter presents details of the response of a brickwork arch bridge subjected 

to point loads at low- and mid-level loading magnitudes. The experimental campaign 
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started with a comprehensive characterisation of material properties; Subsequently, 

experimental testing was carried out on a large-scale masonry arch bridge. To 

respectively accommodate the bridge and facilitate the planned testing, a reinforced 

concrete (RC) U-frame and steel reaction frame were specifically designed and fabricated, 

with the latter used to mount a hydraulic actuator for load application. A large-scale 

masonry arch bridge containing an arch barrel, compacted backfill, abutments and 

spandrel walls was constructed using high compressive strength bricks bonded with 

weak mortar joints to reproduce the low bond strength characteristics often found in real 

masonry arch bridges. During the testing, nine loading locations were selected, at 

quarter-span, mid-span, and three-quarter–span points both eccentric to and on the 

bridge centreline. The eccentric loading is representative of the loading a bridge is often 

subjected to in practice and allows 3D bridge behaviour to be assessed. On the other hand, 

the application of loading increasing in magnitude from low-level loading up to mid-level 

loading enabled elastic behaviour and damage accumulation to be investigated. Finally, 

experimental results are presented and discussed, considering aspects such as crack 

evolution, stiffness variation, arch barrel deformation, and out-of-plane spandrel wall 

deformation. 

4.3  Experimental programme 

4.3.1 Base slab and reinforced concrete end walls  

In order to accommodate a large-scale masonry arch bridge and to provide longitudinal 

restraint, a base slab with two reinforced concrete (RC) end walls was constructed, 

forming a U-frame (Figure 4.1). The base slab and RC end retaining walls designed to 

provide sufficient support to the bridge, and the testing rig to be stiff enough to keep 

deformations under external loading to a minimum. Therefore, a dense reinforcement 

arrangement was adopted for the base slab and RC end walls (Figure 4.1 (a) to (c)). 

Moreover, a nominally C30-grade concrete was utilized for the base slab and RC walls 

(Figure 4.1 (d)). The compressive strength of concrete cube specimens was tested to be 

equal to 22.5 MPa at 35 days of curing with a coefficient of variation (CV) equal to 9%, 

and increased to 28.5 MPa (CV = 3%) after curing for 445 days (the time for ultimate 

tests on the bridge). 
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Figure 4.1 Base slab and RC end walls: (a) reinforcement layout for the base slab; (b) 
reinforcement layout for slab-vertical wall connection; (c) reinforcement layout for end walls; 
and (d) pouring concrete for RC end walls.  

4.3.2 Steel reaction frame 

A steel reaction frame was specifically designed for mounting the hydraulic actuator and 

applying vertical loads. The beams and columns of the reaction frame were 

manufactured using steel I-sections, as indicated in Figure 4.2. Overall, the reaction 

frame was 6,200 mm in length, 3,520 mm in width, and 4,000 mm in height, covering 

the whole testing area. The frame consisted of ten columns, two longitudinal beams, and 

five transverse beams, which were all connected by high-strength bolts. Additionally, six 

short movable beams were incorporated into the frame to facilitate different loading 

scenarios. 

 
Figure 4.2 Details of steel reaction frame (all units in mm). 

The reaction frame should be as stiff as possible in order to minimize deformation of the 

reaction frame during the application of vertical loading. To achieve this, ten columns 

were directly connected to the strong floor via twenty bolts, each of which had a 

resistance of approximately 115 kN. The maximum loading that can be applied through 

the reaction frame depends on the loading locations and the layout of the short movable 
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beams. Including a safety factor of 1.5, this allowed a load of up to 750 kN to be applied 

at any point along the central longitudinal line (A-A in Figure 4.2). However, for eccentric 

loading locations, a lower load, of up to 500 kN can be applied. For any load case, the 

maximum deformation of the steel reaction frame was to be less than 6 mm. 

4.3.3 Large-scale masonry arch bridge  

A large-scale single-span brickwork masonry arch bridge was designed and constructed 

to investigate its three-dimensional (3D) response under point (patch) loading and to 

assess arch-backfill-spandrel interaction mechanisms. The masonry arch bridge 

consisted of an arch barrel, abutments, spandrel walls, and compacted crushed limestone 

backfill. A schematic drawing that includes detailed dimensions of the bridge is shown 

in Figure 4.3. It should be noted that the geometry of the bridge and the materials 

employed in its construction were chosen to where possible match those employed in 

previous experimental tests on masonry arches/arch bridges carried out at Bolton 

Institute and University of Salford [36,146,147] thereby providing a degree of 

comparability between tests. 

Specifically, the masonry arch bridge was constructed using type A engineering bricks 

bonded with 10 mm thick type O mortar joints. Also, MOT type I graded crushed 

limestone was selected as the backfill material. The material properties of the bricks, 

mortar joints, and crushed limestone used in the study are characterised and reported in 

section 4.4. Overall, the masonry arch bridge was 5,885 mm in length, 2,915 mm in width, 

and 2,015 mm in height. The whole bridge was constructed by the same experienced 

bricklayer to minimize variability due to workmanship effects. 

Figure 4.4 shows a 3D photogrammetry model and detailed bond configurations for 

different components of the masonry arch bridge. Figure 4.5 shows stages in the actual 

process of construction. Specifically, before the brickwork was constructed, four 

polystyrene slabs were placed at the four interior corners of the RC walls. The purpose of 

this was to avoid hard contact between the spandrel walls and the RC end walls.  

Construction of the masonry arch bridge commenced with the building of the two 

abutments and the lower part of spandrel walls (Figure 4.5 (a)). The height and width of 

the abutments were equal to 600 mm (containing eight courses) and 440 mm (two-brick 

thick), respectively. Bricks were arranged alternatively using two types of stack bond 

patterns, as indicated in Figure 4.4 (b). Notably, at the springings of the arch, bricks were 

precisely cut to form inclined faces of approximately 36 degrees relative to the horizontal. 
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The spandrel wall was one and a half bricks thick and was constructed using an English 

bond pattern to provide resistance to lateral soil pressures [111] (Figure 4.4 (d)). An 

arch-shaped timber centring supported by scaffolding was then placed between the 

abutments for the construction of the arch barrel (Figure 4.5 (b)). The arch barrel was 

constructed using a header bond configuration (Figure 4.4 (b)), with a thickness of 215 

mm, an intrados span of 3,000 mm, and a span:rise ratio of 4:1.  

The voids between the walls forming the abutments, and later the volume above and 

behind the arch barrel, were filled in layers with crushed limestone fill material. The 

purpose of this was to elevate the working surface inside the bridge, thereby facilitating 

subsequent construction. The limestone was placed in layers of 110 mm thickness and 

compacted using a 12 kN electric plate compactor (ALTRAD PCLX 12/40) to achieve a 

density representation of backfill found in the field. At the locations close to the masonry, 

a 16 kN trench rammer (Wacker Neuson AS50) with a small plate measuring 340 x 280 

mm was used to achieve as homogeneous compaction as possible (see Figure 4.5 (c)). 

Note that the abutments and lower parts of the spandrel walls had cured for more than 

30 days prior to placement and compaction of the limestone fill. Therefore, no damage 

to the masonry was expected or observed during the compaction process. 

 
Figure 4.3 Details of the large-scale masonry arch bridge: (a) top view; (b) bottom section A-A’; 
(c) elevation section C-C’; and (d) elevation (side view) (all dimensions in mm). 
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Figure 4.4 Masonry configuration (a) 3D photogrammetry model; (b) to (e) bond 
configurations for different elements. 

 
Figure 4.5 Construction process: (a) to (e) different construction stages; (f) completed 
masonry arch bridge. 

After the crushed limestone was placed to the height of the abutment (600 mm above the 

base slab), the construction activities proceeded with the construction of the remaining 

arch barrel and spandrel walls. To achieve proper alignment and minimise variations in 

the thickness of mortar joints, the bricks at the junction between the arch barrel and 

spandrel walls were cut into specific shapes that closely matched the curvature of the 

arch (Figure 4.4 (e)). This approach can avoid, to the greatest extent possible, the 
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formation of weak planes caused by excessive mortar thickness, thereby ensuring 

structural integrity and consistency throughout the construction. Following the 

completion of the brickwork construction, the limestone was placed and compacted in 

layers in the same way as described before until it reached the target height of 1,865 mm 

(300 mm over the crown of the arch). The completed masonry arch bridge is shown in 

Figure 4.5 (f).  

4.3.4 Instrumentation 

The masonry arch bridge was instrumented using a variety of methods to capture its 3D 

response under centreline and eccentric patch loads. Prior to installation of the 

instrumentation, the north-side face and the arch intrados were painted white to 

facilitate identification of crack initiation and propagation. Figure 4.6 and Figure 4.7 

show the instrumentation plan adopted in the study. Specifically, to capture the radial 

deflection and 3D deformed shape of the arch barrel, fifteen linear variable differential 

transformers (LVDTs) were positioned on the arch intrados, along the quarter-span, 

crown and three-quarter-span points perpendicular to the contact faces (L22 to L36 in 

Figure 4.6 (a) and (c), as well as Figure 4.7 (c))). In the transverse direction, five LVDTs 

were evenly distributed across the width of the bridge. These LVDTs had ranges of at 

least 50 mm and an accuracy of 0.001 mm to provide highly precise readings. 

 
Figure 4.6 Instrumentation layout (unit: mm). 
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Figure 4.7 Instrumentation for (a) the north side wall; (b) the south side wall; and (c) arch 
intrados. 

The out-of-plane deformation of the spandrel walls was monitored using potentiometer-

based displacement transducers. Specifically, the north-side spandrel wall was 

instrumented using eleven potentiometers (L4 to L14 in Figure 6 (a), as well as Figure 

4.7 (a)) that had ranges of 50 mm and an accuracy of 0.01 mm. The placement of these 

potentiometers was informed by preliminary numerical simulations, which indicated 

that the area between the abutments and above the arch barrel would experience more 

significant out-of-plane deformations under loading. Conversely, the south-side 

spandrel wall was equipped with two pairs of low-distortion lens monochrome digital 

cameras to capture the strain/deformation response. Each pair of cameras had a 

coverage area of approximately 1,500 by 1,500 mm. To enable comparison of the 

deformation results between the two spandrel walls, five additional potentiometer 

gauges were placed on the south-side wall (L17 to L21 in Figure 4.6 (b), as well as Figure 

4.7 (b)). In addition, two potentiometer gauges were placed at each side of the spandrel 

walls (L3, L15, L16, and L46) to monitor in-plane deformations. 

Moreover, six potentiometer gauges (L37 to L42 in Figure 4.6 (c)) were placed at the 

inner surface of the abutments to monitor sliding of the abutments. Finally, out-of-plane 

deformation of RC end walls, as well as uplift of the base slab were monitored in real-

time to detect any movements that might occur during the tests. It is noteworthy that all 

instrumentation was supported directly on the strong floor, independent from the bridge 

and testing rig. A fifty-channel data logger was employed, collecting data at a rate of 2 

Hz. 

4.3.5 Loading protocol 

A hydraulic actuator with a capacity of 750 kN was used to apply the applied loads, used 

in conjunction with a steel section of base area of 300 by 300 mm to spread the load onto 
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the surface of the backfill. The actuator was connected to either the short movable beams 

or the joint between the short beam and transverse beam of the reaction frame, enabling 

the load to be applied at different locations, such as at quarter-span, mid-span and three-

quarter-span points along the centre line, as well as at eccentric, off-centre lines. In total, 

nine loading locations were selected, Point A to Point I, as shown in Figure 4.8. The 

application of both centreline and eccentric loading was designed to enable the three-

dimensional response of the bridge to be investigated. 

 
Figure 4.8 Loading locations (all units in mm). 

Table 4.1 Loading protocol adopted in the experimental campaign. 

Testing sequence 
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B                                         

C                                         

D                                         

E                                         

F                                         

G                                         

H                                         

I                                         
 

 Low-level static (150 kN)   Low-level cyclic (150 kN) 
 Mid-level static (250 kN)   Mid-level cyclic (250 kN) 

 

Loads with increasing magnitudes were applied to investigate the behaviour of the bridge 

when subject to increasing levels of damage, with results when low- and mid-level loads 

were applied reported in the present chapter. The loading protocol is shown in Table 4.1. 
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Prior to conducting tests, a preliminary numerical simulation suggested that the load-

carrying capacity of the masonry arch bridge was between 620 and 680 kN (ultimate limit 

state, ULS). Thus, a low-level loading magnitude of 150 kN was adopted, approximately 

22-25% of the peak load that the bridge was expected to carry, to assess the elastic 

behaviour and the initial stiffness of the bridge. A mid-level load magnitude of 250 kN 

was adopted (approaching 50% of the expected ULS load), which is generally considered 

to be a ‘safe’ working load according to the National Highways’ design code [148]. 

The first two tests (T1 and T2) served as a trial to check the proper functioning of the 

loading and instrumentation systems, with a static load applied at points A and B. From 

Test 3 onwards, a static load with the target magnitude was first applied, followed by 

three loading cycles of the same magnitude and loading rate, herein termed ‘cyclic 

loading’. The latter loading was applied to more fully investigate the inelastic 

performance of the bridge. Notably, a minimum interval of half an hour was 

implemented between the static and cyclic loading tests to enable the system to reach an 

equilibrium point. The tests under the low loading level were carried out from Point A to 

Point I, in alphabetical order. Only a single short reaction beam and mounted actuator 

needed to be moved to change the loading location. However, for the mid-level tests, it 

was necessary to move all the short reaction frame beams transversely to provide 

increased reaction frame stiffness. Therefore, the loading sequence was adjusted 

accordingly to reduce the time spent moving the short beams. Thus, loads were firstly 

applied at points A, G, and D near the north side wall. Subsequently, all short beams and 

the actuator were moved to the south side, with the loads applied at points F, C, and I. 

Finally, the short beams and the actuator were moved to the centreline, with the loads 

applied at points E, H, and B. Note that for both the static and cyclic load tests conducted 

at low and mid-levels, load control was employed, with the loading and unloading rate 

set at a constant value of 10 kN/min. 

4.4  Material characterisation 

A high compressive strength/low water absorption fired clay brick (referred to as a Class 

A engineering brick) was selected as the masonry unit. The Class A brick, nominally 215 

mm in length × 102.5 mm in width × 63 mm in height, had a measured density of 2,470 

kg/m3. A low-strength type O mortar, with a mix proportion of 1:2:9 (cement:lime:sand 

by volume), was selected as the bonding material [58]. The adoption of these materials 
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was designed to reproduce the low-bond strength characteristics found in many bridges 

in the field [149,150]. Note that the same materials have been used in previous large-

scale laboratory experiments performed on masonry arches/arch bridges (e.g., see 

[34,36], therefore providing a degree of comparability between tests. 

 
Figure 4.9 Material characterisation: (a) three-point bending tests on mortar prisms; (b) 
compression tests on mortar cubes; (c) compression tests on bricks; (d) Brazilian tests on 
cylindrical brick specimens; (e) triplet shear tests; (f) compression tests on masonry prisms. 

Figure 4.9 shows a series of small-scale laboratory tests that were performed to 

characterise the material and mechanical properties of the bricks, mortar, and resulting 

masonry. It should be noted that all the masonry specimens (i.e., triplets, full couplets, 

and prisms) were constructed at the same time as the construction of the masonry arch 

bridge, and testing of these small-scale specimens was carried at around the same time 

as the bridge was tested to failure. In other words, the curing time for the bridge and the 

small specimens were similar, at approximately 360 days, ensuring a better indication of 

the strength characteristics of the material used. 

Specifically, three-point bending and compression tests (Figure 4.9 (a) and (b)) were 

carried out on mortar specimens to characterise its flexural strength (𝑓$,*), compressive 

strength (𝑓!,*), and Young’s modulus (𝐸*) [63]. Compression tests on full bricks (Figure 

4.9 (c)) and Brazilian tests on brick cylinders (Figure 4.9 (d)) were conducted to 

determine the compressive strength (𝑓!,#), Young’s modulus (𝐸#), and tensile strength 

(𝑓%,#) of the Class A engineering brick [54]. Shear tests were performed on masonry triplet 

specimens (Figure 4.9 (e)) with different levels of axial compression, i.e., 0.1, 0.2, and 

0.6 MPa, to determine the friction angle (𝜑, ) and cohesion (𝐶, ) at the unit-mortar 

interface [75]. Compression tests (Figure 4.9 (f)) were conducted on stack-bonded 

masonry prisms to characterise the compressive strength (𝑓!,+) and Young’s modulus of 

masonry, respectively. The experimental results in terms of mean values, CVs, and the 

number of tests performed are shown in Table 4.2. 

Moreover, MOT type I graded crushed limestone was used as the backfill material. For 

the masonry arch bridge, approximately 30,057 kg of limestone was filled into a space of 
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13.98 m3. Therefore, the bulk density of the limestone was around 2,150 kg/m3. In 

addition, by performing a series of large-scale shear box tests, the friction angle of the 

limestone used was determined to be equal to 47.8 degrees, assuming a zero-cohesion. 

Further details of the experimental design, along with interpretation of the shear box test 

results, are provided in [151]. 

Table 4.2 Material and mechanical properties of bricks, mortar, masonry, and the backfill 
material. 

Properties Units No. of 
tests 

Mean 
values CV 

Compressive strength of brick, 𝑓!,# MPa 9 111.3 6.2% 

Young’s modulus of brick, 𝐸# MPa 9 31762 15.7% 

Tensile strength of brick, 𝑓),# MPa 9 6.730 13.5% 

Brick density, 𝜌# kg/m3 9 2470 1.3% 

Flexural strength of mortar, 𝑓4,% MPa 20 0.627 20.9% 

Compressive strength of mortar, 𝑓!,% MPa 40 1.736 25.7% 

Young’s modulus of mortar, 𝐸% MPa 40 128.6 35.3% 

Mortar density, 𝜌% kg/m3 20 1680 2.3% 

Friction angle at brick-to-mortar interface, 𝜑( Degree 3 44.9 - 

Cohesion at brick-to-mortar interface, 𝐶( MPa 3 0.40 - 

Compressive strength of masonry, 𝑓!,& MPa 3 30.84 24.2% 

Young’s modulus of masonry, 𝐸& MPa 3 10128 48.4% 

Internal friction angle of limestone, 𝜑 Degree 6 47.8 - 

Limestone density (bulk), 𝜌4 kg/m3 - 2150 - 

 

4.5  Test results 

4.5.1 Damage evolution  

After each load test on the bridge, cracks were visually inspected and accurately mapped. 

Figure 4.10 shows the mapped crack evolution on three exposed surfaces of the masonry 

arch bridge, namely the arch intrados, the north-side, and the south-side spandrel walls. 
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In Figure 4.10, the low- and mid-level testing was divided into four stages. Cracks that 

formed in previous tests are presented in grey, whereas newly formed cracks occurring 

in different tests are mapped and distinguished using different colours. Figure 4.11 

shows a selection of observed cracks. 

No cracks were observed during the first three load tests conducted at points A, B, and C 

(located above the quarter span). This could be resulted from: a) at the quarter-span 

location, the backfill was deeper than at the arch crown, allowing for better load 

distribution over the arch; and b) The quarter-span locations were closer to the arch 

supports, providing greater bending resistance compared to mid-span locations. 

However, when a static load was applied at point D (T4), at the mid-span of the arch and 

close to the north-side spandrel wall, the first crack was observed (Figure 4.11 (a)). This 

crack extended approximately 1760 mm, spanning from courses 15 to 36, between the 

spandrel and the arch ring. At the peak load, the width of this crack was measured to be 

1.0 mm, reducing to 0.5 mm once the load was removed. Figure 4.12 presents the load-

deflection curves obtained from two rows of LVDTs positioned near the north-side face. 

From the data obtained at location L27, at the mid-span edge of the arch, an inflexion 

point appeared when the load increased to approximately 60 kN, suggesting the crack 

initiated then. Similar behaviour was observed when the load was applied at point F, i.e., 

separation between the south-side spandrel wall and the arch ring was developed. After 

the initiation of the two cracks, any subsequent off-centre loading resulted in the 

propagation of these cracks, as shown in Figure 4.10 (a) and Figure 4.11 (b). Moreover, 

after the low-level testing, it was observed that the arch ring and spandrel wall became 

separated from courses 7 to 42 on the north-side, while the crack length on the south-

side was shorter, extending from courses 13 to 35. 

The first stage of mid-level load testing started from Point G (T12), including three 

loading locations near the north-side spandrel wall (i.e. G, A, and D). After the static test 

at Point G, tensile cracks were observed at the arch intrados, at the location underneath 

the load platen (Figure 4.10 (b) and Figure 4.11 (c)). This tensile crack did not extend to 

the south-side but stopped at approximately three-quarters of the arch width. In addition 

to the opening at the arch intrados, the separation between the spandrel wall and the 

arch barrel propagated approximately 130 mm further on the right side of the arch. 

Subsequently, the three loading cycles applied at Point G led to the initiation of a diagonal 

crack on the spandrel wall, which originated from the three-quarter span and extended 
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upwards (Figure 4.11 (d)). Applying the load at Point A (T13, quarter-span) resulted in: 

(a) opening of a crack in the arch intrados under the load platen (initiated at a load level 

of approximately 160 kN); (b) propagation of separation between the arch and spandrel 

wall; and (c) occurrence of a diagonal crack in the spandrel wall. Following these two 

tests, the application of loads at the mid-span (T14, point D) did not trigger any visible 

damage to the bridge. Moreover, loading eccentrically at the north-side did not initiate 

any damage/cracking to the south-side spandrel wall. 

 
Figure 4.10 Crack evolution under low- and mid-level testing. (a) Low-level testing; (b) T12 to 
T14 at mid-level; (c) T15 to T17 at mid-level; and (d) T18 to T20 at mid-level. 

During the second stage of the mid-level testing, the static/cyclic loads were sequentially 

applied at Point F, I, and C, the three locations near the south-side spandrel wall. In this 

case, when static loading was applied at the mid-span, cracks forming a square-shape 

were observed at the arch intrados along the mortar joints, directly beneath the loading 

location (Figure 4.11 (e)). This square-shaped crack had similar dimensions to the cross-

sectional area of the load platen, measuring approximately 300 by 300 mm (Figure 4.10 

(c)). The presence of this localized damage indicates the occurrence of shear failure at 
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the mortar joints under loading. Also, separation between the arch and south-side 

spandrel wall propagated extensively on both the right and left sides, and the length of 

the extended crack was similar to that of the crack observed on the north-side. 

Subsequently, when loading was applied at the quarter- and three-quarter span points, 

the previous tensile cracks at the arch intrados extended towards the south-side along 

the bed joints (Figure 4.11 (f)), and also diagonal cracks developed at the arch intrados 

under the loading position (Figure 4.10 (c)). Notably, no cracking was observed at the 

south-side spandrel wall, which may be due to the fact that the more extensive cracks 

developing in the arch intrados absorbed more energy. 

In the final stage of mid-level load tests, loading was applied along the longitudinal 

centre line of the bridge, starting from Point E, followed by point H and point B, as 

illustrated in Figure 4.10 (d). Applying loads at mid-span (T18) again resulted in shear 

cracks developing at the arch intrados beneath the load platen (Figure 4.11 (g)). 

Subsequently, when loads were applied at the quarter- and three-quarter span points, 

new cracks developed in the arch intrados under the applied loading. In T19, application 

of the cyclic loading led to the cracks propagating (Figure 4.11 (h)). Moreover, loading 

along the longitudinal centreline of the bridge did not cause any observable damage to 

the spandrel walls, suggesting only localized damage to the bridge occurred under the 

applied patch loads.  

 
Figure 4.11 Observed cracks after the tests. 
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Figure 4.12 The occurrence of the first crack and the corresponding load-deflection curves (T4 
at point D). 

4.5.2 Stiffness characteristics of the bridge 

Figure 4.13 shows plots of load vs radial deflection of the arch intrados, together with the 

measured stiffness obtained from static loading tests; these were obtained from the 

LVDT positioned directly under the loading location. The value of stiffness (𝑆) was 

determined by calculating the slope of the load-radial deflection curve within the 10% to 

40% peak load interval. Under the low-level testing, cracks primarily developed at the 

interfaces between the arch ring and spandrel walls. Figure 4.13 (a) indicates that, apart 

from the test at Point D, no significant change in stiffness was found from the other eight 

tests during the loading process. In other words, the bridge behaved in an essentially 

elastic manner under low-level loading. The maximum value of peak radial deflection 

(𝐷)) recorded was equal to 0.679 mm from test 4 (loading at point D). Also, when the 

load was applied at the mid-span, the value of 𝐷) was approximately twice as high as 

that when the load was applied at the quarter- and three-quarter span points. On the 

other hand, in all nine tests undertaken using low level loads, some residual deflection 

(𝐷/) was detected, albeit this was small in magnitude. More specifically, when a static 

load was applied over the quarter- and three-quarter span points, the maximum value of 

𝐷/ was 0.10 mm, and the average ratio between 𝐷/ and 𝐷) was 19.7%. Loading at the 

mid-span resulted in the average ratio between 𝐷/ and 𝐷) increasing to 30%, with the 

maximum value of 𝐷/  increasing to 0.23 mm. The presence of residual deformation 

does not necessarily indicate that the bridge moved into the plastic behaviour phase, 

involving activation of the backfill; instead, it can be attributed to localized plastic 

deformation occurring in the arch barrel in the region of the load and also the potential 

plastic deformations developing in the backfill. In fact, the bridge overall appeared to 

remain in the elastic phase. For instance, taking T4 with loading at point D as an example, 

which had the largest 𝐷/ , after the static load was removed, only the four points 

surrounding the loading area recorded residual deformations of the arch barrel greater 

than 0.05 mm (Figure 4.14). 
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In Figure 4.13 (b) the variation in stiffness over the course of the low-level loading test 

sequence is presented. When the loads were located at mid-span, the stiffness was 

observed to be lower than when the loads were located at the quarter- and three-quarter-

span points. This can be attributed to the shallower backfill depth above the crown of the 

arch, leading to more concentrated loading being applied to the arch barrel. This in turn 

led to greater elastic deformation of the arch barrel. Of the six tests conducted with 

loading at the quarter- and three-quarter span points, the value of 𝑆 was observed to be 

slightly lower in later tests (note: the linear fit of the stiffness values did not consider the 

mid-span tests), likely resulting from progressive propagation of the cracks between the 

arch ring and spandrel walls. 

Figure 4.13 (c) and (d) show the load-radial deflection curves and stiffness variations 

under the mid-level loads. As observed in the low-level tests, loading at the mid-span 

resulted in larger values of 𝐷) compared to loading at the quarter- and three-quarter 

span points. The maximum value of 𝐷) measured was equal to 1.377 mm. Regarding 

the stiffness characteristics, as the load increased from 150 kN to 250 kN, the value of 𝑆 

decreased significantly at all nine locations. This reduction in stiffness was less 

pronounced at the mid-span loading cases compared to loading at the quarter- and three-

quarter span points, as the later cases led to tensile cracks developing in the arch intrados 

across the arch barrel as well as diagonal cracks in the spandrel walls (Figure 4.10 (b) to 

(d)). This global damage resulted in significant stiffness degradation. However, loading 

at the mid-span caused primarily local rather than global damage, which had less impact 

on bridge stiffness. Moreover, throughout the testing sequence under the mid-level 

loading, the degradation in stiffness became more significant, suggesting that damage 

accumulated during the loading sequence (note that the linear fit of the stiffness values 

in Figure 4.13 (d) did not account for the mid-span tests). 
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Figure 4.13 Load-peak deflection curve of the arch intrados under (a) low level and (c) mid-
level static testing; Stiffness variation with the static testing sequence under (b) low level and (d) 
mid-level testing. 

 
Figure 4.14 Residual deformation of the arch barrel for the low-level loading test at point D 
(unit: mm). 

4.5.3 Deformation characteristics of the arch barrel 

Figure 4.15 compares the radial deflection of the arch barrel under low- and mid-level 

loading magnitudes. The data was obtained from the LVDT placed underneath the 

loading platen, as well as the two LVDTs placed at the same transverse cross-section of 

the arch. When the patch load was applied at quarter- and three-quarter-span points, the 

bridge exhibited similar behaviour, i.e., the arch underneath the loading platen moved 

downwards, the opposite location moved upwards, and the crown of the arch moved 
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slightly downwards. On the other hand, when the patch load was applied at the mid-span, 

the arch crown moved downwards, while the deformation at the quarter- and three-

quarter span points was minimal. 

 
Figure 4.15 Load-radial deflection curves of the arch barrel from three LVDTs from the same 
cross sections under low and mid-level loading. 

Another observation is that loading at the quarter- and three-quarter span points 

resulted in a near symmetrical response along the transverse centreline in terms of both 

the peak deformation values and arch barrel deformed shapes (Figure 4.15 (a), (b), (c) 

and (g), (h), (i)). In particular, under the low-level static loads, 𝐷) of the arch ranged 

from 0.309 mm to 0.43 mm, which increased to 0.851 mm to 1.148 mm when the load 

increased to 250 kN. On the other hand, when the patch loading was applied 

symmetrically along the longitudinal centreline, the response of the bridge was not 

strictly symmetrical. This was demonstrated by the fact that the south-side eccentric 
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patch loading always induced larger deformations of the arch barrel compared to cases 

involving loading at the north-side (Figure 4.15 (c), (f), (i) and (a), (d), (g)). The reason 

for this unsymmetrical behaviour may be attributed to various factors, such as the 

inherent variability of masonry properties, slight asymmetry of the structural geometry, 

and the influence of loading sequence, which in this particular case appears most 

significant. 

In terms of the peak radial deflection, loading at the mid-span resulted in a greater peak 

deflection of the arch compared to loading at the quarter- and three-quarter span points. 

For instance, when a load of 150 kN was applied at the mid-span, 𝐷) of the arch was 

found to be 1.87 times larger than that when loading was applied at the quarter- and 

three-quarter span points. When the loading magnitude was increased to 250 kN, 

deflection of the arch significantly marked. Nevertheless, it is noteworthy that the 

increase in 𝐷) was more pronounced in the cases with loading at the quarter- and three-

quarter span points compared to cases involving mid-span loading. This phenomenon 

can be attributed to the cracking behaviour and structural mechanism of the arch barrel. 

Specifically, at the mid-span, an increase in the load from 150 kN to 250 kN did not cause 

significant global damage to the bridge. However, when loading applied at the quarter- 

and three-quarter span points was increased from 150 kN to 250 kN, tensile cracks 

initiated at the arch intrados, forming the first hinge. Conversely, although the shallower 

depth of backfill over the crown resulted in more concentrated loading being applied to 

the arch barrel when the load was applied at this location, this could be more effectively 

distributed through the arch barrel. This contributed to the lesser increase in 

deformation of the arch when the load was applied at the mid-span. 

Figure 4.16 and Figure 4.17 show the deformed shape of the arch barrel at the peak load 

of 150 kN and 250 kN (static testing), respectively. A 3D response can be observed from 

the two groups of figures, in which an eccentric applied loading always caused positions 

close to the loading point to have a larger deformation. The deformation of the arch 

decreased as the monitoring position became further away from the loading point. 
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Figure 4.16 The peak values of radial deflection of the arch under the low-level static tests 
(150kN): (a) to (i) at nine loading locations. 



- Chapter 4: The 3D Response of a Masonry Arch Bridge Under Low and Medium 
Loading Levels- 

 

 112  

 
Figure 4.17 The peak values of radial deflection of the arch under the mid-level static tests 
(250kN): (a) to (i) at nine loading locations. 

Figure 4.18 (a) shows a plot of load vs radial deflection of the arch intrados when 

subjected to the mid-level static and cyclic loading at point A. Similar response 

characteristics were observed in the other cases. Notably, the cyclic loading tests were 

not conducted immediately after the static loading test. There was at least a 30-min gap 

between them to bring the system to an equilibrium point under gravity. For the curves 

plotted in Figure 4.18 (a), both the static load-deflection curve and the first cyclic load-

deflection curve started from 0. However, it doesn’t mean that the residual deflection 
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under the static load was recovered. Instead, the data of static and cyclic loading tests 

were processed independently. The area enclosed by the loading-unloading curve 

provides an indicator of the energy (𝐺) absorbed by the structural system during the 

testing process [152] (it should be noted that 𝐺  here is not the fracture energy 

dissipated). This energy absorption corresponds to various phenomena, such as the 

development of plastic deformations, damage (i.e. initiation and propagation of cracks), 

as well as compaction / rearrangement of the backfill material. A value of zero 𝐺 

indicates that behaviour is perfectly elastic, with no energy dissipated. The variation in 

𝐺  for the static and cyclic tests, under low- and mid-level loading magnitudes, is 

presented in Figure 4.18 (b) and (c), respectively. 

 
Figure 4.18 (a) Load-radial deflection curves of the arch intrados under static loads and three 
loading cycles: Point A at mid-level; energy absorbed for the static test and three loading cycles 
under the (b) low-level testing and (c) mid-level testing. 

For the static tests, it was observed that when the load was increased from 150 kN to 250 

kN, an increase of 66.7%, the dissipated energy increased significantly, by an average of 

492% for cases where loading applied at the quarter- and three-quarter span points, and 

210% for cases involving loading at the mid-span (Figure 4.18 (b) and (c)). This 

significant increase in 𝐺 is indicative of the progression of damage in the bridge under 

the mid-level loading. The increment in 𝐺 was observed to be larger when the load was 

applied at the quarter- and three-quarter span points, compared to when this was applied 

at the mid-span. This can be attributed both to the larger volume of backfill present above 

the arch at the quarter-and three-quarter span points, prone to deform inelastically 

under load, and the more global nature of the damage observed in the masonry when the 

load was applied at these locations (e.g. involving formation of tensile cracks in the arch 

barrel). Moreover, Figure 4.18 (b) and (c) indicate that 𝐺 progressively decreases in 

magnitude between the static test and the subsequent three loading cycles. Specifically, 

at the low-level of load, the value of 𝐺 derived from Cyc_1 was approximately half that 

obtained in the corresponding static test. As the number of cycles increased from one to 
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three, 𝐺 further decreased by approximately 28% (Figure 4.18 (b)). This decrease was 

even more pronounced in the mid-level testing (Figure 4.18 (c)). For instance, the value 

of 𝐺 dropped by more than 56% between the static test and Cyc_1, followed by a 30% 

decrease between Cyc_1 to Cyc_3. 

The peak and residual values of the arch deflection under cyclic loads can provide 

insights into the backfill conditions. Figure 4.19 presents the variation of normalized 

peak and residual deflections of the arch barrel at the location directly under the loading 

points. The data was normalized by dividing the maximum deflection (at peak load) and 

residual deflection (after the load removal) from the three loading cycles by the 

respective values obtained in the corresponding static test. The residual deflection from 

the three loading cycles gradually decreased over time. It was also significantly smaller 

than the deflection observed in the corresponding static test. Also, the value of 

normalised residual deflection approached to zero at the final loading cycle. The higher 

energy associated with the static test was partly absorbed by the backfill, resulting in 

increasing density of the crushed limestone fill material. With the application of the 

following three loading cycles, the limestone became progressively more highly 

compacted. Together Figure 4.18 (a), (b) and Figure 4.19 indicate that as the number of 

loading cycles increased, the bridge behaved in a manner that the existing cracks 

repeatedly opened and closed during the loading-unloading process after the cracks were 

fully activated. 

 
Figure 4.19 Normalized peak and residual deflections of the arch barrel at the location directly 
under the loading points obtained from the static test and the subsequent three loading cycles. 
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4.5.4 Out-of-plane deformation of spandrel walls 

From field studies [153], it has been observed that the mechanical response of spandrel 

walls can affect the overall mode of response and the load carrying capacity of a masonry 

arch bridge. In particular, under the action of active lateral soil pressures, spandrel walls 

may translate in an out-of-plane direction, relative to the arch barrel. Note that in the 

present tests, the ends of the spandrel walls were not physically attached to the RC walls; 

instead, soft polystyrene plates were placed between the RC walls and the spandrel walls, 

such that the ends of spandrel walls were effectively unrestrained, apart from the effects 

of backfill. During the low and mid-level tests, no significant in-plane movement of the 

spandrel wall was observed, though small out-of-plane deformations were observed. 

 
Figure 4.20 Peak values for the out-of-plane deformation of the north-side spandrel wall 
under the low-level testing. 

 
Figure 4.21 Deformation mechanism of the masonry arch bridge at Test 5. 

Figure 4.20 and Figure 4.22 show the peak values of the out-of-plane deformation 
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obtained from the displacement gauges placed perpendicular to the north-side spandrel 

wall under the low and mid-level loads, respectively. Negative values represent inward 

movement, towards the fill. During the low-level tests, when the loads were applied 

eccentrically, and close to the south-side spandrel wall, the out-of-plane deformation 

observed from the north-side wall was minimal, and the maximum value detected was 

just 0.03 mm (Figure 4.20 (c), (f), and (i)). Similarly, applying the load on the 

longitudinal centreline, over the quarter- and three-quarter span points, did not cause 

any significant out-of-plane deformation of the north spandrel wall (Figure 4.20 (b) and 

(h)). Nevertheless, when the load was applied on the bridge centreline at mid-span, at 

point E (Test 5), some inward deformation of the spandrel walls was detected, with a 

maximum value of -0.3 mm (negative means inward movement, towards the backfill) 

near the end of the wall at the east-side (Figure 4.20 (e)). Figure 4.21 shows the 

deformation characteristics of the arch barrel and spandrel walls at Test 5. Specifically, 

under the low-level loading magnitude, the bridge was observed to deform essentially 

elastically. Downward movement of the centre of the arch under the patch loading led to 

a slight upward deflection of the two sides of the arch, which further induced inward 

movement of the spandrel walls as indicated in Figure 4.21 (b). Furthermore, when the 

load was applied eccentrically near the north-side wall, lateral soil pressures led to some 

out-of-plane deformation of the north-side wall, with the monitoring point closest to the 

load location always having the highest reading (Figure 4.20 (a), (d), and (g)). The 

maximum deformation detected was however relatively small, at 0.15 mm (Figure 4.20 

(g)). 

The observed out-of-plane deformation characteristics of the north-side spandrel wall 

from the low-level and mid-level loading tests were similar (Figure 4.22), with e.g. 

eccentric loading near the south-side not resulting in significant deformation of the 

north-side spandrel wall. Conversely, when the load was applied near the north-side wall, 

the maximum out-of-plane deformation of the wall was always observed at the position 

closest to the loading point. It is notable that the out-of-plane deformation increased 

nearly threefold when the eccentric load was increased from 150 kN to 250 kN, not only 

because of the increase in lateral soil pressure, but also a result of the more complete 

separation of the arch ring and spandrel wall that occurred during the low-level testing. 

The detachment will have led to a significant reduction in the shear resistance at the 

arch-spandrel wall interface as the arch moved downwards, contributing to a significant 

increase in out-of-plane deformation of the north wall as the loading magnitude was 
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increased. The maximum out-of-plane deformation, of 0.43 mm, was detected in Test 12, 

with the loading applied at point G (Figure 4.22 (g)). 

 

Figure 4.22 Peak values for the out-of-plane deformation of the north-side spandrel wall 
under the mid-level testing. 

4.6  Conclusions 

This chapter presents results from load tests performed on a large-scale brickwork 

masonry arch bridge, tested under laboratory conditions. The primary focus of the study 

was to assess the three-dimensional response of the bridge under low- and mid-level 

loads. The bridge had a span of 3m and was constructed from brickwork with weak (Type 

O) mortar, comprising a single-ring arch barrel, abutments and spandrel walls. 

Following erection of the brickwork, the bridge was filled in layers with compacted 

crushed limestone fill material. Patch loads were applied at nine specific locations on the 

backfill surface over a 300 by 300 mm. Two levels of loading were applied, namely low-

level loading with a magnitude of 150 kN, designed to evaluate the elastic response of the 

bridge, and mid-level loading with a magnitude of 250 kN, designed to assess any 

stiffness degradation due to crack propagation of the bridge. The application of a load in 

sequence allowed damage accumulation in the bridge to be investigated. A total of 18 

static tests and 18 cyclic loading tests were performed, giving rise to the following 

conclusions: 

1. The first crack occurred between the arch barrel and a spandrel wall when a low-level 
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eccentric load (of 60 kN) was applied at mid-span near one of the spandrel walls. This 

crack propagated further when loading was applied close to the spandrel wall at the 

quarter- and three-quarter span points. In the mid-level load tests, the application of 

load near a spandrel wall at the quarter- and three-quarter span points not only 

caused formation of tensile cracks in the arch barrel (the first tensile crack was visible 

on the arch intrados at a load of approx. 160 kN), but also led to diagonal cracking of 

the spandrel wall. Moreover, applying mid-level loads at mid-span resulted in the 

occurrence of local failure, with square-shaped shear cracks observed in the arch 

intrados directly under the load.  

2. With the same loading magnitude, the mid-span loading condition led to greater 

measured deformation of the arch barrel than when load was applied at the quarter- 

or three-quarter span points. This was partially due to the shallower depth of backfill 

over the crown, which allowed a highly concentrated load to be applied to the arch 

barrel. Additionally, the mid-span locations were farther from the supports 

(springings) than the quarter- and three-quarter span locations, which may have also 

contributed to the higher deflection of the arch. Furthermore, eccentrically placed 

patch loads were observed to induce 3D modes of response in the arch barrel. 

3. The stiffness of the bridge decreased slightly following application of the low-level 

loads, applied at various positions. However, a much greater stiffness degradation 

was observed following application of the mid-level loads, indicating the occurrence 

of damage accumulation and some plastic deformation.  

4. Analysis of load vs deflection plots indicated that the energy dissipated in an initial 

static test was almost twice as great as that dissipated in the first loading cycle of a 

subsequent cyclic load test, for any given loading position under mid-level loads. As 

the number of loading cycles increased, the energy dissipated progressively 

decreased. Also, the increase of residual deformation of the arch intrados gradually 

reduced and approached zero in the third and final loading cycle. This behaviour is 

related to a) the crushed limestone backfill material progressively becoming more 

incompressible; and b) cracks that formed under the initial static load later simply 

opening and closing repeatedly in the later load cycles, without new damage. 

5. During the low- and mid-level testing, no noticeable in-plane deformation of the 

spandrel walls was observed. On the other hand, applying loads near the south-side 

wall did not induce any significant out-of-plane deformation to the north-side wall. 
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However, as the loading location moved closer to the north-side wall, out-of-plane 

deformation of this wall became more pronounced, with the maximum deformation 

occurring at the position closest to the loading point. Furthermore, increasing the 

load from 150 kN to 250 kN caused a significant increase in the out-of-plane 

deformation of the spandrel wall, resulting from a reduction in shear resistance at 

the arch-spandrel wall interface and the increase in lateral soil pressure acting on the 

wall. 

In summary, the experimental results demonstrated not only the development of early-

stage damage in the bridge under loads lower than ‘safe’ working loads, but also the 

significant interactions that occur between different components of a masonry arch 

bridge. Therefore, when seeking to understand the detailed response of a masonry arch 

bridge it is important to take into account the interactions between the backfill, spandrel 

walls and arch barrel. Moreover, the detailed response of the bridge (i.e. load-deflection 

curve and crack pattern) can support the development of both low- and high-fidelity 

numerical models. A future contribution will focus on the ultimate behaviour of the 

bridge described, considering load-carrying capacity and the associated mode of failure. 
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5 The 3D Behaviour of a Masonry Arch Bridge at 
Failure  

This chapter represents the slightly modified post-print version of the article: B. Liu, V. 

Sarhosis, A. Booth, M. Gilbert, “The 3D response of a large-scale masonry arch bridge - 

Part II: performance at failure”, Engineering Structures, 313 (2024) p. 118308. The 

formatting and numbering of equations, tables and figures have been adapted to this 

document. 

5.1  Abstract  

Masonry arch bridges continue to form a pivotal part of the transport networks of the UK 

and many other countries worldwide. However, their three-dimensional response (3D) 

under loading has to date been relatively little investigated. Here, details of a large-scale 

masonry arch bridge load tested to failure under laboratory conditions are presented. 

The bridge consisted of a brickwork arch barrel, abutments, spandrel walls, and 

compacted limestone as backfill material. Patch loading was applied to the surface of the 

backfill at the quarter and three-quarter span points to assess the failure mechanism, 

load-carrying capacity, and residual strength of the bridge. A range of sensors were 

employed to capture the 3D bridge response and ground-penetrating radar surveys were 

performed on both the virgin and load-tested bridge to compare its internal structure. 

The observed evolution of cracks and post-test deformed geometry demonstrated the 

presence of both a localised 3D mode of response in the arch barrel in the vicinity of the 

applied load and a global four-hinge mechanism. Failure-level load tests carried out first 

at the quarter span and then at the three-quarter span points showed that the load-

carrying capacity of the bridge had reduced by only 10% in the second test, though the 

stiffness of the bridge had decreased by around 35%. During the failure-level load tests, 

significant in-plane and out-of-plane deformations of the spandrel walls were also 

observed, adding to the much smaller residual deformations recorded in low- and mid-

level load tests. 

5.2  Introduction 

Masonry arch bridges are generally long-lived structures that continue to form a pivotal 

part of the transport networks of the UK and many other countries worldwide. However, 
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increasing demands of the modern traffic systems, coupled with gradual degradation of 

material properties due to environmental effects and extreme events brought about by 

climate change, there is a pressing need to assess the structural integrity of these 

masonry arch bridges to ensure their continued safe operation [10,154]. 

Over the past few decades, research has focused on determining the mode of response 

and ultimate load carrying capacity of masonry arches, with various experimental, 

numerical and analytical methods applied, together with in-situ monitoring methods. 

For example, model-scale tests have been carried out to identify the likely mode of 

response of large-scale masonry arches and arch bridges. Specifically, it has been shown 

that a single ring arch is likely to fail in a four-hinge mechanism when subjected to a 

point load, with hinge locations dependent upon bridge geometry, loading and boundary 

conditions [32,155]. In the case of multi-ring brickwork arches, the low shear resistance 

at the interface between adjacent rings can result in the occurrence of ring separation, 

reducing load-carrying capacity [37,101]. Most previous studies have been conducted 

assuming plane-strain conditions. However, to consider the three-dimensional (3D) 

response of a two-ring brickwork arch barrel, Wang and Melbourne conducted large-

scale tests on two large-scale (5m span, 4:1 span-to-rise) arches [156,157]. These arches 

were subjected to static patch loading, resulting in four-hinge failure mechanisms. 

Notably, the tests revealed certain 3D modes of response, such as the development of ‘fan’ 

type cracks in the arch intrados. Following the experimental tests, Zhang et al. [158] 

simulated these tests using a mesoscale strategy where a pronounced 3D behaviour was 

also observed. Further, bridges with skew arches usually show a more complex 3D 

response [159]. The twisting behaviour resulted from the complex geometry 

characteristics causes the skew arches showing a lower capacity than the square arches 

with the same span length and span-to-rise ratio [160]. In addition to laboratory testing, 

non-invasive tests on in-service bridges have been performed to assess their structural 

behaviour. Methods include exterior damage assessment by photogrammetry [161–163], 

internal structure inspection via ground-penetrating radar (GPR) surveys [164–166], 

and dynamic characteristic identification using forced or ambient vibration 

measurements [167,168].  

A masonry arch bridge comprises various structural components, including the arch 

barrel, spandrel walls, abutments, and backfill material. These components interact with 

each other when a load is applied to the surface of a bridge, influencing the failure 

mechanism and bridge load-carrying capacity [112,169]. An early experimental study of 
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the interaction between different components of a masonry arch bridge was carried out 

by Royles and Hendry [35]. It was demonstrated that the inclusion of spandrel walls 

could significantly improve bridge load-carrying capacity (e.g., by approximately 150% 

for unreinforced spandrel walls and 320% for reinforced ones). Also, when the spandrel 

void area lying above an arch barrel is backfilled, bridge load-carrying capacity increases 

significantly. Arch-backfill interaction was further investigated by Gilbert et al. through 

large-scale experiments and numerical simulations [64,147]. From their studies, it was 

demonstrated that backfill effectively prestresses the arch barrel via its self-weight, 

increasing its resistance, and also disperses applied surface loads and restrains sway of 

the barrel. Furthermore, the performance of masonry arch bridges subjected to long-

term fatigue loads may show different characteristics compared to those under static 

loads. For example, a large-scale experimental campaign performed by Augusthus-

Nelson and Swift [16] found that high-cycle fatigue load with a magnitude of 56% of the 

load-carrying capacity can lead to localised failure occurred in the arch ring, namely 

bricks at hinge locations of arch intrados fell, leading to the significant reduction in the 

stiffness of the bridge. In addition to the bridge failure triggered by traffic loads applied 

on the backfill surface, scouring effects for masonry arch bridges supported by piers 

sitting cross waterways, fluid-structure interactions can potentially affect the failure 

modes of bridges. One of the typical modes is the arch collapse due to the pier/abutment 

settlements, which is caused by scouring effects resulted from water flow [115,170]. Also, 

flood-induced loads acting on piers in the out-of-plane direction can potentially lead to 

the collapse of the piers, particularly for those bridges with significantly material 

deterioration and pre-existing cracks [171,172]. 

Visual observations by engineers in the field have indicated that masonry arch bridges 

can display 3D modes of response due to the asymmetric nature of the structure and/or 

the loading applied to them [83,112,142]. This can for example lead to forward rotation, 

sliding, and out-of-plane deflection of the spandrel walls [81,173]. Spandrel walls may 

in extreme circumstances become completely detached from the bridge, with complete 

overturning or sliding failure potentially also leading to the failure of the bridge. Various 

numerical studies have been carried out to investigate the 3D response of the masonry 

arch bridge. For example, Milani and Lourenço [112] developed a detailed 3D numerical 

model to help understand the behaviour of skew arches. They observed that brick units 

forming a skew arch were pushed out at the loading location at the peak load, leading to 

collapse of the bridge. Also, Grosman et al. [83] utilized the ADAPTIC code developed at 
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Imperial College London to develop a masonry arch bridge model comprising an arch 

barrel, spandrels and backfill. A patch load was applied at different locations to induce a 

3D bridge response. Sensitivity studies have suggested that the behaviour of a masonry 

arch bridge can be considerably influenced by the material properties and the interaction 

between different components [140,174–176], highlighting the need for model 

calibration. However, the is a scarcity of experimental data on the 3D response of 

masonry arch bridges, with current understanding of the complex interactions that occur 

between the various components of a bridge remaining quite limited. Especially given 

that the numerical strategies used by previous researchers have necessarily involved a 

range of simplifying assumptions, this presents a problem for engineers and researchers 

wishing to validate both high-fidelity and more simplified numerical models. 

In the present chapter, the load-carrying capacity and failure mechanism of the masonry 

arch bridge has been assessed through an experimental campaign on a large-scale 

masonry arch bridge constructed in the laboratory. The bridge was comprehensively 

instrumented with sensors to monitor its 3D response under patch loading, with its 

internal structure assessed before and after damage using a high-frequency GPR system. 

Increasing levels of loading were applied to the backfill surface at different locations to 

investigate damage accumulation and crack propagation. The responses of the bridge 

under low- and mid-level magnitude static and cyclic loading regimes were summarized 

in the last chapter [177]. In this chapter, results obtained from high-level and failure-

level load tests are presented. The contribution focuses on crack evolution, load-carrying 

capacity, failure mechanism evolution, with peak and residual deformations of the arch 

barrel and spandrel walls also discussed.  

5.3  Experimental programme 

5.3.1 Large-scale masonry arch bridge model 

The detailed information regarding the geometry, bond configurations, and construction 

process of the masonry arch bridge can be found in chapter 4.2. 

5.3.2 Instrumentation 

In addition to the sensors shown in Figure 4.6, GPR profiles were acquired to image and 

compare the internal structure of the bridge, prior to testing and after failure [161]. A 

Sensors & Software pulseEKKO PRO GPR system, equipped with antennas of 1000 MHz 

centre frequency, was used to record profiles along the longitudinal centre profile of the 
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bridge (A-A’ shown in Figure 5.1). A GPR trace was recorded every 0.02 m, with distances 

measured using a calibrated odometer wheel. Assuming a velocity of 0.1 m/ns for the 

crushed limestone backfill (an implied relative dielectric permittivity, er, = 9), a recording 

time of 80 ns is sufficient to capture reflections throughout the full thickness of the 

structure. 

 
Figure 5.1 Schematic representation of GPR test profile. Sensors&Software equipment is 
moved along profiles A-A', with 1000 MHz transmitter (Tx) and receiver (Rx) maintained at 
constant offset in a tow-sled. Data are recorded at a PulseEKKO console, with distances tracked 
with a calibrated odometer wheel attached to the sled. 

5.3.3 Loading protocol 

The experimental campaign involved progressive application of patch loads with 

increasing magnitudes to the masonry arch bridge, with the aim of investigating damage 

accumulation and crack propagation mechanisms. Low-level and mid-level testing was 

carried out by applying static/cyclic patch loading to nine specific locations on the 

backfill surface. This was accomplished using a load spreader beam with a cross-section 

area of 300 x 300 mm. The selection of loading magnitudes was based on anticipated 

working load limits and also the ultimate limit state (ULS) load of the bridge obtained 

from preliminary numerical analysis. Specifically, a low-level load of 150 kN 

(approximately 20% to 25% of the ULS) was applied to characterise the elastic response 

of the bridge. Subsequently, the loading magnitude was increased to 250 kN, which was 

around 50% of the ULS, to evaluate any accumulation of plastic damage in the bridge. 

The results obtained from the low- and mid-level static/cyclic loading tests are reported 

in [177]. 
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Figure 5.2 Bridge: (a) loading locations; (b) larger load platen used for high- and failure-level 
load tests (all units in mm). 

Following completion of the low and mid-level testing, high-level and failure-level tests 

were performed to assess the bridge load-carrying capacity, post-failure residual capacity 

and also the associated modes of response. At these stages of testing, a static patch load 

with the target magnitude was applied either at Point B or Point H, corresponding to the 

quarter-span or three-quarter span points along the longitudinal centre line of the bridge 

(Figure 5.2 (a)). Moreover, based on observations from previous mid-level tests, it was 

suspected that a 300 x 300 mm load patch may initiate localized failure of the fill, rather 

than global failure of the bridge. Thus, a larger loading platen, measuring 300 x 750 mm, 

was utilized when applying higher levels of loading (Figure 5.2 (b)). 

Table 5.1 lists the loading protocol adopted in the study. Following the low- and mid-

level testing, which were comprehensively detailed in [23], the high-level test was 

conducted at point B using the larger spreader beam (T21). Then, at the same location, 

the first failure-level test was carried out (T22). Afterwards, the small platen was used to 

examine the impact of loading area on the response of the bridge (T23). However, it was 

observed that, due to local deformations of the backfill, the small platen rotated 

excessively under the high level of loading, leading to termination of the test. The same 

behaviour was also encountered during T24, conducted at Point H. Finally, the larger 

platen was again utilized, with a second failure-level test (T25) conducted at Point H, the 

three-quarter span point, to assess the residual load-carrying capacity of the bridge. The 

static loads were applied using a hydraulic actuator with a capacity of 750 kN. All high-

level and failure-level tests were carried out under displacement control to better control 

the post failure response of the bridge. The rate of loading and unloading was set at 0.05 

mm/s. The loading times for T21, T22, and T25 were recorded to be approximately 528s, 

840s, and 963s, respectively.  
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Table 5.1 Loading protocol testing on the first bridge. 

No. of test Type of test Loading 
location Loading level Loading area 

(mm) Loading rate 

T1 & T2 Trials 
(Static) Point A and B Low-level (150 

kN) 300 x 300 10 kN/min 

T3 to T11 Static & 
cyclic 9 locations Low-level (150 

kN) 300 x 300 10 kN/min 

T12 to T20 Static & 
cyclic 9 locations Mid-level (250 

kN) 300 x 300 10 kN/min 

T21 Static Point B High-level (560 
kN) 750 x 300 0.05 mm/s 

T22 Static Point B Failure-level 750 x 300 0.05 mm/s 

T23 Static Point B Failure-level 300 x 300 0.05 mm/s 

T24 Static Point H Failure-level 300 x 300 0.05 mm/s 

T25 Static Point H Failure-level 750 x 300 0.05 mm/s 

5.4  Experimental test results 

5.4.1 Inspection of the bridge after failure  

After failure of the bridge, an extensive inspection was carried out. Figure 5.3 presents 

the residual width of the main cracks observed in the north and south-side spandrel walls, 

as well as residual out-of-plane deformations at the west ends of the two walls. Crack 

width measurements were taken from the surface of the walls using a vernier calliper 

with an accuracy of 0.01 mm. Meanwhile, out-of-plane deformations were measured 

relative to the bases of the spandrel walls. A laser level was used to project a vertical laser 

line on the side of spandrel walls, and values of out-of-plane deformation were estimated 

by measuring the horizontal distance between the laser line and the edge of the wall at 

various elevations. The widest cracks were observed to form in the north-side spandrel 

wall, measuring 5.65 mm. Overall, the widths of cracks in the north-side wall were 

greater than those forming in the south-side wall. Also, much larger out-of-plane 

deformations were observed in the case of the north-side wall, with the maximum 

recorded deformation of 20.48 mm occurring at the top of the wall. In contrast, no 

significant out-of-plane deformation of the south-side spandrel wall was recorded. These 

observations suggested that the response of the bridge was asymmetrical, with varying 

levels of damage observed in the two spandrel walls, and with the north-side wall 

suffering more severe damage compared to the south-side wall.  
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Figure 5.3 Post failure test inspection: (a) width of residual cracks on north-side wall; (b) 
width of residual cracks on south-side wall; (c) out-of-plane residual deformation of spandrel 
wall (viewed from the west side) (all units in mm). 

Figure 5.4 (a) and (b) show the GPR profiles for the longitudinal centre profile of the 

virgin and failed bridge, respectively. GPR profiles were identically processed using a 

standard set of processing routines, including: 

1. static corrections to align time-zero in each trace, 

2. Kirchhoff migration, using a velocity of 0.12 m/ns and an aperture of 100 traces, 

3. Ormsby bandpass filter, with corner frequencies at 100-200-2500-5000 MHz, and 

4. removal of the profile-average trace to suppress horizontal striping in the images. 

The curved feature with its apex at ~10 ns travel-time is interpreted as the arch intrados, 

preceded by ~4 ns by reflections from the extrados. These are surrounding by sub-

horizontal horizons interpreted as layers within the crushed limestone backfill. The 

reflections at ~20 ns travel-time are the first-order reverberation of the reflections from 

the arch and thus provide no additional insight to the structure of the bridge. Figure 5.4 

(a) and (b) suggest that layers of backfilled crushed limestone were disturbed after the 

loading tests, particularly within the region between the quarter- and three-quarter span 

points, situated over the arch barrel. This disturbance can be attributed to non-uniform 

compaction of the backfill material resulting from point loading during the testing 

procedure. Another noteworthy phenomenon is the deflection of arch barrel. It can be 

seen in Figure 5.4 (b) that deflection of the arch was prominently manifest at three 

locations, including the quarter-, mid-, and three-quarter span points of the arch, where 
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loads were applied and hinges formed. Furthermore, no discrete responses (i.e., 

diffraction hyperbolae) to cracks were evident in the data; the GPR mostly samples 

unconsolidated material and hence settlement rather than cracking is more likely the 

dominant deformation mechanism. Furthermore, the ~2 mm aperture of cracks in the 

masonry is likely beyond the resolution of the GPR wavelet with ~12 mm wavelength; 

hence the GPR tends to sample bulk layer properties rather than discrete fractures. 

 
Figure 5.4 Results obtained from GPR testing: (a) longitudinal central profile of the virgin 
bridge; (b) longitudinal central profile of the bridge after failure. 

5.4.2 Damage evolution and bridge failure mechanism 

Initially, low- and mid-level load tests were carried out to evaluate the elastic response 

and the evolution of damage in the bridge under ‘safe’ working loads (less than 50% of 

the expected ULS load). After the low- and mid-level tests, cracks on the bridge were all 

occurred at the mortar joints and were principally comprised of: (a) cracks between the 

arch ring and spandrel walls at both the north and south side; (b) tensile cracks at the 

quarter- and three-quarter span points in  the arch intrados; (c) short diagonal cracks 

in the north side spandrel wall; (d) plate-shaped localized cracks visible in the arch 

intrados at mid-span (see the cracks marked in grey in Figure 5.5 (a)). The application 

of point loading induced 3D effects in the bridge, though culminated in a four-hinge 

mechanism. Figure 5.5 shows the progression of cracks in the bridge during the high-

level and failure-level tests. Moreover, Figure 5.7 and Figure 5.7 present the failure 

mechanism of the bridge, as well as photos showing damage to the bridge, observed at 

T22 and T25, respectively. 

Figure 5.5 (a) shows the cracks that developed after T21, which involved a high-level 

loading of up to 560 kN applied at the quarter-span. During T21, three hinges formed 
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initially, the first forming at the quarter-span point, with tensile cracks developing 

transversely in the arch intrados underneath the loading location. Secondly, a tensile 

crack was observed in the arch extrados between courses 42 and 43, near the east side of 

the springing, representing the formation of a second hinge. The third hinge was 

identified in the mid-span region, where compression-induced crushing of mortar joints 

was observed at the arch intrados. However, at this stage, no cracks were observed in the 

arch extrados in the mid-span region. Also, deformation of the arch barrel resulted in the 

initiation and propagation of cracks in both spandrel walls. Specifically, at the quarter-

span point where the load was applied, diagonal cracks initiated at the arch-spandrel wall 

interfaces and propagated upwards towards the east side due to the downward 

movement of the arch. Conversely, between the mid-span and three-quarter span points, 

cracks originated from the top of the spandrel walls and extended downwards to the mid-

span (location of the 3rd hinge). A comparison of the crack patterns on the two sides of 

the spandrel walls indicated the presence of more severe cracking in the north-side wall, 

indicative of a higher degree of damage in this wall. Moreover, apart from global damage 

characterised by the formation of three hinges, the presence of diagonally aligned tensile 

cracks in the arch intrados that originated from the region directly underneath the 

loading platen indicates that the arch barrel was behaving in a 3D manner under the 

action of the applied patch loading. 

Figure 5.5 (b) shows the cracks observed during T22, which involved further load being 

applied at Point B until the bridge failure mechanism was fully activated (Figure 5.6 (a)). 

The test was stopped after a plateau was observed in the real-time load-deflection curve, 

with the peak load at this stage being 639 kN. As the load increased, the width of cracks 

increased noticeably at the hinge locations (Figure 5.6 (b) and (f)), and fragments of 

crushed mortar lying in high compression regions fell to the floor (Figure 5.6 (g) and (h)). 

In addition to the three hinges that had formed during the previous high-level test, the 

increase in loading led to formation of the last hinge at the west springing (labelled h4 in 

Figure 5.6 (a)). Also, further cracks propagated in the spandrel walls due to the 

significant deformation of the arch barrel, with the overall form of the cracks in the two 

spandrel walls being similar. For instance, the crack originating from the quarter-span 

location extended upwards to the top of the wall (Figure 5.6 (b)). Another crack, which 

initiated in the previous test, propagated downwards until it reached the interface 

between the arch and spandrel wall at the mid-span region (Figure 5.6 (c) and (e)). 

Furthermore, due to upward movement of the arch barrel between hinges 3 and 4, the 
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west side spandrel walls rotated, with tensile cracks originating from the springing (h4) 

propagating diagonally downwards towards the bottom corner of the bridge (Figure 5.6 

(d)). The cracks thus separated the spandrel walls into four distinct parts. Moreover, the 

extent of the diagonal tensile cracks that formed in the arch intrados increased markedly, 

emphasising the 3D nature of the response of the barrel in the region directly underneath 

the applied load.  

 

Figure 5.5 Crack evolution under high- and failure-level load tests (new cracks forming in a 
given test indicated in red). 
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Following the first failure-level test, T22, the load platen was replaced with a smaller one 

having a base area of 300 x 300 mm, and the test was conducted again (i.e., T23) with 

the other conditions remaining the same to assess the influence of loading area on the 

response of the bridge. However, when the load exceeded 400 kN, the small loading plate 

was observed to rotate, with one side of the plate becoming embedded in the backfill. 

Therefore, the test was terminated for safety issues. Nevertheless, the application of a 

400 kN load through the small platen induced an approximately 4.5 MPa compression 

pressure on the backfill surface, which was 1.56 times greater than the peak compression 

pressure applied during the previous test, T22. However, after T23, minimal additional 

crack propagation was observed, as shown in Figure 5.5 (c). 

After the failure of the bridge, the actuator was moved to the opposite location, at the 

three-quarter span point on the bridge centreline (point H in Figure 5.2 (a)), to assess 

the residual load-carrying capacity of the bridge. The test started using the small platen 

(T24), but once again the loading platen rotate, with one side becoming embedded in the 

backfill. In this case the peak load applied during T24 was 299 kN, with the test stopped 

due to significant bending being observed in the actuator. After the test, some tensile 

cracks were initiated in the arch barrel under the loading location, as shown in Figure 

5.5 (d). Additionally, separation between the lower and upper parts of the spandrel walls 

was observed, with a crack emerging from the east side springing level (Figure 5.5 (d)). 

The final test, T25, was carried out utilizing the larger platen at Point H to assess the 

residual load-carrying capacity of the bridge. During this test, both global damage and a 

3D response were again observed, with the load-carrying capacity reaching 575 kN, only 

slightly lower than the 639 kN reached in test T22, with the maximum arch deformation 

increasing to 18.1 mm (further discussed in section 4.2). Figure 5.5 (e) shows the cracks 

that propagated in the test; the failure mechanism and photos showing damage to the 

bridge are shown in Figure 5.7. Overall, the cracks observed following T25 were similar 

in form to those observed following T22, including: (a) a fourth hinge was formed, 

triggering opening of the mortar joint at the east side springing (Figure 5.7 (a) and (b)); 

(b) tensile cracks under the location of the load were fully opened, indicating the 

presence of hinge 1 (Figure 5.7 (c) and (d)); (c) crushing of mortar joints in the high 

compression mid-span region was observed, with cracks opening in the arch extrados, 

indicating the presence of hinge 3 (Figure 5.7 (c) and (e)). In addition to mortar crushing 

in the mid-span region, cracks were also observed in several bricks in this region (Figure 

5.7 (e)), indicative of the high compressive stresses; and (d) the spandrel wall was 
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separated into four parts by three major cracks (Figure 5.7 (c)). Affected by the existing 

cracks, the crack over h3 was the one that formed previously in test T22. Moreover, a 

diagonal crack was observed in the backfill at the peak load (Figure 5.7 (f)). The crack 

started from the loading platen and propagated diagonally towards the northwest corner 

of the bridge. 

 

Figure 5.6 (a) Failure mechanism of bridge at T22; (b) to (h) are photos showing observed 
damage. 

 

Figure 5.7 (a) Failure mechanism of bridge at T25; (b) to (f) are photos showing observed 
damage. 

5.4.3 Horizontal movement of abutments 

Figure 5.8 (a) shows the locations of six displacement gauges positioned to monitor 

horizontal movements of the abutment, and Figure 5.8 (b) shows horizontal 

deformations of the abutments recorded at the peak load in tests T21, T22, and T25. The 
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load-deformation curves of the abutment deformations from T21, T22, and T25 are 

shown in Figure 5.8 (c), (d), and (e), respectively. Positive values in Figure 5.8 (b) to (e) 

indicate deformation towards the inward (centre) of the arch barrel. During T21 and T22, 

when loads were applied near the east-side abutment, significant inward deformation 

was observed from L39, positioned at the south end of the east abutment. This 

deformation occurred suddenly as the load approached to its peak (see Figure 5.8 (c)). 

Also, the peak deformation values increased from 1.55 mm to 2.42 mm as the load 

increased from 566 kN to 622 kN (see Figure 5.8 (d)). The inward deformation of the 

abutment at the northeast corner was unexpected, and the underlying mechanism 

remained unclear. At the other two monitored locations at the east side, minimal 

deformations were recorded, highlighting an asymmetric response of the east abutment. 

The west-side abutment experienced a slight outward movement. During T25, when the 

load was applied at Point H, both sides of the abutments deformed outwards slightly, 

with the east abutment exhibiting slightly larger deformation compared to the west-side 

abutment (Figure 5.8 (e)). Notably, the recorded horizontal deformation of the abutment 

did not indicate that the abutment sliding was the main cause of the bridge failure. The 

primary global failure mechanism observed was the four-hinge mechanism of the arch 

barrel. Nevertheless, the response of the abutments suggested their involvement in the 

bridge behaviour. Therefore, neglecting or oversimplifying the abutments as rigid 

immovable bodies may not be appropriate when conducting numerical simulations. 

 
Figure 5.8 Horizontal movement of abutments: (a) locations of displacement gauges; (b) 
horizontal displacement of abutments at peak loads in tests T21, T22, and T25; load-
deformation curves of abutment deformations during (c) T21, (d) T22, and (e) T25. 
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5.4.4 Load-carrying capacity and stiffness characteristics of the bridge 

Figure 5.9 (a) shows the load-deflection curve measured at the arch intrados for tests 

T21, T22, and T25. The values of displacement were obtained from the LVDT orientated 

radially directly underneath the loading location. During the high-level test (T21), the 

peak load and peak deformation of the arch intrados was 566 kN and 3.824 mm, 

respectively. From the load-deflection curve, a noticeable change in stiffness is evident 

as the load increased from 375 kN to 480 kN, indicating a transition from near-elastic to 

plastic behaviour. After the load had reached 566 kN, it was then fully removed, with 

residual deformation of the arch barrel being approximately 1.6 mm.  

Subsequently, in test T22, the load was re-applied at the same location. This time, the 

arch exhibited a near-elastic response until a load of approx. 525 kN, indicating the 

presence of an expanded near-elastic range compared to test T21. However, when the 

load was increased further (e.g. to approx. 620 kN), the load-deflection curve was clearly 

starting to plateau, with large increases in arch deformation for small increases in load. 

This suggests that the failure mechanism of the bridge was now being mobilised. Finally, 

the test was stopped when the load reached 639 kN, with the deformation of the arch 

intrados at this point being 10.195 mm. (Although at this point the load-deflection curve 

was very flat, strictly speaking, the peak load-carrying capacity of the bridge was not 

established in T22, as no decline in load was observed.)  

The final test (T25) was performed at Point H using the larger platen to evaluate the 

residual load-carrying capacity of the bridge. Comparing the results obtained in tests T22 

and T25, a decrease in bridge strength of approximately 10% was observed, with the 

load-carrying capacity dropping from 639 kN to 575 kN. Although damaged after test 

T22, the bridge was still able to effectively distribute the applied load through the arch 

barrel and onto the abutments. With the load moved to the three-quarter span point for 

test T25, the extensive cracks observable on the arch intrados near the quarter-span 

point would have been unlikely to have affected global bridge behaviour. After the peak 

load of 575 kN had been reached, the load gradually decreased whilst arch barrel 

deformations grew markedly. Finally, the test was stopped when the peak deformation of 

the arch intrados reached over 18 mm, with residual deformation of the arch barrel being 

9.7 mm after the load was removed.  

Figure 5.9 (b) shows how the elastic stiffness of the bridge drops as the tests proceeded. 

The stiffness values were determined by calculating the slope of the load-deflection curve 
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between 10% and 40% of the peak load [178]. The first low-level test (up to 150 kN) 

conducted at Point B suggested that the elastic stiffness of the virgin bridge was equal to 

approximately 524 kN/mm. It is important to note that this value might not be directly 

comparable to the high-level and failure-level tests due to differences in the testing 

conditions (i.e., load platen and the loading rate). Nevertheless, it is indicative of the 

ongoing reduction in stiffness that occurs as cracks in the bridge progressively develop. 

 
Figure 5.9 Results: (a) load-deflection curve of arch intrados under high- and failure- level 
tests; (b) stiffness reduction. 

5.4.5 Deformation of the arch barrel 

Figure 5.10 shows the load versus deflection curves of the arch intrados as measured by 

three LVDTs positioned on the longitudinal centreline of the bridge. Figure 5.11 presents 

the radial deflection values and deformed shapes of the arch intrados at the peak load 

during tests T21, T22 and T25. From Figure 5.10 and Figure 5.11, it is clear that the arch 

barrel exhibited both a local 3D response and a more global four-hinge mechanism when 

subject to the applied patch loading.  

 
Figure 5.10 Load-radial deflection curves of the arch barrel monitored by three LVDTs 
positioned on the bridge centreline under high- and failure-level load tests. 
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The 3D response was most prominent in the vicinity of the applied load, with peak arch 

barrel deflections recorded on the bridge centreline. Moving transversely away from the 

bridge centreline, deflections of the arch barrel gradually decreased (Figure 5.11). 

However, the global response of the arch barrel was characterised by a classical four-

hinge mechanism, as evidenced by: (a) on the bridge centreline underneath the loading, 

the barrel moved downwards, with upward movements observed at the two other 

monitored locations (Figure 5.10); (b) distribution of the load in the arch barrel led to 

3D deformations diminishing at monitoring locations further away from the loading 

location (Figure 5.11). For instance, in test T25 when the load was applied at point H 

(Figure 5.11 (c)), the magnitude of the deformation of the barrel on the bridge centreline 

at the loaded location was almost three times that observed at the edges of the barrel. 

However, at midspan, differences in deformation on the bridge centreline and at the 

edges of the arch barrel became much less pronounced. At the quarter-span point (in this 

case the non-loaded side of the bridge), any 3D response of the arch barrel was difficult 

to discern, indicating that remote from the load the arch barrel was reverting to a 

classical four-hinge mode of response. 

 
Figure 5.11 Peak radial deflection values and deformed arch barrel shapes at the peak load: (a) 
T21; (b) T22; (c) T25. 

5.4.6 In-plane deformation of spandrel walls 

During the test, four potentiometer displacement gauges were employed to monitor in-

plane deformation of the two spandrel walls (i.e., L3 and L15 for the south-side wall and 

L46 and L16 for the north-side wall). Figure 5.12 shows values of the in-plane 
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deformation at the peak load for all tests, from low level loads to failure level loads. 

Negative values in Figure 5.12 indicate westward movement. During the low- and mid-

level tests, no major cracks developed in the spandrel walls, and in-plane deformations 

of the spandrel walls were minimal. However, significant in-plane deformations of the 

spandrel walls were observed in the high-level test (T21) and in subsequent tests up to 

test T25. The maximum in-plane deformation was recorded at L16 during test T22, 

which is the first failure-level test conducted at Point B. Moreover, the peak in-plane 

deformation at the north-side wall was always greater than that at the south-side wall, 

indicating more severe damage in the north-side wall, which is in keeping with the 

general post-test observations (Figure 5.3). 

 
Figure 5.12 Values of in-plane deformation of spandrel walls at the peak load during testing 
(data obtained from low-level, mid-level, high & failure level tests was respectively highlighted 
by grey, blue, and yellow windows). 

 
Figure 5.13 Load versus in-plane deformation of the spandrel walls during: (a) T21; (b) T22; 
(c) T25. 

The load versus in-plane deformation curves in tests T21, T22, and T25 are plotted in 

Figure 5.13 (a), (b), and (c), respectively; negative values indicate movement in the 

westerly direction. The observed in-plane spandrel wall deformations were closely 

related to the form of the overall failure mechanism. More specifically, when the bridge 

was subjected to the high- and failure-level loads, extensive crack propagation occurred 

in the spandrel walls, eventually causing the walls to separate into several parts. The part 
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of the spandrel wall situated above the non-loaded side of the bridge rotated upwards 

due to upward deformation of the arch barrel, resulting in significant in-plane 

deformation. Conversely, the spandrel walls on the loaded side of the bridge experienced 

only relatively small deformations (less than 0.2 mm). Moreover, during test T21, the 

peak in-plane deformation of the spandrel wall was less than 1 mm at the peak load of 

566 kN. However, in T22 and T25, in-plane deformations of the spandrel walls increased 

significantly, a consequence of full activation of the bridge failure mechanism.  

5.4.7 Out-of-plane deformation of spandrel walls 

Figure 5.14 shows the out-of-plane deformations of the spandrel walls recorded at the 

peak load during tests T21, T22, and T25. As the level of loading increased, the extent of 

cracking in the spandrel walls increased. Specifically, the monitoring point nearest to the 

loading location always recorded the highest deformation, since it was subjected to the 

greatest lateral soil pressures. Also, higher applied loads led to increased downward 

deformation of the arch barrel, increasing the gap between the arch barrel and the 

spandrel wall at the location of the applied load. Additionally, the propagation of cracks 

in a given spandrel wall decreased its resistance to lateral loads. These factors 

contributed to a pronounced increase in the peak out-of-plane deformations of the 

spandrel walls in tests T21 to T25. However, it is worth noting that the ends of the 

spandrel walls in the bridge were “free”, which is likely to have allowed greater out-of-

plane deformations than if they had e.g., been restrained by wing walls.  

 
Figure 5.14 Peak values of the out-of-plane deformation of the north-side spandrel wall 
during: (a) T21; (b) T22; (c) T25. 

Over time out-of-plane deformations of a spandrel wall can accumulate and eventually 

lead to overturning failure. Figure 5.15 shows residual and accumulated out-of-plane 

spandrel wall deformations measured during the bridge tests in the case of both spandrel 

walls, starting with the low-level tests, up to the final failure-level test. In the low- and 

mid-level load tests, the data points highlighted by the dotted lines correspond to results 
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obtained from static tests, while the subsequent data points between the two dotted lines 

represent the values obtained from cyclic tests. The residual values are represented by 

bars, while the accumulated deformations are depicted by blue lines. Note that the 

accumulated deformations shown in  Figure 5.15 were calculated by summing up the 

residual values recorded after each test, rather than being obtained via continuous 

monitoring. Thus, any small movements of the spandrel wall that took place at other 

times, e.g., due to thermal effects, are not included. 

 
Figure 5.15 Residual and accumulated out-of-plane deformations of the north side, (a)-(l), 
and south side, (m)-(r), spandrel walls, indicated respectively by red bars and blue lines (data 
obtained from low-level, mid-level, high & failure level tests was respectively highlighted by 
grey, blue, and yellow windows). 
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Figure 5.16 Out of plane deflection of north-side spandrel wall: residual values and values at 
the peak load. 

In the low-level tests a load of 150 kN was applied. Despite the initiation and propagation 

of cracks between the arch barrel and spandrel walls on both sides of the bridge, the 

bridge did not sustain any significant damage under these loads. Additionally, the lateral 

soil pressure exerted on the spandrel walls was relatively low. Consequently, the residual 

and accumulated out-of-plane deformations of both spandrel walls were in these cases 

negligible. In the mid-level tests a higher load of 250 kN was applied, leading to a marked 

increase in accumulated deformation when loads were applied close to a given wall. 

Specifically, in the case of the north-side wall, a gradual increase in accumulated 

deformation was observed in the first three tests (T12 to T14), where static/cyclic loads 

were applied eccentrically at three different locations near the north-side wall (at the 

three-quarter, quarter, and midspan points). Subsequently, the loading position was 

moved near the south-side wall, and three additional tests (T15, T16, and T17) were 

conducted. During this phase, out-of-plane deformations of the south-side wall began to 

accumulate. Finally, the last three mid-level tests were carried out on the bridge 

centreline, with the accumulated deformations of both walls then remaining relatively 

stable. 

During the high-level and failure-level load tests, significant increases in residual and 

accumulated deformations were observed, at nearly all monitoring points. Residual 

deformations of the spandrel walls were found to be greater at monitoring locations lying 

closest to the position of the applied loading. After all tests had been completed, gauge 

L10, measuring deformations of the north-side wall recorded the highest accumulated 

deformation, at approx. 23.2 mm. Most residual deformation was in this case induced in 

the final load test, with the load applied at Point H. Furthermore, at seven north-side 

wall monitoring locations (specifically, L8 to L14), out-of-plane deformations larger than 

10 mm were recorded; at three of these locations deformations larger than 20 mm were 
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recorded, indicating bulging of the spandrel wall. Additionally, out-of-plane 

deformations of the north-side wall were more significant than those of the south-side 

wall, indicating a highly asymmetric bridge response. 

The out-of-plane deflection of the spandrel walls can be resulted from the bending or the 

sliding of the wall under loads. Figure 5.16 shows the out-of-plane deflection of the 

north-side wall, showing both the peak load values and the residual values after load 

removal. The data was collected from seven columns of potentiometer gauges (C1 to C7, 

as shown in Figure 5.14). The sliding effect can be observed in the movement of the non-

loading side wall, specifically at C5, C6, and C7 during T21 and T22, as well as at C1, C2, 

and C3 during T25. The values recorded by these potentiometers suggest some sliding 

behaviour of the wall; however, the effect is not significant. For instance, the out-of-plane 

deflection due to sliding accounted for less than 20% of the maximum out-of-plane 

deflection. In contrast, bending is more pronounced in these cases. This is evident from 

the significant increase in out-of-plane deflection at the loading location, indicating that 

bending plays a dominant role in the wall’s response at the out-of-plane direction. 

5.4.8 Comparison between the results obtained from previous testing and 

this study 

The full-scale bridge specimen tested in this study shared similar characteristics with a 

previous experimental study conducted at the University of Salford (UoS), including the 

use of similar materials and the same geometry of the arch barrel [36].Notably, four 3m 

span bridges were constructed and load tested at UoS. For comparison, results from the 

bridge with the highest similarity to the one in this study (referred to as 3-1 in [36]) is 

analysed. Table 5.2 summaries the key features and results of these two studies. 

Table 5.2 Comparison between the key features and results between tests of this study and the 
previous one performed at the University of Salford. 

Features / Results UoS (bridge 3-1) This study 

Bridge geometry 

Length x width x height of the 
bridge 7,920 x 3,540 x 1,805 mm 5,886 x 2,915 x 2,015 mm 

Span of the arch 3,000 mm 3,000 mm 

Span-rise ratio of the arch 4:1 4:1 

Arch bond pattern Two-ring stack bonded Single ring header bonded 
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Arch thickness 215 mm (two rings) 215 mm (single ring) 

Bridge components Arch, spandrel walls, 
abutments, and backfill 

Arch, spandrel walls, 
abutments, and backfill 

Backfill depth over the crown 300 mm 300 mm 

Spandrel width 330 mm 328 mm 

Material 

Brick Type A engineering brick Type A engineering brick 

Brick compressive strength 115 kN 111.3 kN 

Bonding material  
1:2:9 lime mortar for radial 
joints; 1:1:6 strong mortar 

between rings  
1:2:9 lime mortar 

Backfill 50 mm graded crushed 
limestone 

MOT type I graded crushed 
limestone 

Test conditions 

Load types (at failure level) Static full width line load Static load (300 x 750 mm 
patch load) 

Load location (at failure level) Over quarter-span of the arch Over quarter-span of the arch 

Boundaries 3D 3D 

Results 

Bridge conditions before the 
failure level load test Spandrel separation 

Spandrel separation; cracks in 
arch intrados; Formation of 

three hinges 

Failure mechanisms Four-hinge Four-hinge 

Ultimate load-carrying 
capacity 540 kN 639 kN 

 

It can be seen from Table 5.2 that the materials adopted by both studies were quite 

similar, including the same bricks with comparable compressive strength and similar 

proportioned lime mortar. However, in the UoS 3-1 bridge, a stronger mortar was used 

to improve bonding between rings, thereby preventing ring separation.  

Both bridges failed due to the formation of a four-hinge mechanism. However, the 

Salford bridge had a lower load-carrying capacity than the Leeds bridge, with a reduction 

of approximately 18%. This difference could be attributed to several reasons, including  

a) Pre-loading condition and existing defects: neither bridge was in a virgin state prior 
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to the failure test. While the detailed loading sequence and crack patterns of Salford 

bridge were not fully documented in the literature, it was described as ‘spandrels 

detached’. In contrast, the bridge tested in this study may have sustained more severe 

damage, as three hinges had already formed during the high-level load test; However, 

this factor would likely result in an underestimation of the ULS of Leeds bridge rather 

than making it higher than the Salford bridge. 

b) The variability of masonry properties: Masonry is a composite material with inherent 

variabilities in its material and mechanical properties (i.e., strength of mortar, and 

defects of construction, etc.). These variabilities can potentially result in the variation of 

ULS of bridges. 

c) Effect of loading area: Among the two factors discussed, the loading area seems to be 

a more significant factor that affect the ULS loads of the bridges. In the Salford test, a 

full-width line load was applied over the quarter of the arch, inducing a predominantly 

2D structural behaviour. In contrast, a patch load was applied in Leeds test, which not 

only triggered the global failure mechanism of the bridge but also introduced 

significantly 3D response characteristics of the arch barrel (i.e., extensive web-pattern 

cracks observed on the arch intrados, as described in section 5.4.2 and Figure 5.5). The 

engagement of 3D response likely allowed the bridge to absorb more energy before 

failure, contributing to its higher ULS value compared to the Salford bridge. 

In addition to the 3-1 bridge, the Salford testing also included a 3-2 bridge, which had 

the same materials and geometry as 3-1 bridge. However, in the 3-2 bridge, the two rings 

were bonded using a release agent to minimise the tensile bond strength, intentionally 

promoting ring separation. As a results, this 3-2 bridge exhibited a lower ULS value of 

360 was, which was primarily due to a different failure mechanism – the ring separation 

rather than the four-hinge observed in the 3-1 bridge and the Leeds bridge. This 

highlights the significant role of inter-ring bonding strength in the overall load-carrying 

capacity of masonry arch bridges. 

5.5  Conclusions 

A large-scale brickwork masonry arch bridge has been constructed and load tested to 

failure in the laboratory. The aim of the work presented is to provide a better 

understanding on the three-dimensional (3D) response and interactions between 

different components of the masonry arch bridge under patch loads, as well as to 
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examine crack propagation and failure mechanism of the bridge. Also, a comprehensive 

dataset is provided for engineers and researchers to develop both low and high-fidelity 

numerical models. 

The masonry arch bridge constructed in the laboratory incorporated a header-bonded 

brickwork arch barrel, brickwork abutments and spandrel walls, and employed 

compacted crushed limestone backfill material. Type A engineering brick and type O 

mortar was used to reproduce the low bonding strength found in many in-service 

masonry arch bridges. The bridge was instrumented with various sensors to 

comprehensively monitor its 3D response under a series of patch loads (line loads of the 

sort applied in previous studies were not used as these may artificially induce a two-

dimensional response). Also, GPR surveys were carried out to assess the internal 

structure of both the virgin bridge and the bridge after load testing to failure. The bridge 

was subjected to progressively increasing levels of loads to investigate damage 

accumulation and crack propagation. Detailed 3D responses and failure mechanisms of 

the bridge subjected to a high-level load and two failure-level loads are presented and 

discussed in the chapter. Key issues, such as crack evolution, load-carrying capacity and 

the associated failure mechanism, and in-plane and out-of-plane deformations of the 

spandrel walls are discussed. Based on the results obtained, the following conclusions 

can be drawn: 

1. Both a localized 3D response and a global four-hinge mechanism were captured 

during the load tests. The high-level load test, involving an applied load of 566 kN, 

induced three hinges. The first hinge appeared in the vicinity of the applied load and 

was characterised by formation of tensile cracks in the arch intrados under the 

loading point; the second hinge formed near the springing closest to the applied load 

and led to formation of cracks in the arch extrados; the third hinge was located in the 

midspan region, with fragments of crushed mortar falling from joints in the arch 

intrados. Upon further increasing the load, to 639 kN, a fourth hinge was observed 

at the springing furthest from the applied load, evident due to the presence of a 

tensile crack on the arch intrados. Additionally, the arch barrel was observed to 

behave in a 3D manner directly under the patch loading. Here the highest 

deformations were observed on the bridge centreline, directly under the load, with 

these gradually diminishing in magnitude at monitoring locations further from the 

load in a transverse direction. Also, cracks in the arch intrados were observed to 

radiate outwards from the loaded location, with cracks orientated both transversely 
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and diagonally, forming web-like patterns in the region lying between the two 

compression zones. 

2. Although the bridge was nominally symmetric, and later tests on the structure were 

all applied on the bridge centreline, the response of the bridge was found to be 

asymmetric. This was observed in post-test inspections and analysis of in-plane and 

out-of-plane deformations of the spandrel walls. Specifically, it was observed that the 

widths of cracks forming in the north-side spandrel wall were greater than those in 

the south-side wall, and that out-of-plane deformations of the north-side wall were 

also greater. This might be attributable to variability in the masonry material 

properties and/or the effects of the low- and mid-level testing that was undertaken 

prior to the high- and failure-level load tests.  

3. As testing moved from the high-level load test to the failure-level load tests, the 

bridge experienced a significant increase in damage, with extensive cracking 

observed in both the arch barrel and the spandrel walls, leading to a marked decrease 

in the stiffness of the bridge. Nevertheless, the load-carrying capacities achieved in 

the two failure-level load tests, conducted at the quarter and three-quarter span 

points, were quite similar, with the residual strength of the bridge decreasing by only 

approximately 10% after the first of these tests. This indicates that the damaged 

bridge still had significant residual load-carrying capacity. 

4. No noticeable in-plane deformations of the spandrel walls were observed until the 

high-level test. The latter test started to mobilise the global bridge failure mechanism, 

with major cracks forming in the spandrel walls. Upward movement of the arch 

barrel remote from the applied load then led to in-plane deformations of the spandrel 

walls. 

5. Out-of-plane deformations of the spandrel walls were observed in the high-level and 

failure-level load tests, with maximum deformations occurring close to the location 

of the load. In terms of accumulated deformations, the 150kN low-level tests did not 

induce any noticeable residual out-of-plane deformations. As the load was increased 

to 250 kN, off-centreline loads positioned close to a given wall resulted in residual 

deformations and a gradual increase in accumulated deformations. Loading on the 

bridge centreline, or on the side of the bridge remote from a given spandrel wall, did 

not induce significant out-of-plane spandrel wall deformations. Moreover, the high-

level and failure-level load tests led to substantial increases in spandrel wall 
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deformation. After all tests had been conducted, the maximum recorded out-of-plane 

deformation of a spandrel wall was 23.2 mm.  

This study has furnished a comprehensive dataset, capturing the 3D response 

characteristics, failure mechanism, load-carrying capacity, and damage accumulation in 

a masonry arch bridge subjected to patch loading. The results provide valuable insights 

into the behaviour of masonry arch bridges, including the interaction between its 

constituent components. Specifically, the results can be used to calibrate both high-and 

low fidelity numerical models. 
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6 Digital image correlation based crack 
monitoring on masonry arch bridges 

This chapter represents the slightly modified post-print version of the article: B. Liu, J. 

Collier, and V. Sarhosis “Digital image correlation based crack monitoring on masonry 

arch bridge”, Engineering Failure Analysis, 169 (2025) p.109185. The formatting and 

numbering of equations, tables and figures have been adapted to this document. 

6.1  Abstract 

Masonry arch bridges remain a vital part of the UK’s transportation network. The 

combination of increased traffic loads and more frequent climatic and anthropogenic 

disasters has heightened the risk of structural failures in these aging infrastructures, 

making effective monitoring essential for maintaining their safety and operational 

performance. In this study, a large-scale masonry arch bridge was constructed and tested 

under controlled laboratory conditions. Static patch loads were applied both centrically 

and eccentrically to the backfill surface of the bridge to induce the damage accumulation. 

Digital image correlation (DIC) was utilized to monitor the initiation and propagation of 

full-field strain/cracking in the spandrel wall of the bridge during different magnitudes 

of loading and unloading states. Comparing DIC data with readings from displacement 

gauges, the results confirmed that DIC could measure the deformations of the untreated 

surface with satisfied accuracy, using the inherent brick bond patterns and natural 

characteristics of the masonry surface as tracking points. DIC results provided valuable 

insights into the cracking behaviour of the masonry arch bridge throughout the entire 

loading-unloading states, offering important information on the load levels that induced 

the onset and the activation of hinges. Additionally, the interaction between the arch 

barrel and spandrel wall, as well as the crack mechanism in the spandrel wall, were 

analysed. The findings reported in the study demonstrate the significant potential of DIC 

for real-time non-contact monitoring of real masonry arch bridges, offering a better 

understanding of their structural behaviour under various loading scenarios. 

6.2  Introduction 

The three-dimensional nonlinear responses of masonry arch bridges are complex, as the 

interactions of different components, such as the arch barrel, spandrel walls, backfill, 
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and piers/abutments needs to be considered. While prior research has predominantly 

concentrated on understanding the structural behaviour of arch barrels subjected to 

external loads, it is crucial to consider the role of other bridge components in overall 

structural behaviour of the masonry arch bridges, as they can contribute towards their 

load-carrying capacity and failure mechanism [64,138]. For example, the presence of 

spandrel walls can effectively enhance the stiffness and load-carrying capacity of the 

masonry arch bridges. However, they are susceptible to out-of-plane deformations due 

to eccentric loads from vehicles or trains, which can induce horizontal soil pressures, 

leading to potential tilting or bulging failures of the walls [81]. Additionally, hydraulic 

effects such as floods can destabilize piers, triggering further risks of structural failure 

[115,171,179]. Despite their significance, the impact of spandrel walls on the overall 

stability and performance of masonry arch bridges has received comparatively limited 

attention in existing literature. Also, the interaction between arch barrel and spandrel 

walls, as well as the cracking behaviour of the spandrel walls, have not been well 

understood. 

Long-term non-destructive (NDT) assessment of masonry arch bridges is necessary to 

ensure their safety and longevity, and it requires minimal intervention to the structures 

during their operation. One representative NDT method is vibration-based structural 

health monitoring, which evaluates structural damage by detecting variations in modal 

parameters, such as frequencies and damping ratios [168,180–182]. Despite its 

effectiveness in reflecting overall structural behaviour, this method offers limited 

information on localised failure and damage accumulation, which are critical in assessing 

masonry arch bridges. Existing masonry arch bridges are also characterised by their 

relatively strong units with weak bonding materials. Thus, cracking is mainly occurring 

at the mortar, brick to mortar interface or their combination [183]. 

Digital Image Correlation (DIC) is a non-contact monitoring approach which offers a 

refined solution by measuring surface strain and deformation with high precision. This 

method involves analysing changes in the pixel positions of sequentially captured images 

to identify surface displacements. It has been particularly useful in laboratory conditions 

for analysing strain and deformation of masonry structures under loads [184,185], 

enabling the visualization of evolving crack patterns and concentrated strain areas [186–

189]. Furthermore, the capability of DIC for full-field measurement not only enables the 

identification of movement at any individual point or changes in distance between two 

points within the field of view [190], but also facilitates the use of virtual extensometers 
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to calibrate material properties, such as Young’s modulus and Poisson’s ratio [191]. 

Recently, DIC is increasingly recognized for its application in the field monitoring of real 

structures, such as masonry buildings and arch bridges [192]. It enables the continuous 

assessment of structural performance under real loading conditions, thereby providing 

crucial data that supports timely maintenance decisions [193]. Notably, Acikgoz et al. 

[194,195] utilized DIC to observe the deflection of a masonry rail viaduct subjected to 

train loads. The multi-position measurements allows the three-dimensional response of 

the bridge to be analysed, such as pier rotation and transverse and longitudinal response 

of arches. Rajaram et al. [196] applied DIC to measure the deformation and damage 

accumulation of a large-scale masonry building subjected to seismic loads. Moreover, 

Stockdale et al [197], although they did not utilise traditional DIC, but employed a 

similar non-destructive vision-based technique to investigate the failure mechanism of 

masonry arches and identify hinge locations. 

From the analysis of the literature, it was demonstrated that one of the most significant 

advantages of using this optical metrology is its capability to detect strain localization 

patterns associated with the onset of wall cracking before it could be captured by the 

displacement sensor or visual inspection. Moreover, integrating field monitoring data 

from DIC with numerical simulations could facilitate the development of digital twin 

models for masonry arch bridge and could support a more accurate structural 

assessment [198]. Also, previous studies have highlighted that using DIC to monitor real 

masonry arch bridges holds significant promise. The traditional application of DIC 

requires extensive preparation of the surface of the testing specimens to provide high-

contrast, randomly distributed speckle patterns for tracking pixel-level movement and 

deformation. However, when employing DIC to monitor the crack and strain response of 

real structures, extensive surface treatment is difficult to be achieved, especially for 

ageing masonry arch bridges with significant landscape and historical values.  

This chapter aims to make use of DIC and provide a better understanding of the crack 

propagation and accumulation of damage in masonry arch bridges. A large-scale 

masonry arch bridge was constructed and tested under controlled laboratory conditions. 

Static patch loads were applied both centrically and eccentrically to the backfill surface 

of the bridge to induce the damage accumulation. DIC was utilized to monitor the 

initiation and propagation of full-field strain/cracking in the spandrel wall of the bridge 

during different loading and unloading states. Moreover, the critical loading values that 

induced cracks, crack propagation, as well as the interaction between the spandrel wall 
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and the arch barrel were analysed. Finally, the potential of using DIC for monitoring 

masonry arch bridges in the field was also discussed. 

6.3  Experimental programme 

6.3.1 Masonry arch bridge 

 
Figure 6.1 Masonry arch bridge specimen (all units in mm). 

A large-scale masonry arch bridge was constructed, and load tested until failure. For the 

construction, type A engineering solid bricks were used, bonded together with lime 

mortar in a mix proportion of 1:2:9 (cement:lime:sand by volume). The bridge had a 

length of 5,885 mm, a height of 2,915 mm, and a width of 2,015 mm (see Figure 6.1 (a)). 

It contained a single-ring square arch barrel with a header bond pattern, 600 mm height 

stack-bonded abutments, one and half brick thick English bonded spandrel walls, and 

MOT type 1 graded crushed limestone for backfill material. In the longitudinal direction, 

the bridge was confined by two stiff reinforced concrete (RC) walls. The backfill was 

directly contacted with the RC walls, while four polystyrene sheets were placed between 

the spandrel walls and RC walls to avoid hard contact, allowing both in-plane and out-

of-plane deflection of the spandrel wall (see Figure 6.1 (b)). The material 

characterisation, detailed design and construction of the masonry arch bridge can be 

found in chapter 4. 

6.3.2 Loading protocol 

Patch loads with increasing levels of magnitudes were applied to nine locations on the 

backfill surface, as illustrated in Figure 6.2. These loading locations were over the 

quarter-span, crown, and three-quarter span of the arch barrel, near the two sides of 

spandrel walls or at the longitudinal centre line of the bridge. Table 6.1 list the loading 

sequence. Specifically, the first two tests (T1 & T2) performed at point A and B were 
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served as trials. Start from T3 to T11, a low-level load with a magnitude of 150 kN was 

applied to nine locations sequentially. At each loading location, a static load was first 

applied (light blue in Table 6.1), followed by three loading cycles (cyclic) with the same 

loading rate and magnitude (highlighted in dark blue in Table 6.1). After the low-level 

loading tests, the loading magnitude was increased to 250 kN, less than 50 % of the load 

carrying-capacity of the bridge according to the preliminary numerical analysis, and the 

mid-level load was again applied to all the nine locations (T12 to T20). Similar with the 

low-level tests, at each loading locations, a static load was applied first (light orange in 

Table 6.1), and then three loading cycles were followed (dark orange in Table 6.1). For 

the low- and mid-level tests, a loading control with a rate of 10 kN/min was adopted for 

both the loading and unloading process, and the patch loading area was 300 x 300 mm. 

 
Figure 6.2 Nine loading locations on the backfill surface (all units in mm). 

Table 6.1 Loading protocol adopted in the experimental campaign. 

Testing sequence 

 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19 T20 T21 T22 T25 

A                                          

B                                          

C                                          

D                                          

E                                          

F                                          

G                                          

H                                          

I                                          

 

 Low-level static (150 
kN)  Low-level cyclic (150 kN)  Mid-level static (250 kN)  Mid-level cyclic 

(250 kN) 
 High-level static (560 

kN)  Failure level static     
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After the mid-level loading tests, a high-level load with a magnitude of 560 kN was 

applied at point B, over quarter-span of the arch barrel (T21, light green in Table 6.1). 

Then, two failure-level tests were conducted at point B and H, respectively, to assess the 

load-carrying capacity and residual performance of the bridge (T22 and T25, dark green 

in Table 6.1). A displacement control method with a rate of 0.05 mm/s was used for the 

loading application to better control the bridge’s post failure behaviour, and the loading 

area was increased to 750 mm x 300 mm to induce the global failure mode of the bridge. 

6.3.3 Instrumentation and digital image correlation (DIC) 

The bridge was extensively instrumented using both contacting gauges and DIC to 

capture its response under loads. Deflections of the arch barrel, abutments, and spandrel 

walls were measured by 25 potentiometer gauges and 15 linear variable differential 

transformers (LVDTs). Also, 4 accelerometers were placed on the top of the spandrel 

walls to capture the vibration response of the bridge. The detailed instrumentation 

layouts, as well as the 3D response characteristics obtained from contact gauges have 

been reported in [145,177,181]. This chapter focused on the field deformation 

monitoring of the south-side spandrel wall obtained using DIC. 

The 3D DIC setup is presented in Figure 6.3. Specifically, an independent stiff frame was 

sat in front of the south-side spandrel wall, with two pairs of low distortion lens 

monochrome cameras mounted on (see Figure 6.3 (a)). With three steel portals of the 

reaction frame, the south-side wall was separated into four parts. Two centre areas were 

inspected by two pairs of cameras, respectively. With the loads applied within the 

quarter-span and three-quarter span region, these two central areas of spandrel wall was 

expected to develop extensive cracks. Each field of view (FOV) had an approximate area 

of 1,400 mm x 1,400 mm, as shown in Figure 6.3 (b). The cameras used had 5,472 x 

3,648 pixels resolution and 2.4 × 2.4 μm pixel size (HIKROBOT MV-CE200-11UM), and 

it was equipped with a lens having a F-number of F1.8 to F16 and a focal length of 6 mm 

(HIKROBOT MVL-KF0618M-12MPE). The F-stop was set to near F2.8 in accordance 

with the laboratory lighting conditions. Additionally, it should be noted that the 

MVS_DIC software that used for image capturing, developed by HIKROBOT, is equipped 

with automatic exposure and gain functions to ensure optimal image exposure. During 

the tests, cameras were positioned at around 1,356 mm in front of the spandrel wall, 

while the distance between the centre of the view on the spandrel wall to the lens, 

perpendicular to the lens, was 1397 mm according to the calibration information. The 

distance between two cameras was around 0.6 m (see Figure 6.3 (c)).   
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Figure 6.3 Experimental setup (all units in mm): (a) testing site; (b) Front view of the south-
side spandrel wall showing the DIC inspection area; and (c) top view showing the locations of 
cameras. 

 
Figure 6.4 Natural features on the surface of masonry. 

To enable tracking capabilities for DIC, the surface of object is usually prepared with a 

high-contrast, random speckle pattern. Performing such a surface treatment is unlikely 

for masonry arch bridges in the field, especially for those with special historical value. 

Thus, in this study, the south-side spandrel wall was left in its natural state without any 

surface preparation, and the brick bond pattern as well as the natural features of masonry, 

such as mortar debris and surface texture of bricks, were utilised as tracking points for 

DIC analysis (see Figure 6.4). Furthermore, to validate the accuracy of DIC results, data 

obtained from physical contact gauges was used to compare with the DIC measurements. 

For example, two LVDT gauges (L36 and L26 in Figure 6.3 (b)) placed at the quarter-

span and three-quarter span points at the south edge of the arch intrados, respectively, 

were used to measure the radial deflection of the arch intrados under loads. Prior to 

testing, the DIC system was calibrated by taking 28 images of a standard calibration plate 

with different positions and orientations (see Figure 6.5 (a) and (b)). The plate had a 

dimension of 1,188 x 765 mm, with black marks on white backgrounds. Images collected 

were analysed by using the LaVision version 10 software equipped with both 2D and 3D 

strain analysis modules. 
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Figure 6.5 DIC calibration: (a) calibration image; and (b) calibrated image. 

6.4  Results and discussion 

6.4.1 Visual inspection on the crack propagation of the south-side wall 

Visual inspection was performed after each test, and the crack pattern was carefully 

documented. Figure 6.6 shows the crack propagation of the south-side wall subject to 

increasing loading magnitudes. At the low-level loading tests, it is shown that the first 

crack was initiated at T6 with loading applied over the arch crown close to the south-side 

wall. After T6, a hairline crack was observed between arch ring and spandrel wall. Then, 

T11, where the load was applied over the three-quarter span of the arch close to the 

south-side wall resulted in the separation between arch ring and south wall extended (see 

Figure 6.6 (a)). As the loading magnitude increased to 250 kN, the medium level, loading 

over the quarter-span and three quarter-span locations close to the south-side wall led 

to the opening of tensile cracks at arch intrados under loads. Also, loading over crown of 

the arch near south-side wall led to the further propagation of the separation between 

the arch ring and the spandrel wall (see Figure 6.6 (b). It is worth noting that during the 

low- and mid-level loading tests, any loads applied at longitudinal central line and near 

the north-side wall did not cause any visible crack on the south-side of the bridge.  

At the high-level and two failure-level tests, loads were applied at point B and H, along 

the longitudinal centre line of the bridge, over the quarter-span and three quarter-span 

locations, respectively. During these tests, significant crack evolution was observed (see 

Figure 6.6 (c) to (e)). The predominant crack mechanism of the south-side wall was 

influenced by the deflection of the arch ring. Specifically, at the non-loading side, cracks 

initiated from the top of the spandrel wall and propagated downwards, while at the 

loading side, cracks started from the spandrel wall-arch barrel interface and extended 

upwards diagonally. Moreover, the rotation of the wall at the non-loading side resulted 
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in several cracks initiated from the non-loading side springing and propagated 

diagonally downwards.  

 
Figure 6.6 Crack propagation of the south-side spandrel wall at: (a) low loading level tests; (b) 
medium loading level tests; (c) high loading level test; (d) and (e) the first and second failure 
loading level tests; (f) and (g) show the loading locations at the low- and mid-level, as well as the 
high and failure level, respectively. 

Visual inspections, though valuable for preliminary assessments of cracks, are 

substantially limited as the sole monitoring approach. First, these inspections are time 

consuming, especially for the detection of early-stage cracks in large-scale bridges. 

Second, safety protocols restricted to visually inspecting bridges until after all loads are 

removed. This delay prevents the capture of critical loading values that induce cracks, 

thus limiting a comprehensive understanding of the crack propagation and damage 

accumulation in the bridge. To overcome these challenges, DIC enabled us to obtain 

continuous, full-field strain monitoring throughout the loading and unloading processes. 

The results obtained from DIC are presented in the Section 6.4.2. 

6.4.2 Validation: comparison of DIC and LVDT data 

Figure 6.7 compares the radial deflection of the quarter-span and three-quarter span 

points at the arch barrel obtained from DIC and LVDT gauges. Specifically, during T21 

and T22, a static load was applied to point B, over quarter-span of the arch barrel along 

the longitudinal centre line of the bridge (see Figure 6.2). L26 was placed at the loading 

side, south edge of the arch intrados (Figure 6.7 (a)), whereas L36 was placed at the non-



- Chapter 6: Digital image correlation based crack monitoring on masonry arch bridges- 
 

 156  

loading side, south edge of the arch intrados (Figure 6.7 (d)). With the ‘strain gauge’ 

function built in the software, the absolute value of the displacement at the radial 

direction of bricks where L26 and L36 attached to were extracted. It is worth noting that 

the DIC data and LVDT readings were not extracted from the same point of location, but 

from the same brick on the arch barrel. 

 
Figure 6.7 Comparison of radial deflection of the arch barrel at the loading and non-loading 
side between DIC and LVDTs: LVDTs and DIC inspection points at (a) loading side wall 
(quarter-span) and (d) non-loading side wall (three-quarter span); radial deflection comparison 
and differences between DIC and LVDT for (b) T21 loading side; (c) T21 non-loading side; (e) 
T22 loading side; and (f) T22 non-loading side. 

By comparing the curves in Figure 6.7 (b), (c), (e), and (f), it is evident that deflections 

recorded by DIC and LVDT were nearly identical, in terms of both variation tendencies 

and peak values. When the load increased to its peak value, deviations between DIC and 

LVDT readings remained below 0.100 mm, with an exception at T22 on the non-loading 

side of the bridge (Figure 6.7 (f)), where the difference increased to 0.426 mm. 

Nonetheless, this difference, representing less than 5% of the bridge’s response, and is 

considered minimal. Small errors in measurements obtained can be attributed to various 

reasons. Primarily, the use of masonry surface features and natural lighting conditions 

in DIC measurements likely impedes its ability to achieve the micrometre-level precision 

of 0.0001 mm, thus increasing the susceptibility of optical measurements to 

environmental interference. Additionally, the LVDT was attached to the header face of 
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the brick, whereas the DIC measured the stretcher face displacement of the same brick. 

Slight elastic deformations of the brick might cause observable differences in 

displacement readings at these distinct measurement points. Furthermore, LVDTs might 

not be perfectly perpendicular to the arch intrados, introducing further variances in the 

measurements. Despite these variations, the accuracy of DIC is confirmed to be 

acceptable for effectively monitoring crack behaviour in masonry arch bridges. 

6.4.3 Damage monitoring  

Following the validation, this chapter presents the analysis of the results obtained from 

DIC on the damage accumulation and crack propagation. Specifically, the critical load 

values that induce cracking are examined, such as the opening of the first crack, the 

occurrence of the first tensile crack at arch intrados, as well as the formation of hinges. 

This is then followed by the discussion of crack behaviour of the masonry arch bridge 

spandrel wall and the interaction mechanism between the arch ring and spandrel wall. 

The first crack occurred at the south-side face of the bridge was observed at T6, when the 

static load with a magnitude of 150 kN was applied at point F, over the crown of the arch 

barrel close to the south-side spandrel wall (see Figure 6.8 (a)). Figure 6.8 (b) depicts the 

load-radial deflection curves obtained from LVDT placed underneath the loading 

location. The crack characterised the early-stage damage in the masonry arch bridge that 

the arch barrel and spandrel wall separated due to the downwards movement of the arch 

barrel under loading. From the DIC monitoring, the crack initialised when the load 

reached around 65 kN. At the peak load of 150 kN, the crack extended between quarter-

span and three-quarter span of the arch, and the maximum width of the crack was 

approximately 0.40 mm, as shown in Figure 6.8 (c). 

The load redistribution capability of an arch significantly affects the load-carrying 

capacity of a masonry arch bridge. However, the progressive formation of hinges and 

extensive deformation of the arch barrel can substantially alter the load distribution 

across the arch, resulting in increased stress concentration at the hinge locations, which 

may lead to bridge collapse [199]. Understanding the loads that induce hinges and the 

corresponding deformed shape of the arch is crucial for assessing the condition of 

masonry arch bridges and guiding maintenance strategies. 
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Figure 6.8 Results obtained from T6: (a) loading location; (b) load-radial deflection response 
of the arch intrados obtained from the LVDT placed underneath the loading location; and (c) 
maximum normal strain distribution of the south-side wall showing the opening of the first 
crack. 

During T16 and T17, where medium-level loads were respectively applied over the three-

quarter span and quarter-span of the arch near the south-side spandrel wall, tensile 

cracks were induced in arch intrados under loading locations. Figure 6.9 shows the 

results obtained from T16. Notably, Figure 6.9 (b) illustrates the maximum normal strain 

distribution on the south face of the bridge, highlighting a primary crack at the three-

quarter span region between the arch barrel and the spandrel wall. Additionally, a tensile 

crack was observed at the arch intrados under the loading location. At these two locations, 

crack width versus load curves were derived from DIC by measuring the change in 

distance between two neighbouring bricks (see Figure 6.9 (c) and (d) respectively). The 

width of crack was captured by monitoring changes in the distance between two points, 

specifically, two points on a pair of neighbouring bricks located on either side of the 

cracked joint, with their connecting line perpendicular to the joint. The original data 

exported from DIC (grey lines in Figure 6.9 (c) and (d)) showed an approximately ± 0.1 

mm level of fluctuation. This observed noise primarily resulted from factors such as 

insufficient and unstable lighting conditions and a lack of adequate high-contrast 

tracking points. However, for masonry structures, submillimeter-level accuracy is 

considered sufficient for examining cracks. To eliminate the influence of noise on data 



- Chapter 6: Digital image correlation based crack monitoring on masonry arch bridges- 
 

 159  

trends, Savitzky-Golay filter algorithm was employed for data smoothing [200,201]. This 

filter functions by fitting successive subsets of adjacent data points with a low-degree 

polynomial through the method of linear least squares. It not only maintains the shape 

and features of the underlying data but also effectively reduces the data fluctuations 

caused by noise [202]. 

 
Figure 6.9 Results obtained from T16: (a) load-radial deflection response of the arch intrados 
obtained from the LVDT underneath the loading location; (b) maximum normal strain 
distribution on the south-side wall at the peak load; (c) and (d) development of the crack width 
of arch-wall separation and opening of the tensile crack at the arch intrados, respectively; (e) 
deformed profiles of the arch barrel. 

The growth of crack width at the arch barrel-spandrel wall interface was almost linear, 

as this crack was formed previously at low loading level tests. Conversely, a noticeable 

change in the slope of the tensile crack width versus load curve (Figure 6.9 (d)) indicated 

an initiating load of approximately 170 kN for the first tensile crack. Moreover, Figure 

6.9 (e) shows the deformed shapes (radial deflection) of the arch barrel at the load that 

induced the opening of tensile crack (Lopen) and at the peak load of 250 kN. The primary 

deflection was between the loading side springing and the mid-span of the arch. Upon 

the initialisation of the tensile crack, the maximum radial deflection of the arch barrel 

was approximately -0.54 mm, which increased to -0.86 mm as the load raised from 170 

kN to 250 kN, suggesting a more rapid deflection after the formation of the crack. 

Minimal radial deflection was noted in other sections of the arch barrel, with values on 

the non-loading half registering less than 0.2 mm. 

Loading over the quarter-span of the arch near the south side spandrel wall (T17) 

resulted in similar behaviour of the bridge, in terms of both the arch deflection and 
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cracking development, as illustrated in Figure 6.10. At the quarter-span, the first tensile 

crack in the arch intrados initialised when the vertical load reached approximately 124 

kN. This lower load from quarter-span, compared to that obtained from the three-

quarter span, may be attributed to a combination of factors including the inherent 

variability in masonry properties and a loading sequence that resulted in reduced 

stiffness of the bridge at T17 than T16. 

 
Figure 6.10 Results obtained from T17: (a) load-radial deflection response of the arch intrados 
obtained from the LVDT underneath the loading location; (b) maximum normal strain 
distribution on the south-side wall at the peak load; (c) and (d) development of the crack width 
of arch-wall separation and opening of the tensile crack, respectively; (e) deformed profiles of 
the arch barrel. 

Following the mid-level tests, a high loading level test with a magnitude of 560 kN was 

performed at point B, located over the quarter-span of the arch along the longitudinal 

centreline of the bridge (see Figure 6.11 (a)). This test aimed to induce the global damage 

of the bridge. The formation of two hinges was captured by DIC at the loading side (see 

Figure 6.11 (b)). Figure 6.11 (c) and (d) show the relationship between load and crack 

width for the 1st and 2nd hinges, respectively. The critical loads that initiated these hinges 

were identified at the inflection points on the smoothed curves. From Figure 6.11 (c) it 

was shown that the first hinge was induced when the load increased to 378 kN (59% of 

the ultimate limit state, ULS, of the bridge), which was slightly higher than that observed 

at T17. This discrepancy can be attributed to the eccentric load that applied at T17, which 

caused more significant deformation on the south side of the arch, resulting in the 

localised crack in the arch intrados. Such eccentric loading likely caused greater 

deformation on the arch at the south-side. In contrast, during T21, the load was applied 
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along the longitudinal centreline of the bridge. This means that the first hinge’s activation, 

representing the global damage mechanism, required the mobilization of the arch’s 

three-dimensional effects, where deformation under the load point was maximized and 

diminished transversely as it moves away from the point of load application [145]. The 

2nd hinge was observed near the loading side springing, represented by an opening of 

crack at the arch extrados. Its width development plotted in Figure 6.11 (d) suggested an 

inducing load of 429 kN (67% of the ULS of the bridge). Additionally, the third hinge was 

induced as well, which was located in the mid-span region and characterised by the 

crushing of the mortar joints. However, this hinge was not able to be captured by DIC as 

the presence of column of the steel reaction portal blocked the view of the cameras.  

 
Figure 6.11 Crack opening obtained from T21: (a) loading location; (b) locations of hinges; (c) 
and (d) development of crack width at the first and second hinge locations, respectively. 

Figure 6.12 shows the arch deformed profiles, normal strain and displacement maps of 

the bridge’s south face at two stages, including the activation of two hinges and the peak 

load (Figure 6.12 (a)). It is worth noting that the deformed profile showing in Figure 6.12 

(b) was the radial deflections of the arch, achieving by extracting the absolute 

displacement at the radial direction of every single brick on the arch that were visible in 

DIC monitoring areas. At stage 1, a separation between the arch barrel and the spandrel 

wall was observed near the loading location. Also, the arch at the hinge location had the 

maximum deflection, with other locations of the arch didn’t deform significantly (Figure 
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6.12 (b) red line and Figure 6.12 (c)). After the formation of the hinges, a rapid damage 

accumulated with significant deformation of the arch occurred along with an increase in 

the load from approximately 450 kN to 560 kN (Figure 6.12 (b) blue line). The arch at 

the loading location moved further down from -0.7 mm to -1.8 mm, and more notably, 

the non-loading side of the arch moved upwards substantially from 0.3 mm to over 1.9 

mm.  

 
Figure 6.12 Response of the bridge at T21: (a) load-radial deflection curve obtained from the 
LVDT underneath the loading location; (b) arch deformed profiles at different stages; (c) and (d) 
maximum normal strain and displacement maps of the bridge south face at stage 1 (formation 
of the 1st and 2nd hinges); (e) and (f) maximum normal strain and displacement maps of the 
bridge south face at stage 2 (at the peak load). 

The interaction between the arch barrel and spandrel wall in this case is primarily 

characterised by their deformation compatibility. The deformation of the arch barrel 

resulted in the formation of two distinct cracks in the spandrel wall. Specifically, at the 

loading side, the arch barrel moved downwards under loading. The downward 

movement of the arch activated the formation of the first hinge under the loading 

location, causing the lower right part of the arch (the blue segment in Figure 6.13 (a)) to 

rotate around the second hinge point and the upper left part (the red segment in Figure 

6.13 (a)) to rotate around the third hinge, which in this case was located at the mid-span 

region. On the non-loading side, the arch barrel rotated around the fourth hinge at the 

springing (the green segment in Figure 6.13 (a)), pushing the spandrel wall to move in 
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two directions. The section of the spandrel wall over the mid-span of the arch barrel was 

pushed upwards, while the part adjacent to the three-quarter span of the arch moved 

upwards diagonally. Discrepancies in the movement of different part of the spandrel wall 

led to the formation of two diagonal cracks in the spandrel wall: one originated from the 

arch-wall interface between the loading side and the mid region, extending diagonally 

upwards, and another starting from the top of the wall between the mid region and the 

non-loading side, propagating diagonally downwards to the arch-wall interface at the 

mid-span of the arch, where the third hinge was located. 

 
Figure 6.13 (a) Interaction between spandrel wall and the arch barrel in terms of their 
deformation compatibility; (b) failure mechanism. 

At the same loading location B, the first failure level test was performed. Figure 6.14 

shows the crack width responses at three identified hinge locations, illustrating 

significant reductions in the loads required to induce the first and second hinges after 

the activation of the global four-hinge mechanism in the previous high-level test T20. 

Specifically, the load resulting in the formation of the first hinge decreased by 52%, from 

378 kN to 180 kN (Figure 6.14 (c)), and the load for the second hinge reduced by 40%, 

from 429 kN to 258 kN (Figure 6.14 (d)). Additionally, Figure 6.14 (e) highlights 

noticeable cracking between two bricks on the arch extrados in the mid-span region at 

an approximate load of 625 kN. It is important to note that Figure 6.14 (e) does not 

indicate the formation of the third hinge at this load, as the mortar joints between the 
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two courses at the mid-span of the arch barrel already been crushed under compression 

during the high-level test. However, the detection of this area was obscured by a steel 

portal, making it invisible to DIC. Thus, Figure 6.14 (e) implies that by the time the load 

reached 625 kN, the compression zone at the mid-span had extended to a wider area, 

indicating that bridge failure mechanism was fully activated. 

 
Figure 6.14 Crack opening obtained from T22: (a) loading location; (b) locations of hinges; (c) 
to (e) development of crack width at the first, the second, and the third hinge locations, 
respectively. 

The arch deformed profiles, strain and displacement maps at different stages at T22 are 

shown in Figure 6.15. The load-carrying capacity of the bridge was identified as 639 kN 

in this test. Before the fully activation of the four-hinge mechanism, the load-deflection 

response of the bridge was almost linear, as the hinge 1 to 3 had been mobilised 

previously (see Figure 6.15 (a)). The behaviour of the bridge at this failure level could be 

primarily characterised by the accelerated deflection of the arch barrel, along with the 

propagation of the cracks initiated at T21 and significantly increase in the width of cracks 

and deformation of the spandrel wall. For instance, the maximum deflection of the arch 

barrel was equal to approximately 4.7 mm when the load reached 600 kN. However, as 

the load increased from 600 kN to 639 kN, the maximum deflection of the arch barrel 

raised significantly to 9.1 mm, indicating the loss of stability in the arch barrel. Moreover, 

After the fully activation of the four-hinge failure mechanism, the non-loading side 

spandrel wall rotated, evidenced by the opening of the joint and the noticeable 

displacement discontinuity between the arch barrel and the spandrel wall near the non-

loading side springing (see Figure 6.15 (g) and (h)).  
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Figure 6.15 Response of the bridge at T22: (a) load-radial deflection curve of the arch intrados 
obtained from the LVDT positioned underneath the loading location; (b) arch deformation 
shapes at various loading stages; (c) and (d) maximum normal strain and displacement maps of 
the bridge south face at stage 1 (opening of the 1st hinge); (e) and (f) maximum normal strain 
and displacement maps of the bridge south face at stage 2 (fully activation of the four-hinge 
mechanism); (g) and (h) maximum normal strain and displacement maps of the bridge south 
face at stage 3 (at the peak load). 

After the bridge failed under a patch load that applied at point B, the load was relocated 

to point H, positioned over the three-quarter span of the arch barrel along the 

longitudinal centreline of the bridge (see Figure 6.16 (a)), and the bridge was loaded to 

failure again to assess its residual behaviour. The development of crack width at three 

hinge locations is plotted in Figure 6.16 (c), (d), and (e), respectively. Notable, the 

activation of hinges occurred at reduced loading levels: the first hinge formed at 62 kN, 

the second at 312 kN, and the third at 261 kN. Loads inducing the first and third hinges 

are significantly lower than the loads observed during the first failure level test, 

indicating a substantial decrease in the bridge’s stiffness. Furthermore, the load inducing 

the second hinge was slightly higher than that for the third hinge in this case. This 

discrepancy can be attributed to the mortar joints at the mid-span having been smashed 
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and softened by the previous tests, while the location around the second hinge had 

remained uncracked prior to this test. This led to variations in the hinge mobilisation, 

reflecting the altered structural behaviour of the bridge. 

 
Figure 6.16 Crack opening obtained from T25: (a) loading location; (b) locations of hinges; (c) 
to (e) development of crack width at the first, the second, and the third hinge locations, 
respectively. 

The load-deflection curve, arch deformed profiles, and strain and displacement maps for 

various stages at T25 are shown in Figure 6.17. The analysing area of DIC did not fully 

cover the camera view at the left side due to the presence of a cable. The residual capacity 

of the bridge was determined to be 575 kN (see Figure 6.17 (a)). The crack patterns and 

deflection responses of the bridge at T25 were similar to those observed from T22. 

Nevertheless, since multiple cracks in the spandrel wall fully opened during T22, forming 

weak planes, the crack patterns obtained in T25 followed those formed at T22. Also, the 

previously formed cracks led to the stiffness of the bridge became lower, resulting in the 

deflection of the bridge, including both the arch barrel and the spandrel wall, became 

more significant. When the load reached to its peak value, the maximum deflection of 

the arch barrel was similar to that observed from T22, the first failure level test. At the 

post failure stage, the deflection of the arch barrel became more rapid, and the maximum 

deflection of the arch was 14.78 mm. Furthermore, after the removal of the load, a 

significant residual deflection was observed in the arch intrados, with the maximum 

deflection equal to 6.1 mm (see Figure 6.17 (b)). 
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Figure 6.17 Response of the bridge at T25: (a) load-radial deflection curve of the arch intrados 
obtained from the LVDT positioned underneath the loading location; (b) arch deformation 
shapes at various loading stages; (c) and (d) maximum normal strain and displacement maps of 
the bridge south face at stage 1 (opening of the 1st hinge); (e) and (f) maximum normal strain 
and displacement maps of the bridge south face at stage 2 (activation of the 2nd and 3rd hinges); 
(g) and (h) maximum normal strain and displacement maps of the bridge south face at stage 3 
(at the peak load); (i) and (g) maximum normal strain and displacement maps of the bridge 
south face at stage 4 (with the maximum deformation). 

6.5  Conclusions 

This chapter presents the results on the use of Digital Image Correlation (DIC) for full-

field strain monitoring on a full-scale masonry arch bridge containing both the spandrel 

wall and arch barrel. The bridge was subjected to both centric and eccentric patch loads 

with increasing loading magnitudes to induce the damage accumulation from a virgin 
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state to failure. Two pairs of cameras were positioned on the south side of the bridge to 

monitor the crack initiation and propagation throughout the loading and unloading 

process. The surface of the masonry was left untreated, utilizing its inherent natural 

feature for pixel level movement tracking. Based on the results obtained, the following 

conclusions can be drawn: 

1. Comparisons between DIC measurements and readings from LVDT confirmed that 

DIC can achieve a submillimetre level accuracy (i.e., 0.1 mm) for monitoring the 

movement and cracking in masonry. This level of precision is sufficient for detecting 

crack behaviour in masonry structures. 

2. The application of the low-level load over the arch crown near the spandrel wall led 

to the separation between the arch barrel and spandrel wall, which occurred when 

the load was increased to 65 kN, representing the early-stage damage in the bridge. 

The mid-level tests that applied over the quarter-span and three-quarter span 

locations near the south-side spandrel wall resulted in the opening of the tensile 

cracks in arch intrados under the loading locations when the load was from 124 to 

170 kN. However, these cracks are characterised by the localised damage rather the 

sign of the global failure. 

3. The global four-hinge failure mechanism was activated during the high-level and 

failure-level tests that applied over the quarter-span and three-quarter span 

locations of the arch barrel along the longitudinal centreline of the bridge. The initial 

activation of the 1st and the 2nd hinges occurred at loads of 378 kN and 429 kN, 

respectively, corresponding to approximately 59% and 67% of the bridge’s ultimate 

limit state. Once these hinges were formed, subsequent load applications led to their 

earlier activation.  

4. The interaction between the arch barrel and spandrel wall under loads was primarily 

manifested by their deformation compatibility. As the load was applied, it induced 

the deformation in the arch barrel and resulted in crack opening, forming the hinges. 

This deflection prompted the rotational movement of the arch barrel, which pushed 

the non-loading side spandrel wall to move upward or diagonally upward. The 

displacement discontinuity in the spandrel wall led to diagonal cracks initiated and 

propagated in the spandrel wall. 

This study highlights the efficacy of DIC in monitoring cracking behaviour of masonry 

arch bridges, providing a better understanding on the behaviour of the masonry arch 
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bridge and the interaction between the arch barrel and spandrel wall. However, it is 

noteworthy that maintaining camera stability for continuous long-term monitoring in 

real-world settings presents significant challenges. As a practical alternative, an 

intermittent, short-term monitoring approach can be employed, allowing for periodic 

assessments under similar loading conditions (i.e., when a similar type of train passes 

the bridge). By monitoring changes in crack width and length under train loads, the 

damage accumulation of the bridge can be evaluated. This approach not only ensures 

accurate measurements but also maintains operational feasibility by necessitating 

recalibrations to address potential disturbances. 
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7 Full lifecycle vibration-based monitoring of a 
masonry arch bridge 

This chapter represents the slightly modified post-print version of the article: B. Liu, D. 

Kawabe, C. Kim, and V. Sarhosis, “Full life-cycle vibration-based monitoring of a full-

scale masonry arch bridge with increasing levels of damage”, Engineering Structures, 

315 (2024) p. 118466. The formatting and numbering of equations, tables and figures 

have been adapted to this document. 

7.1  Abstract 

Structural health monitoring (SHM) is of great significance to maintain the safe 

operation of infrastructure, particularly for historic structures such as masonry arch 

bridges, as their material properties are deteriorating under effects such as climate 

change, but the demands of modern transport systems increase significantly. Vibration-

based SHM has become a prevalent method for assessing the vulnerability of masonry 

arch bridges. However, one of the most critical limitations lies in the inability of correlate 

bridge’s damage accumulation with the variation trends in its modal parameters. To 

address this issue, in the present study, full life-cycle vibration-based monitoring was 

conducted on a full-scale masonry arch bridge, progressing from an undamaged state to 

failure under laboratory conditions. Accumulated damage was induced by applying point 

loads with increasing magnitudes until the bridge failed. Vibration data, collected after 

each loading test, were analysed utilizing the stochastic subspace identification (SSI) 

method, and frequency and damping ratio for the first five modes were identified. The 

results demonstrated that the first-order frequency had the most pronounced correlation 

with the stiffness degradation and the damage accumulation in the masonry arch bridge. 

The evolution of early-stage damage, the formation of the first hinge, and the activation 

of a four-hinge mechanism were successfully captured through the frequency 

degradation. The findings of the study may provide valuable insights into the damage 

assessment of historic masonry arch bridge infrastructures. 

7.2  Introduction 

Masonry arch bridges remain a substantial portion of the infrastructure stock in the UK 

and Europe. Currently estimates indicate that there are approximately 200,000 masonry 

arch bridges and culverts in Europe and 40,000 masonry arch bridges in the UK. On the 
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railways, half the bridge spans in the UK network are of masonry arch construction, 

amounting to >25,000 spans[40]. After serving for decades, these historical masonry 

arch bridges are suffering sustained material degradation due to environmental effects, 

natural disasters, and climate change. On the other hand, the escalating demands 

imposed by the modern transport system, in terms of increased vehicle/train weights 

and speeds, pose a huge threat to the safety of masonry arch bridges [10]. Therefore, 

assessing and monitoring the health conditions of these aging bridges is of significant 

importance to prevent catastrophic failures and ensure the continued functionality of 

this transportation infrastructure. 

Destructive testing methods, such as testing core samples drilled from a bridge, can 

accurately estimate the strength characteristics of the bridge [18]. However, these 

methods are usually prohibited in historic structures due to their irreversible and 

invasive nature. As an alternative, non-destructive testing (NDT) methods are used to 

assess the mechanical performance and detect damage for in-service masonry arch 

bridges. The predominant form of damage observed in masonry structures is cracking 

between masonry units due to their low-bond strength characteristics [203]. Therefore, 

visual inspection is usually adopted as the initial step for quickly evaluating the condition 

of masonry arch bridges, focusing on identifying their crack patterns [204]. For better 

distinguishing cracks, automated detection and annotation approaches enhanced by 

machine learning and deep learning have been developed [205–207]. Long-term 

monitoring of cracks enables the establishment of a digital twin model, serving both for 

documentation and structural assessment purposes [208–210]. However, a significant 

limitation of these approaches is their concentration on the surface-level features, 

offering restricted penetration into the inside of the masonry arch bridge, potentially 

leading to inaccuracies in assessing its structural integrity.  

Vibration-based structural health monitoring (SHM), a representation NDT method, has 

gained increasing prominence in assessing conditions of infrastructures. Theoretically, 

damage in a structure can alter its stiffness, which consequently leads to variations in 

modal parameters, such as frequency, damping ratio, and mode shape [211]. By utilizing 

system identification methods to formulate dynamic responses as mathematical models, 

the modal parameters can be identified. In particular, output-only operational modal 

analysis has great potential for practical application since it does not affect the operation 

of the structure. Widely adopted operational modal analyses include stochastic subspace 

identification (SSI) in the time domain, frequency domain decomposition (FDD) in the 
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frequency domain, and advanced algorithms enhanced by artificial intelligence 

[182,212–216]. Although significant progress has been made in refining existing data 

processing strategies and developing novel ones for parameter identification, the 

application of these methods for real-bridge assessments remains a challenge. 

The primary challenges in implementing vibration-based SHM system for assessing real 

masonry arch bridges are twofold: a) unlike testing scaled models under controlled 

laboratory conditions, for the real bridge assessment, the large size of the bridge, 

complexity in its geometry, environmental interferences, and nonlinearity of material 

properties make it difficult to precisely exam modal parameters [217,218]. Such 

limitations particularly hinder accurate early-stage damage detection, as the modal 

parameter changes induced by early-stage damage are usually indistinguishable from 

those caused by environmental factors [219,220]; b) Even though extensive data have 

been collected from field tests on actual masonry arch bridges [161,168,180,221–223], 

the parameters identified are representative only of the bridge's condition at the time of 

testing. The absence of long-term data makes it impossible to correlate the changes in 

modal parameters with variations in bridge’s states, which hinders damage detection 

based on alternations in modal parameters, thereby making full life-cycle assessments of 

masonry arch bridges unfeasible. These challenges have been gradually acknowledged 

by researchers and engineers. For example, a recent study involving testing on a 2:1 

scaled two-span masonry arch bridge subjected to the controlled pier settlement and 

rotation was performed. Despite observable progressive cracking on masonry, the 

variations in modal parameters showed weak correlation with the damage levels 

[224,225]. 

In this study, full life-cycle vibration-based monitoring was carried out on a full-scale 

masonry arch bridge under laboratory conditions. The masonry arch bridge comprised a 

single-span arch barrel, spandrel walls, abutments, and crushed limestone as the backfill 

material. Twenty-five loading tests were carried out on the masonry arch bridge, from an 

undamaged state to failure. By applying eccentric/centric patch loads with increasing 

loading magnitudes, the accumulated damage was triggered. Following each loading test, 

vibration response of the bridge was collected covering its entire lifecycle. This data was 

then analysed using the stochastic subspace identification (SSI) method [226,227], one 

of the output-only operational modal analysis and robust against the effect of 

environmental and operational variations, and frequency and damping ratio of the first 

five modes were identified. In addition, finite element (FE) analysis was performed to 
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identify mode shapes of the undamaged bridge, as well as to verify the experimental 

results. Moreover, correlation analysis between damage levels and variations in modal 

parameters was conducted. 

7.3  Experimental campaign on a full-scale masonry arch bridge 

7.3.1 Full-scale masonry arch bridge 

A full-scale masonry arch bridge was constructed and tested under laboratory conditions. 

A photogrammetry model and an image of testing site is shown in Figure 7.1 (a) and (b), 

respectively. U-shape reinforced concrete (RC) walls and base slab were firstly 

constructed on the strong floor to accommodate the masonry arch bridge and provide 

longitudinal confinement. A dense reinforcement arrangement was adopted for the RC 

end walls so that they had sufficient stiffness to minimize their out-of-plane deformation 

under loading (more detailed description regarding the design, construction of masonry 

arch bridge, as well as materials used can be found in [145,177], chapter 4 and 5 of this 

thesis).  

 

Figure 7.1 (a) A photogrammetry model for the full-scale masonry arch bridge constructed in 
the laboratory (all units in mm); (b) testing site. 

7.3.2 Load testing scheme 

Static/cyclic patch loads with increasing magnitudes were applied to induce the 

accumulated damage in the bridge. Nine loading locations were selected (point A to point 

I in Figure 7.2), covering both centric and eccentric locations, to trigger the three-

dimensional (3D) behaviour of the bridge. Table 7.1 lists the loading protocol. 

Specifically, the low-level of load with a magnitude of 150 kN, less than 25% of the 

ultimate limit state (ULS) of the bridge, was applied as the first stage to investigate the 

elastic behaviour and early-stage cracking characteristics of the bridge. The first two low-

level static tests performed at point A and B were served as trials. Then, loads were 
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applied to the nine loading locations sequentially via a load spreader beam with a cross 

section area equal to 300 x 300 mm. At each location, a static load was first applied, 

followed by three loading cycles with a same loading magnitude.  

The loading magnitude was then increased to 250 kN (mid-level) with an aim to induce 

the plastic damage and crack propagation in the bridge. Similar to the low-level stage, 

point loads were applied to nine locations, commencing with a static load, succeeded by 

three loading cycles. The loading area was also 300 x 300 mm. A load control was adopted 

for the low- and mid-level static & cyclic tests, with the loading and unloading rate 

maintained at 10 kN/min. 

 
Figure 7.2 Nine loading points. 

Table 7.1 Loading protocol. 

No. of test Loading level Loading type Area (mm) Loading sequence 
(locations) 

T1 & T2 Low-level  
(150 kN) Static (trials) 300 x 300 A→B 

T3 to T11 Low-level  
(150 kN) 

Static & three 
cycles 300 x 300 C→D→E→F→A→B→G→H→I 

T12 to T20 Mid-level  
(250 kN) 

Static & three 
cycles 300 x 300 G→A→D→F→I→C→E→H→B 

T21 High-level (560 
kN) Static 750 x 300 B 

T22 Failure-level Static 750 x 300 B 

T23 Failure-level Static 300 x 300 B 

T24 Failure-level Static 300 x 300 H 

T25 Failure-level Static 750 x 300 H 

 

As the localised damage was observed during the mid-level tests, a larger spreader beam 

with a cross section area of 750 x 300 mm was adopted for the high-level and failure-

level tests in order to induce the global failure to the bridge. At the high-level stage, a 560 
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kN static load was applied at Point B (T21). Subsequentially, the first failure-level test 

was carried out at Point B to assess the load-carrying capacity of the bridge (T22). 

Afterward, with an intension to investigate the influence of the loading area on the 

bridge’s behaviour, a small platen was used (T23). However, the small platen was 

observed to be bending under loading, with one side of the platen embedded into the 

backfill, leading to the termination of the test. The same behaviour was also encountered 

during T24, conducted at Point H. Finally, the larger platen was utilized again, and the 

second failure-level test (T25) was conducted at Point H to examine the residual capacity 

and residual stiffness of the bridge. It is noteworthy that a displacement control was 

adopted for the high-level and failure-level tests to better control the bridge’s post failure 

behaviour, and the loading and unloading rate was 0.05 mm/s.  

7.3.3 Vibration testing programme 

Vibration data from the bridge was collected following each loading test, except for T23 

and T24, which were terminated due to safety issues. Four triaxial accelerometers were 

used for the vibration data collection. Each sensor was featured with an ultra-low noise 

characteristic (0.5 μg/√Hz), the maximum output range of ±15 g, and a resolution of 

0.06 μg. They were mounted on the top of the spandrel walls for practical application, 

the locations of which are shown in Figure 7.3. Specifically, an accelerometer (A1 in 

Figure 7.3 (a)) was positioned on the north-side spandrel wall over the crown of the arch. 

Other three (A2, A3, and A4 in Figure 7.3 (a)) were installed on the south-side spandrel 

wall, located respectively over the quarter-span, crown, and three-quarter span of the 

arch barrel. The purpose for the un-symmetrical instrumentation was to capture the 

torsional motion of the bridge. In order to install the accelerometers, four square steel 

plates were firmly mounted to the target locations using chemical adhesive. 

Accelerometers were then attached to the steel plates by four strong magnets (Figure 7.3 

(b)). These accelerometers were connected to a controller area network (CAN) system for 

data acquisition and a PC for data storage and real-time data display. The sampling rate 

was set to be equal to 200 Hz. 

Vibration of the bridge was manually induced using a small hammer with a rubber head 

and a wood handle. Figure 7.3 (c) illustrates the locations of excitations. Specifically, L1 

and L5 situated at the midpoints of the south and north-side spandrel walls, respectively, 

were subjected to horizontal excitations. L2, L3, and L4, positioned at the south edge, 

centre, and north edge of the arch intrados at the transversal central profile, were 

subjected to vertical excitations. At each of these points, ten impacts were done within a 
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time span of 1 minute, and an approximately 5 second interval was in between two 

impacts. 

 
Figure 7.3 Vibration test setup: (a) Instrumentation; (b) accelerometer installation, and (c) 
locations of excitation for the vibration testing. 

7.4 Modal parameters identification by stochastic subspace 

identification 

Data-driven stochastic subspace identification (SSI) is one of the time-series system 

identification methods for operational modal analysis. Operational modal analysis 

whose external forces are implicitly modelled as white noise vectors has been adopted to 

practical vibration-based health monitoring because the structure can remain in its 

operational condition. The detailed mathematical derivations can be found in [227]. The 

dynamic behaviour of a vibration structure can be formulated by the proper equation of 

motions. The equation of motion in (6.1) generates the following first order differential 

equation called a state equation. 

𝒙̇(𝒕) = 𝑨𝒙(𝒕) + 𝑩𝒇(𝒕)
𝒚(𝒕) = 𝑪𝒙(𝒕) (6.1) 

where 

𝒙(𝑡) = �
𝒚(𝑡)
𝒚̇(𝑡)� , 𝑨 = � 𝟎 𝑰

−𝑴B𝟏𝑲 −𝑴B𝟏𝑫� ,𝑩 = � 𝟎
𝑴B𝟏� (6.2) 

where 𝒙(𝑡) ∈ ℝ.7 , 𝒚(𝒕) ∈ ℝ7  and 𝒇(𝒕) ∈ ℝ7 , which are the state, displacement, and 

external force vectors at continuous time 𝑡, respectively. 𝑴,𝑫,𝑲 ∈ ℝ7×7 are the mass, 

damping and stiffness matrices. 𝑪 denotes the output matrix, and 𝑰 is a unit matrix 

with a proper size. 

The continuous-time equations are discretised by choosing a certain fixed sampling 
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period 𝛿𝑡 with the discrete time instants 𝑘 ∈ ℕ, where 𝑡 = 𝑘𝛿𝑡. Under the zero-order 

hold assumption, the state space model shown in equation ( 6.1 ) is discretized. 

Furthermore, in a stochastic model, the external force is modelled as white noise vectors. 

Therefore, the deterministic state space model in (6.1) is given as follows. 

𝒙𝒌E𝟏 = 𝑨𝒙𝒌 +𝒘𝒌
𝒚𝒌 = 𝑪𝒙𝒌 + 𝒗𝒌

(6.3) 

where 𝒘𝒌 ∈ ℝ7  and 𝒗𝒌 ∈ ℝ+  are zero-mean white noise vector. Here, 𝑚  is the 

number of measurement points on the structure. 

Since 𝒘𝒌 and 𝒗𝒌 are zero mean white noise vector sequences, and independent of 𝒙𝒌, 

𝐸[𝒙𝒌𝒘𝒌] = 𝐸[𝒙𝒌𝒗𝒌] = 0. Then, the covariance matrix 𝚲𝒊 is generated as follows. 

𝜦𝒊 = 𝐸�𝒚𝒌E𝒊𝒚𝒌𝑻� = 𝑪𝑨𝒊B𝟏(𝐸�𝒙𝒌𝒙𝒌𝑻�𝑪𝑻 + 𝐸�𝒘𝒌𝒗𝒌𝑻�) (6.4) 

The block Hankel matrix is generated as follows for mathematical expressions. 

𝑯(𝑘 − 1) = �

𝒚𝒌 𝒚𝒌E𝟏 ⋯ 𝒚𝒌E𝒔
𝒚𝒌E𝟏 𝒚𝒌E𝟐 … 𝒚𝒌E𝒔E𝟏
⋮ ⋮ ⋱ ⋮

𝒚𝒌E𝒓B𝟏 𝒚𝒌E𝒓 … 𝒚𝒌E𝒓E𝒔B𝟐

� ∈ ℝ/×( (6.5) 

Using the covariance matrices, the two multiplied block Hankel matrices are represented 

as follows. 

𝑯(𝑟 + 𝑘 − 1)𝑯(0)K = �

𝜦/E5B6 𝜦/E5B. ⋯ 𝜦5
𝜦/E5 𝜦/E5E6 ⋯ 𝜦5E6
⋮ ⋮ ⋱ ⋮

𝜦./E5B. 𝜦./E5BL ⋯ 𝜦/E5B6

� = 𝑶𝒓𝑨𝒌B𝟏𝑪𝒔 (6.6) 

where 𝑶𝒓 = �𝑪	𝑪𝑨…𝑪𝑨𝒓B𝟏�K , 𝑪𝒔 = (𝑨𝒓B𝟏𝑮	𝑨𝒓B𝟐𝑮…𝑮).  

Considering 𝑘 = 1 and 𝑘 = 2, system matrix 𝑨 is then obtained using singular value 

decomposition. In 𝑘 = 1, equation (6.6) is decomposed as follows. 

𝑯(𝑟)𝑯(0)K = 𝑶𝒓𝑪𝒔 = 𝑼𝑺𝑽𝑻 = [𝑼𝟏	𝑼𝟐] �
𝑺𝟏 𝟎
𝟎 𝑺𝟐

  ¡
𝑽𝟏𝑻

𝑽𝟐𝑻
¢ ≅ 𝑼𝟏𝑺𝟏𝑽𝟏𝑻 (6.7) 

where 𝑼 and 𝑽 are unitary matrices with an appropriate size. And 𝑺 is a diagonal 

matrix with non-negative real elements which are referred as singular values of 

𝑯(𝑟)𝑯(0)K.  

Since components in 𝑼𝟐𝑺𝟐𝑽𝟐𝑻  are regarded as trivial components as ignored in the 

estimation. 𝑶𝒓 and 𝑪𝒔 are then generated as follows.  
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𝑶𝒓 ≅ 𝑼𝟏𝑺𝟏
𝟏
𝟐, 𝑪𝒔 ≅ 𝑺𝟏

𝟏
𝟐𝑽𝟏𝑻 (6.8) 

In 𝑘 = 2, using 𝑯(𝑟 + 1)𝑯(0)K = 𝑶𝒓𝑨𝑪𝒔  and substituting equation (6.8), the system 

matrix 𝑨 is obtained as follows. 

𝑨 = 𝑶𝒓B𝟏𝑯(𝑟 + 1)𝑯(0)K𝑪𝒔B𝟏 = 𝑺𝟏
B𝟏𝟐𝑼𝟏𝑻𝑯(𝑟 + 1)𝑯(0)K𝑽𝟏𝑺𝟏

B𝟏𝟐 (6.9) 

Finally, by finding the corresponding natural frequencies and vectors of the system 

matrix 𝑨, the modal characteristics of the measured structure can be identified. 

Figure 7.4 illustrates the data analysing scheme implemented in the study. In each 

vibration test campaign, sixty time-acceleration histories were recorded from four 

accelerometers. The pre-processing activity involved the filtering of acceleration records. 

Undesirable waveforms, characterised by the drift in acceleration signal, were removed, 

which could be attributed to the proximity of the excitation point to the accelerometer. 

Following this, the continuous time-acceleration histories were segmented into 3-second 

intervals. The time window was positioned to include 0.2s before and 2.8s after the peak 

acceleration response induced by each excitation. Subsequently, a low pass filter with an 

80 Hz threshold was applied to remove the noise in the data. The final step of analysis 

involved SSI analysis and modal parameters output. 

 
Figure 7.4 Data analysing scheme. 

7.5 Results and discussion 

7.5.1 Modal parameters identification of the undamaged bridge 

Following the construction of the masonry arch bridge, the first vibration test was 

conducted to determine its modal parameters in an undamaged state. Also, a 3D macro 
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finite element (FE) analysis was conducted to verify the experimental results and to 

provide a better understanding of the modal parameters of the undamaged masonry arch 

bridge. The FE model had the identical dimensions as the experimental model 

constructed in the laboratory (see Figure 7.1). In the FE model, the masonry arch bridge 

was segmented into two components according to material characteristics: the brickwork 

part and the backfill part, as shown in Figure 7.5. Both components were simulated with 

homogeneous continuous materials, and the properties of which were adopted from 

small-scale material level tests. For example, the elastic modulus of the masonry and 

backfill was set to be equal to 4.7 GPa and 0.3 GPa, respectively [149]. The Poisson’s ratio 

for the two parts was the same and equal to 0.3. Regarding the boundary conditions, the 

base of the bridge was fixed with zero degree of freedom. The horizontal (x-axis) 

movement and rotations along the x and y axes were constrained for the two lateral sides 

of the backfill, simulating the limitations imposed by the RC end walls. Moreover, the 

lateral sides of brickwork masonry were free, as the presence of four polystyrene slabs 

between masonry and RC walls providing negligible constraint on the movement of the 

spandrel walls (see Figure 7.1).  

 
Figure 7.5 Macro FE model for the masonry arch bridge. 

Table 7.2 Modal parameters of the undamaged bridge. 

Order of 
mode 

Experimental results Numerical results 

Model frequencies, 𝒇 Damping ratio, 𝝃 Model frequencies, 𝒇 

Mean (Hz) SEM (Hz) Mean (10-3) SEM (10-3) Value (Hz) Discrepancy, 
∆	(%) 

1st mode 39.70 0.63 6.2 1.2 40.41 1.79 

2nd mode 45.51 1.00 6.5 0.6 46.44 2.04 

3rd mode 51.32 1.32 8.2 1.0 57.21 11.48 

4th mode 61.14 1.40 13.8 1.8 60.67 0.77 

5th mode 67.68 0.37 14.4 1.1 62.54 7.59 
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The vibration response obtained from the undamaged bridge was processed as per the 

scheme outlined in Figure 7.4. Table 7.2 presents the mean values and standard errors 

of the mean (SEM) for both frequencies (𝑓) and damping ratios (𝜉) for the first five modes. 

The SEM values were calculated by dividing the standard deviation by the square root of 

the sample size. Also, values of frequencies and the discrepancy (∆ ) between the 

numerical and experimental results are listed in Table 7.2.  

The frequency range for the first five modes of the undamaged bridge spanned from 

39.70 Hz to 67.68 Hz, indicating a relatively high stiffness of the constructed masonry 

arch bridge model compared to those in the field [161,223]. Such a high stiffness 

characteristic of the experimental bridge was resulted from: (a) the limited length of the 

bridge at longitudinal direction (e.g., containing single-span); and (b) the presence of 

stiff RC end walls. Overall, the frequency values derived from vibration data showed high 

reliability, with a maximum coefficient of variation less than 10%. However, the 

identified damping ratios exhibited a relatively large variation. This high levels of 

variability in the damping ratio estimation is widely encountered in the field assessment 

of masonry arch bridge, as reported in [161,214,228–230]. The primary reasons might 

include that: a) masonry is nonlinear material with inherent variabilities in its material 

properties. Such nonlinearity can lead to inaccuracies in damping estimation; and b) 

compared to the natural frequencies which are primarily determined by the mass and 

stiffness of a structure, damping ratio measures the energy dissipation in the system, 

which is more vulnerable to be affected by the environmental noise, especially when the 

peak amplitude in the vibration data is small and close to the peak of noise. 

The results of the FE analysis revealed that the computed frequencies were closely 

aligned with those from experimental tests, except for the third mode which had a 

discrepancy of 11.48%. Figure 7.6 illustrates the first five-order mode shapes determined 

by FE analysis, with the undeformed geometry highlighted in dot lines. Due to the limited 

number of accelerometers used in the experiments, mode shapes were unfortunately not 

able to be identified from the vibration data. It can be seen from FEM results that most 

of the deformation in the masonry arch bridge occurred within the region between two 

abutments. Specifically, the first and second mode shapes were identified as the 1st and 

2nd transverse bending modes, respectively. In the first mode, deformation was mainly 

concentrated at the mid-span region, and the spandrel walls deformed in the out-of-

plane direction, most notably at the midpoints of their upper sections. On the other hand, 

the third and fourth mode shapes were characterised by in-plane bending, with greater 
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deformation appeared in the backfill compared to the masonry. Notably, the third mode 

shape showed significant in-plane deformation at the wall ends, whereas the backfill 

ends experienced minimal deformation. This was resulted from the idealised boundary 

conditions adopted in the FE model, where the longitudinal movement at the backfill 

ends was restricted. Consequently, the third mode frequency obtained from FEM was 

higher than that obtained from experiments. Moreover, the fifth mode shape was 

characterised to be an asymmetrical torsion mode.  

 
Figure 7.6 Frequencies and mode shapes of the undamaged masonry arch bridge identified 
from FEM: (a) to (e) show the 1st to the 5th mode, respectively. 

7.5.2 Stiffness degradation and crack propagation of the masonry arch 

bridge 

Results obtained from loading tests are discussed in this section. Damage level of the 

bridge was illustrated by stiffness derived from load-deflection curves and crack 

propagation through visual inspection.  

For the stiffness (𝑆0) of the bridge, it was determined by calculating the slope of load-

radial deflection curves (see Figure B1 in Appendix) within the 10% to 40% peak load 

interval. Although the stiffness derived from the load-deflection curve represents 

localized stiffness rather than a true global modal stiffness of the bridge, the analysis 

focuses on relative stiffness variation, measured consistently from same locations but 

under different damage conditions. Therefore, while not truly global, the results remain 

internally comparable. It is worth noting that two different loading platens were used 

during tests. The smaller one having a cross-section area of 300 mm x 300 mm was used 

for the low- and mid-level tests, whereas the larger one, which had a loading area of 750 

mm x 300 mm, was used for the high-level and failure-level tests. The reason is because 
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the global failure mechanism of the masonry arch bridge was expected to be triggered 

during the failure-level tests. However, the small platen could potentially trigger the 

localised failure (i.e., punching shear/knife edge failure mode out of the backfill and 

bricks at the arch ring) according to the observation during the mid-level tests. In order 

to eliminate effects of different loading area on the stiffness characteristic, the stiffness 

values (𝑆) were normalised by dividing 𝑆0 by the loading area (𝐴): 

𝑆 =
𝑆0
𝐴

(6.10) 

 
Figure 7.7 Variation in stiffness of the masonry arch bridge along the loading tests (see Figure 
7.2 for loading points). 

Figure 7.7 shows the variation in 𝑆 along with the loading process. The data was divided 

into two groups, including the data points in red derived from the tests loading over the 

crown of the arch barrel (i.e., D, E, and F in Figure 7.2), and those in dark blue 

representing the results obtained from the tests loading over quarter and three-quarter 

span points (e.g., A, B, C, G, H, and I in Figure 7.2). These two groups of data were not 

directly comparable as the depth of backfill over quarter-span / three-quarter span and 

crown of the arch barrel was different. When loading at mid-span, the stiffness was 

observed to be lower than when the loads were located at the quarter- and three-quarter-

span points. Because the shallower backfill depth over the crown of the arch led to a more 

concentrated load being applied to the arch barrel, which in turn resulted in greater 

elastic deformation of the arch barrel. Another reason could potentially attribute to the 

lower stiffness obtained from mid-loading locations was that these locations were farer 

from the supports (springings) compared to other quarter- and three-quarter span 

locations. 
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Figure 7.8 Crack evolution in the masonry arch bridge in (a) low-level loading tests; (b) mid-
level loading tests; (c) high-level loading test; (d) the first and (e) the second failure-level 
loading test. 

Stiffness degradation was resulted from the crack initiation and propagation in masonry 

under loads. Figure 7.8 shows the crack evolution in the arch intrados, north-side and 

south-side spandrel walls at different stages of load testing. Detailed damage 

accumulation mechanism and images showing cracks can be found in [145,177]. 

Specifically, during the low-level loading tests, point loads applied close to the spandrel 

walls (i.e., at the locations of A, C, D, F, G, and I) resulted in cracks initiated and 

propagated along the arch barrel-spandrel wall interfaces (Figure 7.8 (a)). However, 

these cracks were characterised by hairline cracks with a very thin width and almost 

completely closed after the removal of the loads. Regarding stiffness, it can be seen from 
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grey interval in Figure 7.7 that the degradation in stiffness of the bridge was marginal. 

For example, the value of 𝑆 obtained from T11 was decreased by approximately 13% 

compared to that obtained from T3 (the last and first test with loading over the quarter-

span / three-quarter span of the arch, respectively), and 𝑆 obtained T6 was decreased 

by approximately 11% compared to that obtained from T4 (the last and first test with 

loading over the crown of the arch, respectively). 

Figure 7.8 (b) illustrates the crack propagation observed from the masonry arch bridge 

during the mid-level tests. Damage mechanisms at this stage of testing include: a) 

loading over quarter-span and three-quarter span points close to the spandrel walls (i.e., 

points A, C, G, and H) resulted in tensile cracks initiated and extended at the arch 

intrados underneath the loading points. Also, in some cases such as T12 and T13, 

diagonal cracks were observed in the north-side spandrel walls. In addition, the 

separation between the spandrel wall and the arch barrel propagated further 

approaching to springings; b) Loading at the longitudinal central line (such as T18, T19, 

and T20 conducted at points B, E, and H, respectively) triggered localised crack patterns 

at the arch intrados. These cracks were resulted from the shear failure of the mortar 

joints; c) Loading at point D (T14), which was located over the crown of the arch barrel 

close to the north-side spandrel wall, did not lead to any visible damage. However, 

loading at its symmetrical points along the longitudinal centre line (T15 at the point F) 

resulted in the localised shear cracks occurred at the arch intrados. This square-shape 

crack pattern had similar dimensions to the loading platen. At the mid-level testing stage, 

a significant stiffness degradation was observed with the value of 𝑆  dropped 

approximately by 34% (Figure 7.7 highlighted in the blue interval). Combined with 

cracking characteristics, this noticeable decrease in stiffness was mainly resulted from 

the formation of the first hinge and partially from the initiation of the localised shear 

cracks. 

Figure 7.8 (c) shows the crack propagation observed after the high-level test (T21). A 

static load up to 560 kN (approximately 87% of the ULS of the bridge) was applied at 

point B over the arch quarter-span. During T21, three hinges were initially formed. The 

first hinge located underneath the load platen was fully activated, which was represented 

by the opening of tensile cracks at the arch intrados. The second and third hinges initially 

formed, as suggested by the cracks developed at east side of the loading location in the 

arch extrados and the smashed mortar joints at the mid-span of the arch intrados. In 

addition to this global damage, 3D cracking behaviour was triggered by the patch load, 
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and several cracks were observed at the arch intrados which initialized from the point 

underneath the loading location and propagated diagonally. Moreover, due to the 

upward movement of the arch barrel at the non-loading side, diagonal cracks were 

developed at both the north-side and south-side of spandrel walls. The formation of three 

hinges resulted in a substantial decrease in the stiffness of the bridge, which dropped by 

43% with respect to the stiffness obtained from the last mid-level test. 

Following the high-level loading test, two failure-level tests were conducted at point B 

and H respectively to assess the load-carrying capacity and residual capacity of the 

masonry arch bridge. Crack pattens developed from T22 and T25 were almost mirrored, 

i.e., with the fully activated four-hinge mechanism, the significant crack propagation on 

the spandrel walls due to the large deformation of the arch barrel, the extended diagonal 

tensile cracks at the arch intrados suggesting the 3D behaviour of the arch, and the 

rotation failure of the spandrel walls at the non-loading side with cracks commenced 

from the unloading side springing and propagated downwards. The failure of the bridge 

resulted in its stiffness dropped by over half from 1.78 x 10-3 kN∙mm-3 (T21) to 8.6 x 10-

4 kN∙mm-3 (T22). Moreover, following the first failure-level test, the second failure-level 

test resulted in a further 35% degradation in 𝑆, from 8.6 x 10-4 kN∙mm-3 (T22) to 5.6 x 

10-4 kN∙mm-3 (T25).  

7.5.3 Variation in modal parameters  

The vibration data obtained after each loading test were processed as per the scheme 

depicted in Figure 7.4. Table 7.3 lists the mean values and SEM of the identified modal 

parameters, including 𝑓  and 𝜉 . The SEM values indicated that 𝜉  exhibited 

comparatively greater variability than 𝑓. However, the variability of results obtained 

under controlled laboratory conditions further emphasizes the potential for significant 

variability in outcomes when measuring real masonry arch bridges in the field, due to 

environmental factors. 

Figure 7.9 shows the correlation between the normalised frequency (𝑓6,7	𝑡𝑜	𝑓2,7 ) and 

normalised stiffness (𝑆7). In this context, normalization of frequency involved dividing 

each frequency value by the frequency identified from the undamaged bridge (denoted 

as N). The normalization of stiffness values for tests loading at the quarter-span and 

three-quarter span locations was based on the stiffness derived from T3, whereas for 

tests performed over the arch's crown, normalization was referenced to the stiffness 

obtained from T4. 
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Figure 7.9 indicates a decreasing trend in frequencies across all five modes. However, as 

the mode order increased, the range of variation in normalised frequency became narrow. 

Specifically, the variation in 𝑓6,7 spanned from 1.0 to 0.69 (Figure 7.9 (a)), while for 𝑓2,7, 

it ranged from 1.01 to 0.92 (Figure 7.9 (e)). This characteristic indicates differing 

sensitivities of the modes to damage developed in the masonry arch bridge. The first 

order of mode, representing the global failure of the bridge, was characterised by the out-

of-plane bending of the entire structure, with deformation mainly concentrated at the 

spandrel walls in the mid-span region (Figure 7.6 (a)). Following the bridge failure, 

extensive cracks developed in the arch intrados. Additionally, spandrel walls were 

separated into several parts by cracks, with two main cracks forming between the 

abutments. Such a damage pattern substantially reduced the stiffness of the bridge in the 

out-of-plane direction, resulting in a notable decrease in 𝑓6,7. 

In contrast, higher modes exhibited more complex deformation characteristics than the 

first mode. Specifically, the 2nd mode was also characterised by bending of the spandrel 

walls, with the largest deformation occurred at the conners of the walls, where no crack 

was observed. The 3rd and 4th modes displayed a vertical bending behaviour. In these two 

modes, deformation of the backfill was more pronounced than that of the masonry 

(Figure 7.6 (c) and (d)) because the backfill has a lower elastic modulus than masonry. 

Therefore, even though cracks developed in masonry parts (e.g., arch intrados and 

spandrel walls) reduced the stiffness of the structure, the progressive loading process 

caused the backfill to became slightly denser. These two effects together resulted in less 

pronounced variations in 𝑓L,7  and 𝑓M,7 . Furthermore, the 5th mode showed 

asymmetrical deformations localised at specific locations such as corners and mid-points 

of spandrel walls, where no crack was triggered during the tests, leading to a 

comparatively stable development in 𝑓2,7. 

Focusing on the first order mode 𝑓6,7 , a strong correlation was observed between its 

variation and the stiffness degradation of the masonry arch bridge. Notably, the most 

pronounced decrease in 𝑓6,7 during the low-level tests was occurred at T4, in which the 

first crack initialised between the spandrel wall and the arch extrados. Subsequently, 𝑓6,7 

experienced minor fluctuations until the completion of the low-level testing phase. The 

mean value of 𝑓6,7 in this stage was 0.94, indicative of a 6% decrement in the bridge’s 

first order frequency. 

Mid-level tests with a higher loading magnitude led to the damage accumulated further, 



- Chapter 7: Full lifecycle vibration-based monitoring of a masonry arch bridge- 
 

 188  

including the formation of the first hinge at the arch barrel (observed at T12, T13, T16 

and T17), the progression of separation between the arch barrel and spandrel walls 

(observed at T15), as well as several localised cracks (T18, T19, and T20). These damages 

triggered a marked reduction in 𝑓6,7, falling from 0.94 in average before the mid-level 

testing to 0.85 in average for the mid-level tests. However, within the mid-level testing 

phase, the variation in 𝑓6,7 did not exhibit a clear correlation to specific damage patterns. 

Fluctuations in 𝑓6,7  was within 10% between 0.81 to 0.90, potentially influenced by 

environmental factors. Moreover, the crack development of the bridge during mid-level 

tests were not effectively captured by variations in 𝑓.,7 to 𝑓2,7. 

 
Figure 7.9 Correlation between normalised stiffness (𝑆!) and normalised frequency (𝑓!) of the 
masonry arch bridge along with the load testing process from undamaged state to failure: (a) to 
(e) shows the results for the 1st mode to the 5th mode. 

Following the mid-level testing, a high-level load of 560 kN was applied at the quarter-

span of the bridge (T21). This load on the one hand resulted in the initiation of the second 

hinge and the third hinge. On the other hand, some diagonal cracks were developed at 
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the arch intrados near the loading point. From the frequency perspective, the value of 

𝑓6,7  exhibited a minor reduction, declining from an average of 0.85 during mid-level 

testing to 0.82 after the high-level test. Also, variations in 𝑓.,7  to  𝑓2,7  were not 

significant. In contrast, there was a substantial decrease in structural stiffness according 

to the load-deflection curve, with 𝑆	7 diminishing from 0.55 at T20 to 0.31 at T21. The 

marginal decrease in all the five order frequencies indicated their limited sensitivity to 

cracks developed in T21. However, it is noteworthy that the marked decrease in 𝑆	7 was 

not fully attributable to structural damage. A shift in loading approach, from load control 

to displacement control for safety considerations, resulted in the load to be applied faster. 

This alternation potentially resulted in an underestimated stiffness value. 

 
Figure 7.10 Variations in the normalised damping ratios of the masonry arch bridge: (a) to (e) 
shows the results for the 1st mode to the 5th mode. 
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During the first failure level test conducted at point B (T22), the global failure 

mechanism of the masonry arch bridge was fully activated. This resulted in that 𝑆	7 

decreased further by more than a half from 0.31 to 0.15. Accordingly, notable reductions 

were observed in the first three order frequencies 𝑓6,7 , 𝑓.,7 , and 𝑓L,7 . The most 

pronounced decline was found in 𝑓6,7, which fell by approximately 9%. In comparison to 

the undamaged bridge, the values of 𝑓6,7 to 𝑓L,7 in the post-failure conditions showed 

decreases of 26%, 12%, and 7%, respectively. 

After the first failure level test, the residual capacity of the masonry arch bridge was 

assessed by applying a static load at point H, located at the three-quarter span of the arch 

barrel (T25). A comparison of results from T22 and T25 revealed that the residual 

capacity of the masonry arch bridge reduced by merely 10% from 639 kN to 575 kN, 

suggesting the failed bridge still had a significant capacity. However, it was noted that 

𝑆	7 dropped around 35%, indicating a substantial decrease in the stiffness of the bridge. 

Compared to the values of frequencies obtained from the first failure-level test, all five 

order frequencies dropped after the second failure-level test. For example, 𝑓6,7 to  𝑓2,7 

reduced by 7%, 4%, 2%, 6%, and 9%, respectively. Compared to the undamaged bridge, 

𝑆	7 and 𝑓6,7 obtained from the last test reduced by 90% and 31%, respectively. 

Figure 7.10 shows alternations in normalised damping ratios (𝜉7) throughout the loading 

process. 𝜉7 was normalised by dividing the values of damping ratio obtained from each 

test by that obtained from the undamaged bridge (N). It is noteworthy that the variation 

in 𝜉7 is more pronounced than 𝑓7. For example, values of 𝜉6,7 varied over 200%, which 

was around 7 times larger than the variation range of 𝑓6,7. Similar to 𝑓7, the range of 

variation in 𝜉7 became progressively narrowed as the mode order increased from the 1st 

to the 5th. Moreover, regarding the development trend, 𝜉6,7  exhibited a notable 

increased trend along with the progression of damage and crack propagation, while 𝜉.,7 

to 𝜉2,7  had a declining trend. Nevertheless, the specific correlation between 𝜉7  and 

damage accumulation of the bridge was less clear than that between 𝑆7  and 𝑓7 . 

Therefore, 𝜉7 may not be able to serve as an independent indicator for assessing damage 

levels in the masonry arch bridge.  

7.5.4 Equivalent elastic modulus degradation 

In the FE model, frequency of the bridge is determined by the mass, elastic modulus, and 

Poisson’s ratio of the materials employed. Inspection on the bridge during tests revealed 

that the predominant damage to the masonry arch bridge was characterised by the 
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initiation and propagation of cracks in the masonry, resulting in a marked reduction in 

the bridge's stiffness. To evaluate the impact of crack extension on the global degradation 

in material properties of masonry, an equivalent elastic modulus (𝐸9 ) was adopted. 

Specifically, in the FE model (see Figure 7.5), the bridge’s frequency was calculated with 

a progressively decreasing elastic modulus of masonry from 4.7 GPa to 1.2 GPa, while 

other calibrated parameters were maintained constant. 

 
Figure 7.11 Correlation between the normalised equivalent elastic modulus of masonry (𝐸′!) 
and the normalised 1st mode frequency (𝑓!,#). 

Figure 7.11 illustrates the correlation between the normalised equivalent elastic 

modulus of masonry (𝐸′7) and the normalised 1st mode frequency (𝑓7,6), which exhibits 

the highest sensitivity to damage observed in the bridge. According to the numerical 

results, a reduction in the masonry’s elastic modulus from 4.7 GPa to 1.2 GPa, by 

approximately 75%, corresponded to a decrease in 𝑓6 of the bridge from 40.41 Hz to 

26.02 Hz, by about 36%. The trendline in Figure 7.11, derived from numerical results, 

suggests an around 70% degradation in 𝐸9  for the failed bridge after T25 due to 

extensive cracking (Figure 7.8 (e)). Furthermore, analysis of average frequency values 

from low- and mid-level tests indicates early-stage cracks led to a degradation in the 

equivalent elastic modulus of masonry by 19% and 39%, respectively. Notably, the most 

pronounced decrease in the 𝐸9  occurred during mid-level loading tests and the first 

failure-level test, coinciding with the formation of the first hinge and the complete 

activation of a four-hinge mechanism, respectively. It may be noteworthy that the 

magnitude of the mid-level loading was 250 kN, less than 50% of the bridge’s load-
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carrying capacity (639 kN), which is usually considered as a safe load that can be applied 

to the arch bridge according to [16,231]. However, the noticeable reduction in 𝐸9 

observed during the mid-level tests highlighted the necessity of performing continued 

inspection and monitoring of masonry arch bridges.  

7.6  Discussion 

This chapter found a significant correlation between the progressive accumulation of 

damage in a full-scale masonry arch bridge – from virgin to failure – and variations in 

its modal parameters, particularly the first mode frequency. The correlation improves 

the current understanding on the impact of structural damage on the dynamic 

characteristics of such bridges and highlights the significant potential of vibration-based 

structural health monitoring (SHM) in assessing the conditions of masonry arch bridges. 

However, transiting these experimental findings to practical applications requires 

careful adaptation due to several limitations and variables that could influence the 

outcomes. 

First, the bridge tested under laboratory conditions features specific geometric 

configurations, material properties, boundary conditions, and cracking characteristics 

under specific loading scenarios that do not strictly representative of real masonry arch 

bridges in the field. Consequently, the experimental findings are specific to this prototype 

and may not be directly appliable to other real masonry arch bridges with different 

geometries, materials, loading and boundary conditions. This is due to the high 

sensitivity of modal parameters to such variations. This specificity highlights the 

necessity of a broader testing regime that includes a larger range of bridges to enhance 

the generalizability of the findings.  

Additionally, most masonry arch bridges in the field are constructed over a hundred 

years ago. These infrastructures have significant degradation resulted from, for example, 

weathering, increasing traffic loads, and climate change. Thus, in the context of real-

world applications, obtaining modal parameters of undamaged masonry arch bridges are 

generally impossible, posing a substantial challenge in establishing a baseline for 

evaluating the condition of these bridges based on their current modal parameters. 

However, SHM should be viewed as a long-term strategy. By continuously monitoring 

the modal parameters, it is possible to detect and quantify the progression of damage, 

such as crack extensions and further accumulation of structural damages, based on the 
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current state of the bridge. 

7.7  Conclusion 

In this study, full life-cycle vibration-based monitoring was carried out on a large-scale 

masonry arch bridge to investigate the correlation between the damage accumulation in 

the bridge and variation in its modal parameters. During experiments, static/cyclic patch 

loads were applied at nine locations with increasing magnitudes to trigger the 

accumulated damage and crack propagation. Post each loading test, hummer-induced 

vibration data was collected, and the modal parameters were evaluated by the stochastic 

subspace identification (SSI) method. Additionally, finite element (FE) modelling was 

conducted to identify mode shapes of the undamaged bridge and to verify the 

experimental results. Crack propagation, stiffness degradation, and changes in modal 

parameters including the frequency and damping ratio were discussed in the chapter.  

From the investigation, a significant correlation was found between crack propagation, 

stiffness degradation in the masonry arch bridge, and variations in modal parameters. 

Among the five orders of mode identified, the first order of parameters showed the 

greatest sensitivity to the damage of the bridge. Specifically: 

1. Early-stage damage in the bridge involved the cracks initialised and propagated at 

interfaces between the arch barrel and spandrel walls. While these cracks are not 

typically considered critical in affecting the capacity of the bridge, they led to an 

approximately 5% reduction in stiffness and a 6% decrease in the first order of 

frequency.  

2. Mid-level loading tests resulted in more noticeable plastic damage, including the 

formation of the first hinge in the arch barrel; diagonal cracks appeared at spandrel 

walls; and localised shear cracks in the arch intrados. This global damage sign 

resulted in a significant stiffness degradation of approximately 45%, with a 

maximum of 19% decrease in the first order of frequency with respect to the 

undamaged bridge. 

3. Application of a static load up to 560 kN initiated the second and third hinges in the 

arch barrel. However, this damage accumulation was not effectively detected by the 

frequency analysis, showing only a 4% decrease in the first order frequency.  

4. Failure-level tests indicated a 639 kN of the capacity of the masonry arc bridge. After 
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the global failure mechanism was fully activated, both the stiffness and first order 

frequency reduced significantly by 51% and 9%, respectively, compared to the 

previous high-level loading test. Relative to the undamaged bridge, these values 

showed a decline of 85% and 26%, respectively. 

5. Residual capacity was assessed by loading at the three-quarter span of the arch barrel. 

The crack patterns mirrored those in the first failure level test. Results showed that 

the bridge’s residual capacity decreased slightly by 10%. However, the stiffness 

reduced substantially by 35%, which was captured by a further 7% decline in 

frequency. 

6. Compared to frequency characteristics, variations in the damping ratio, specifically 

in the first mode, were more pronounced, indicating its higher sensitivity to 

structural damage. Nevertheless, the trend of variation in the damping ratio with 

increasing damage was less clear than that observed with frequency changes. 

Additionally, the damping ratio values exhibited greater variability than those of 

frequency. Therefore, using the damping ratio alone as an indicator for assessing the 

masonry arch bridges appears currently inadvisable, warranting further research. 

Furthermore, a second bridge will be constructed and tested under high-cycle fatigue 

loads, and the vibration-based assessment of the bridge will be performed under a more 

realistic loading condition. 
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8 Conclusions and Future Research 

8.1  Conclusions 

Masonry arch bridges form a pivotal part of the transport networks of the UK and many 

other countries worldwide. In the UK alone, there are ~40,000 highway bridges 

and >25,000 railway spans of masonry arch construction. Weathering, demands of 

increasing traffic loads, plus factors such as increased frequency of flood events due to 

climate change have introduced extreme uncertainty in the long-term performance of 

such infrastructure assets. Therefore, gaining a better understanding of the behaviour of 

masonry arch bridges is necessary for informing their repair, maintenance, and 

rehabilitation strategies and thus improving their resilience and extending their service 

life. This dissertation focused on the comprehensive characterisation of mechanical and 

material properties of masonry, as well as the assessment of three-dimensional (3D) 

response of masonry arch bridges subjected to different types of loads. The conclusions 

of each part of the work include: 

8.1.1 Characterisation on material and mechanical parameters of 

masonry arch bridges  

Chapters 2 and 3 presented a series of small-scale material-level and component-level 

experimental tests to characterise material properties of masonry arch bridges, as well 

as masonry-backfill interaction mechanisms. The main conclusions are: 

• The properties of masonry units, mortar, and their interfaces showed a certain 

degree of variability even under laboratory manufacture and testing conditions. 

Among other parameters, the tensile bond strength at the unit-mortar interface 

demonstrated the greatest variation. 

• Masonry flat arches subjected to static loads had a three-hinge behaviour and failed 

due to either shear failure of centre joint or crushing of middle bricks under high 

compressive stress. Under fatigue loads, damage concentrated on one central joint, 

and cracks propagated with the increase in loading cycles and peak loads, leading to 

significant stiffness degradation of the specimens. 

• The properties of backfill had a significant effect on the frictional properties between 

masonry and backfill, whereas the influence of investigated masonry bond types 
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could be considered negligible. The adoption of compacted crushed limestone as 

backfill material resulted in the ratio between the masonry-limestone interface 

friction angle and the internal friction angle of limestone ranging from 0.70 to 0.75. 

However, utilizing clay as the backfill material significantly reduced this ratio to 

approximately 0.35 to 0.39, particularly if interface cohesion was considered. 

8.1.2 The 3D behaviour of a masonry arch bridge under static and quasi-

static patch loads with increasing magnitudes 

Chapters 4 and 5 reported results from experiments conducted on a large-scale masonry 

arch bridge subjected to static and quasi-static loads. Patch loads were applied at nine 

locations, including the central point and off-central points (close to the spandrel walls) 

over the quarter-span, crown, and three-quarter span of the arch barrel. Damage 

accumulation and crack propagation were observed as loading magnitudes increased. 

The bridge was ultimately loaded to failure sequentially at the longitudinal central line 

over the quarter-span and three-quarter span locations, allowing for assessment of the 

load-carrying and residual capacities of the bridge.	The main conclusions are:	

Crack formation and propagation: 

• The first crack occurred between the arch barrel and a spandrel wall when a low-

level eccentric load of 60 kN was applied at mid-span near the spandrel wall. 

Subsequent low-level loads near the spandrel wall led to further propagation of this 

hairline crack. 

• The mid-level loads with a magnitude of 250 kN (around 50% of the predicted load-

carrying capacity of the bridge, ULS) resulted in: (a) the opening of tensile cracks at 

the arch intrados transversely when loads were applied to the quarter- and three-

quarter span points near the spandrel wall; (b) localised square-shaped shear cracks 

in the arch intrados directly under the loading locations when the loads were applied 

over the arch crown; and (c) short diagonal cracks initiating on spandrel walls. 

• Loading up to 566 kN over the quarter-span of the arch barrel at the longitudinal 

central line led to significant crack propagation on the masonry arch bridge: (a) 

three hinges formed, with the first hinge appeared in the vicinity of the applied load, 

characterised by the formation of tensile cracks in the arch intrados under the 

loading point; the second hinge formed near the springing closest to the applied load, 

leading to cracks in the arch extrados; the third hinge located in the midspan region, 
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with fragments of crushed mortar falling from joints in the arch intrados; and (b) 

increasing deformation of the arch barrel trigged extended diagonal cracks on the 

spandrel walls.  

• An increase in load from 566 kN to 639 kN at point B fully activated the global failure 

mechanism of the bridge, with the last (the fourth) hinge observed at the springing 

furthest from the applied load. In addition, cracks in the arch intrados were observed 

to radiate outwards from the loaded location, with cracks orientated both 

transversely and diagonally, forming web-like patterns in the region between the two 

compression zones, suggesting a 3D response of the arch barrel. The second failure 

level test with a load applied at the three-quarter point resulted in similar crack 

patterns observed from the first failure level loading test. 

Load-carrying capacity, stiffness degradation, and failure mechanism 

• Load-carrying capacity of the masonry arch bridge was identified to be 639 kN. The 

second failure-level test suggested that the residual capacity of the bridge had 

reduced by only 10% to 575 kN, while the stiffness of the bridge had decreased by 

around 35%. This indicates that the damaged bridge still had a significant residual 

load-carrying capacity. 

• The global four-hinge failure was activated during the failure-level tests. Also, 

deflection of the arch barrel was captured through the ground penetrating radar 

(GPR) surveys. Additionally, the behaviour of arch barrel was characterised by a 

localised 3D response, with the highest deformations of the arch barrel observed 

directly under the load, and these deformations gradually diminishing in magnitude 

at monitoring locations further from the load in a transverse direction. 

• The response of the bridge was found to be asymmetric. On the one hand, the widths 

of cracks forming in the north-side spandrel wall were greater than those in the 

south-side wall. On the other hand, out-of-plane deformations of the north-side wall 

were greater. 

In-plane and out-of-plane deformation of spandrel walls 

• No noticeable in-plane deformations of the spandrel walls were observed until the 

high-level test was conducted. This test initiated the global bridge failure 

mechanism, characterized by significant crack formation in the spandrel walls and 

upward movement of the arch barrel, which led to rotational failure of the spandrel 
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walls. 

• Noticeable out-of-plane deformations of the spandrel walls were observed during 

the high-level and failure-level loading tests, with maximum deformations occurring 

near the load’s location. Low- and medium-level loads induced slight out-of-plane 

deformations in the spandrel walls, but only when these loads were applied close to 

the spandrel walls. The out-of-plane deformations accumulated, reaching a 

maximum recorded deformation of 23.2 mm. 

8.1.3 DIC monitoring on the spandrel wall 

Digital Image Correlation (DIC) was utilised to monitor the full-field 

strain/displacement of the masonry arch bridge. Two pairs of cameras were positioned 

on the south side of the bridge to monitor the crack initiation and propagation 

throughout the loading and unloading process. The surface of the masonry was untreated, 

utilizing its inherent natural feature for pixel level movement tracking. Based on the 

results obtained, the following conclusions can be drawn: 

• Comparisons between DIC measurements and readings from LVDT confirmed that 

DIC can achieve a submillimetre level accuracy (i.e., 0.1 mm) in monitoring 

movement of untreated masonry surfaces. This precision level is considered to be 

sufficient for detecting crack behaviour in masonry structures. 

• Application of low-level loads over the arch crown near the south-side spandrel wall 

led to separation between the arch barrel and spandrel wall when the load reached 

approximately 65 kN, indicating early-stage damage in the bridge. Mid-level tests, 

applied over the quarter-span and three-quarter span locations near the south-side 

spandrel wall, resulted in the opening of tensile cracks in the arch intrados under 

the loading points when loads ranged from 124 to 170 kN. However, these cracks 

were indicative of localized damage rather than signs of global failure. 

• The global four-hinge failure mechanism was triggered during high-level and 

failure-level tests, applied over the quarter-span and three-quarter span locations of 

the arch barrel along the longitudinal centreline of the bridge. The first and second 

hinges were initially activated at loads of 378 kN and 429 kN, respectively, 

corresponding to approximately 59% and 67% of the bridge’s ultimate limit state. 

Once these hinges were formed, subsequent load applications resulted in their 

earlier activation. 
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• The interaction between the arch barrel and spandrel wall under loads was primarily 

manifested by their deformation compatibility. As loads were applied, they induced 

deformations in the arch barrel, leading to crack openings and hinge formation. This 

deflection prompted rotational movement of the arch barrel, pushing the non-

loading side spandrel wall to move upward or diagonally upward.  The 

displacement discontinuity in the spandrel wall led to diagonal cracks initiated and 

propagated in the spandrel wall. 

8.1.4 Vibration-based monitoring of the bridge with increasing levels of 

damage 

Along with the loading tests on the bridge, the hammer-induced vibration response was 

captured and analysed using the stochastic subspace identification (SSI) method. This 

analysis aimed to identify modal parameters of the bridge spanning its entire life cycle. 

The results obtained are detailed in Chapter 7, and the main conclusions are: 

• Among the five orders of modal parameters identified, the first-order frequency had 

the most pronounced correlation with stiffness degradation and damage 

accumulation in the masonry arch bridge. 

• Early-stage damage resulting from low-level loads (i.e., separation between the arch 

barrel and spandrel walls) led to an approximate 5% reduction in stiffness and a 6% 

decrease in the first-order frequency. Mid-level loads caused more noticeable plastic 

deformation of the backfill and damage to the masonry, resulting in a significant 

stiffness degradation of about 45%, with a maximum 19% reduction in the first-

order frequency. The formation of three hinges in the bridge subjected to high-level 

loads was not effectively captured by the frequency analysis, showing only a 4% 

decrease in the first-order frequency. However, following the bridge’s failure, there 

was a dramatic reduction in both stiffness and first-order frequency by 85% and 26%, 

respectively, relative to the undamaged bridge. These parameters declined further 

by 35% and 7% after the second failure-level test. 

• Compared to frequency characteristics, variations in the damping ratio were more 

pronounced, indicating its higher sensitivity to structural damage. Nevertheless, the 

trend of variation in the damping ratio with increasing levels of damage was less 

clear than that observed with frequency changes. 
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8.2  Limitations and future research 

Main limitations and suggestions for future investigation may include: 

• This study utilised high strength type A engineering bricks and low-strength lime 

mortar. The purpose of using these specific materials include: (a) to reproduce the 

joint failure that commonly observed in real masonry arch bridges; and (b) to use 

the same materials that employed in in previous experimental tests on masonry 

arches/arch bridges carried out at Bolton Institute and University of Salford, 

thereby providing a degree of comparability between tests. However, the variability 

in material properties across real-world masonry arch bridges can significantly 

influence their behaviour and capacity. Future work is recommended to explore a 

broader range of materials (i.e., low strength bricks, natural stones, sand and clay as 

backfill materials, or the materials taken directly from the real bridges). 

• The behaviour of masonry flat arches under static/fatigue bending loads reported in 

Chapter 2 was found to be significantly affected by the independent steel frame used 

for applying pre-compression. Further investigations are suggested to consider 

alternative specimen types and loading scenarios to minimize the influence of 

testing rig on the response of masonry specimens. 

• In Chapter 3, masonry specimens manufactured for shear box tests were limited to 

two bond patterns (i.e., English bond and soldier course bond). For these two 

specific masonry pond patterns, it is found that their influence on the interface 

frictional behaviour was minimal. However, considering different bond patterns, 

masonry units, and mortar joint profiles may affect surface roughness and 

subsequently alter frictional behaviour and soil-structure interactions, it is 

recommended that future studies include a variety of brickwork or stone masonry 

bond patterns to assess their impact on the masonry-backfill interface behaviour. 

• In Chapter 6, the bridge’s stiffness was derived from the load-deflection response 

under different point loads. However, this represents localized stiffness rather than 

a true global modal stiffness. This is a key limitation of this experimental study, as 

the available data was restricted to load-deflection measurements. It is 

acknowledged that applying loads at different locations, even in an undamaged state, 

could result in varying stiffness values. However, the analysis focused on relative 

stiffness variation, consistently measured at the same location but under different 

damage conditions. While not fully representative of global stiffness, the results 
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remain internally comparable. For future studies, it is recommended to estimate 

global modal stiffness, which could be more effectively achieved using validated 

high-fidelity numerical simulations. 

• While this study considered specific material combinations and controlled 

conditions, real-world masonry arch bridges exhibit significant variability in 

masonry strength, mortar properties, and backfill composition. Moreover, 

structural defects such as cracks, voids, and irregularities can greatly influence 

bridge performance. Future research is recommended to investigate these factors 

experimentally and numerically to enhance the predictive accuracy of models and 

improve bridge assessment and conservation strategies. 

• In future work, high-fidelity numerical models are suggested to be developed and 

validated against the experimental data reported in this dissertation. With the 

calibrated parameters, numerical models of real masonry arch bridges can be 

developed, and the response and failure mechanisms of these real bridges can be 

investigated with a higher level of confidence.  

• The detailed documentation of crack propagation, stiffness degradation, and load-

deflection curves provides a foundation for developing a dynamic digital twin model. 

This model would feature damage updating capabilities to reflect the impact of 

existing cracks and damage on bridge behaviour. Once validated against 

experimental findings, this digital twin could be applied to real masonry arch 

bridges for ongoing assessment and management. 

• With the increasing frequency of extreme weather events, the resilience of masonry 

arch bridges under flood-induced forces remains a critical area for further research. 

Future investigations should explore the effects of hydrodynamic forces, including 

scouring and subsidence, through experimental studies and advanced numerical 

modelling. Understanding these impacts will help inform better preservation and 

reinforcement strategies for masonry bridges and improve their resilience. 
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Figure B1. Load-radial deflection curve of the masonry arch bridge obtained from loading 
tests; (a) T3 to T11 were under the low-loading level with a loading magnitude of 150 kN; (b) 
T12 to T20 were under the mid-loading level with a loading magnitude of 250 kN; (c) T21 was 
under the high loading level with a loading magnitude of 560 kN; T22 and T25 were the failure 
level test. 
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(a) Load-deflection curves under low-level loads

(b) Load-deflection curves under mid-level loads

(c) Load-deflection curves under high-level and failure-level loads


