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A B S T R A C T   

This paper 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 speci-
mens 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 (φi) and the internal friction angle (φ) of limestone was deter-
mined to lie within the range from 0.70 to 0.75. However, when clay was used as backfill material, the φi/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 nu-
merical analysis of masonry arch bridges.   

1. Introduction 

Masonry arch bridges form a vital part of the transportation infra-
structure systems of many countries. For example, it is estimated that 
there are approximately 40,000 masonry arch bridges in the UK [1]. To 
assess load-bearing capacity and to predict the in-service behaviour of 
masonry arch bridges, reliable numerical or analytical methods 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 perfor-
mance, and varying these parameters can significantly impact the 
calculation results [2,3]. The masonry material properties can be 
determined by standard small-scale laboratory experiments [4,5]. Also, 
the properties of the backfill materials, including internal friction angle 
φ and cohesion c, can be characterised via direct shear box tests [6]. 

However, although masonry and backfill interface parameters (i.e., 
interface friction angle φi (or friction coefficient μi), interface cohesion ci 
and stiffness) have been recognised as having a strong influence on the 
load-carrying capacity of masonry arch bridges [7], there is no 
commonly used experimental procedure for obtaining them. 

Table 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 (φi/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 [8;9] used crushed lime-
stone backfill), they assigned different ratios of φi/φ in their numerical 
models. This inconsistency in parameter settings can be primarily 
attributed to the limited understanding of the interface interaction be-
tween masonry and backfill materials. Moreover, to the best of the 
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authors’ knowledge, no study has considered the influence of backfill 
properties or masonry bond patterns when selecting interface parame-
ters, 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 [10]. 

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) [18–20]. For 
instance, for a cohesionless sand material, as the sand particles become 
more angular, the ‘interlocking’ between particles becomes more pro-
nounced, leading to higher shear strength and internal friction angle 
[21]. Also, the 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 con-
struction materials [22–26]. 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 [27]. 
However, for clay-structure interfaces, except in the case of very smooth 
surfaces, the interface shear strength is often assumed to be approxi-
mately equal to, or slightly smaller than, the shear strength of the clay 
itself [25,28]. Together these studies emphasize that the shear behav-
iour of the soil-structure interface largely depends on the soil properties 
and structure surface characteristics. 

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 paper 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 exper-
imental tests have therefore been carried out to characterise the fric-
tional 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. 

2. Experimental programme 

2.1. 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 ma-
sonry 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 [29,30]. 
Table 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 soft construction materials such as 
wood, geomembranes, and soft polymer [31–33]. 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 [34,35]. 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 character-
istics, such as soil density, water content, particle size and morphology, 
are the dominating factors affecting interface behaviour [24,36], 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 brick-
work 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 

Table 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 
φi( ◦ ) 

Cohesion 
ci(kPa) 

Sarhosis et al. 2019 [11] Reddish-brown sand with a little clay 37 7 25 0  0.68 
Gilbert et al. 2010 [8] Crushed limestone 54.5 3.3 24.8 1.1  0.46 
Grosman et al. 2021 [9] 50 mm graded crushed limestone 43.8 1 28 19  0.64 
Forgács et al. 2021 [12] Typical limestone 37 5 20 –  0.54 
Scozzese et al. 2019 [13] A granular mixture fill 38 – 31 –  0.82 
Oliveira et al. 2010 [14] Not specified 30 – 20 –  0.67 
Pulatsu et al. 2019 [7] Not specified 30 20 20 0  0.67 
Bayraktar et al. 2021a [15] Not specified 35 50 17 –  0.49 
Bayraktar et al. 2021b [16] Not specified 30 80 17 –  0.57 
Pantò et al. 2022 [17] Not specified 43.5 1 31 2.9  0.71  

Table 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%  
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brickwork-backfill interface, as long as the brickwork surface is not 
disturbed. 

2.2. 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 behav-
iour 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. 
Fig. 1 shows a schematic drawing of a typical brickwork masonry arch 
bridge found in the UK. As shown in Fig. 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 in-
terfaces and arch ring-backfill interfaces; see Fig. 1. 

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 [37,38]. 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 [39]. 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 (Fig. 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 in-
fluences crack propagation and the mode of failure of the arch [9]. To 
simulate the joint arrangement on the extrados of an arch barrel, an 
aligned joint layout was adopted in this study as a second bond pattern 
[40]. 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 (Fig. 1), which can be referred to as a soldier course bond type 
(Fig. 2 (b)). 

Fig. 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 ach-
ieve 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 [41–44]. The brickwork joints were concave (see 
Fig. 3), which is representative of joint profiles found in real masonry 
arch bridges [45]. This concave shape had an approximate radius 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. 

2.3. 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 con-
struction of masonry arch bridges, which means there is significant 
variation in backfill properties across bridges [46]. 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 [47]. In addi-
tion, most previous experimental studies on masonry arch bridges have 
used clay and compacted crushed limestone as backfill materials 
[48,49]. 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 

Fig. 1. Typical brickwork masonry arch bridge showing the spandrel wall-backfill interface and arch-backfill interfaces.  

B. Liu et al.                                                                                                                                                                                                                                       
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Fig. 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 and Fig. 4, respectively [50–52]. 

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 (Fig. 5 (a)) was 
used for the direct shear tests on limestone to meet the requirements 
outlined [53], such as that the length of the shear box should be at least 
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 defor-
mation of the sample and the horizontal displacement of the lower shear 
box, respectively. 

Fig. 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. 

Fig. 3. Concave shape mortar joints.  

Fig. 4. Particle-size distribution of the limestone and puddling clay used in 
the study. 

Table 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  

B. Liu et al.                                                                                                                                                                                                                                       
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Six direct shear box tests on limestone were performed under three 
levels of normal stress (115 kPa, 170 kPa, and 226 kPa), with two rep-
etitions at each normal stress level to check the repeatability of the re-
sults. 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 [54]. 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 incom-
pressible 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 [54] 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 Fig. 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. Neverthe-
less, any large particles of mudstone or rock were removed from the clay 
sample before testing to minimize inconsistencies due the size of the 
shear box used. 

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 as-
sembly 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 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. 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 Fig. 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. 

3.1. 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 water pressures (neglecting any soil suc-

Fig. 5. (a) Large shear box apparatus for testing limestone; and (b) small shear box apparatus for testing clay.  

Fig. 6. Large shear box for brickwork-backfill interface shear tests.  

B. Liu et al.                                                                                                                                                                                                                                       
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tion), 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, Sv, at 
the arch barrel can be calculated as: 
Sv = γ • H (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 [55], the passive lateral soil pressure Pp acting on 
the spandrel wall at the depth of H can be expressed as: 
Pp = γHKp + 2c

̅̅̅̅̅̅

Kp

√ (2) 
where Kp, the passive lateral earth pressure coefficient, is related to 

the internal friction angle of soil (φ) and can be obtained by: 

Kp = tan
2

(

45−
φ

2

)

(3) 

Assuming that a masonry arch bridge has a backfill depth over the 
crown of the arch barrel equal to 1 m [56], and assigning typical values 
of 20 kN/m3 and 40 ◦ for γ and φ of the backfill (cohesionless) respec-
tively, the passive vertical soil pressure on the arch barrel was calculated 
to be equal to 20 kPa, as per Eq.1. The full passive condition could give 
92 kPa lateral pressure on spandrel walls (Eq.2). If an active action of 
passing vehicles was taken into consideration, additional active pres-
sures 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 [57]). 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. 

3.2. 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 × 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 
(Fig. 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. 

Fig. 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 sur-
rounded 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 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. 

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 Fig. 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 

Fig. 7. Clay consolidation curve under a constant normal stress.  

Fig. 8. Moisture content of clay during the shear tests on masonry- 
clay interfaces. 
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similar clay conditions were achieved. 

4. Experimental results 

4.1. 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 repe-
titions under the same conditions. Results from the small-scale direct 
shear tests on clay are shown in Fig. 9. Fig. 9(a) shows the shear strength 
and linear regression analysis results, together with the coefficient of 
determination (R2). 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 Fig. 9(b). 
Fig. 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 Fig. 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 [19]. The volumetric response of the soil under shear is closely 
related to the particle movements at the shear zone [58]. 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. 

Fig. 10 shows the large-scale direct shear test results on limestone. In 
Fig. 10(a) the shear strength envelope suggests that the φ value of 
limestone was equal to 47.8 ◦ with the zero-cohesion assumption. 
Fig. 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, Fig. 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 inter-
lock between particles. At the same time, the limestone contained 
several large particles with an angular shape, leading to great parti-
cle–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 [59]. 

4.2. Experimental results on brickwork-backfill interfaces 

A total of twenty-four interface shear tests were carried out on four 
types of brickwork-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 
[60,61]. Table 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 inter-
face behaviour between brickwork and backfill can be assumed to be 
negligible. 

Experimental results obtained from the four types of brickwork- 
backfill interfaces are summarized in Table 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 de-
gree 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 Fig. 11. From 
the shear strength envelope and the linear regression analysis (Fig. 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, φi 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 Fig. 11(b)). The vertical 
displacement versus horizontal displacement curves (Fig. 11(c)) are less 

Fig. 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. 
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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. 

Experimental results on the SC interface are shown in Fig. 12. Fig. 12 
(a) illustrates φi of 12.9 ◦ and ci of 20.9 kPa at the SC interface. The 
assumption of zero-cohesion at the interface could result in an increase 
in φi to 18.9 ◦ . Shear stress curves (Fig. 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 (Fig. 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. 

Shear testing results on the EL and SL interfaces are shown in Figs. 13 
and 14, respectively. The value of φi at the EL interface was determined 
to be 33.3 ◦ with a zero-cohesion assumption from the shear strength 
envelope shown in Fig. 13(a). For the SL interface, φi increased slightly 
to 35.7 ◦ (Fig. 14(a)). The shear strength 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 re-
sidual shear strength was observed, indicating the post-peak strain- 
softening behaviour was marginal (See Fig. 13 (b) and 14 (b)). 
Regarding the volumetric response of the limestone, Fig. 13(c) and 14 
(c) suggested that the limestone underwent a slight contraction and then 
dilation after the shear failure occurred. 

5. Discussion 

5.1. Influence of bond patterns on the shear behaviour of brickwork- 
backfill interface 

For a continuous surface, it has been identified that surface rough-
ness 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. [62] 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 
[63] observed that the critical roughness of a surface is not only related 
to Rmax, 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, Rcr, can 

Fig. 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. 

Table 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%  

Table 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) 
σn = 115 kPa σn = 170 kPa σn = 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  
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Fig. 11. Experimental results on EC interface. (a) Shear strength envelope; (c) shear stress versus horizontal displacement; and (d) vertical displacement versus 
horizontal displacement. 

Fig. 12. Experimental results on SC interface. (a) Shear strength envelope; (b) shear stress versus horizontal displacement; and (c) vertical displacement versus 
horizontal displacement. 

Fig. 13. Experimental results on EL interface. (a)Shear strength envelope; (b) shear stress versus horizontal displacement; and (c) vertical displacement versus 
horizontal displacement. 
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be used to describe how the surface roughness and particle size affect the 
shear behaviour of the soil-structure interface. Rcr can be expressed by 
the following equation: 
Rcr = Rmax/D50 (4) 

where D50 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 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 (Fig. 11 (b) and Fig. 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) [62]. On the other hand, Fig. 11(a) and Fig. 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, φi at the EC interface 

Fig. 14. Experimental results on SL interface. (a) Shear strength envelope; (b) shear stress versus horizontal displacement; and (c) vertical displacement versus 
horizontal displacement. 

Fig. 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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was always greater than that at the SC interface, irrespective of whether 
zero-cohesion at the interface was assumed. For instance, φi 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 φi 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 
Fig. 15(c1)), which can be evidenced by the post-shear image of the 
masonry specimen shown in Fig. 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 (Fig. 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 par-
ticles may be restricted, which could trigger lifting and squeezing of the 
particles during their rearrangement (see Fig. 15(c2)). The more com-
plex 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 [64]. 

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 φi for the EL interface was also slightly smaller than that for the 
SL interface (see Fig. 13 (a) and Fig. 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 (Fig. 2). The 
larger limestone particle sizes resulted in the Rcr 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 Fig. 13 
(b) and 14 (b)), which showed a ductile failure, without any significant 
decrease in residual shear strength [62]. 

5.2. 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 [65]. 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 [24,66]. Specifically, brickwork-clay interfaces 
had a lower φi than brickwork-limestone interfaces. For example, 
assuming zero-cohesion at masonry-backfill interfaces, φi 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 signifi-
cantly 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. 

5.3. 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 [67]. The results of the present study indicate several dif-
ferences 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, respec-
tively. 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 almost twice as 
high as that from the brickwork-limestone interface shear tests (3% to 
3.7%). 

Table 6 summarises the ratio between φi of brickwork-backfill in-
terfaces and φ of backfills. These ratios can be used as a guide by re-
searchers and engineers when selecting friction parameters between 
brickwork and backfill materials when modelling masonry arch bridges. 
It can be seen from Table 6 that the values of φiare significantly smaller 
than φ of the corresponding backfill materials. Different bond types of 
masonry could result in different interface friction angles, but the dif-
ference in φi/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 6 suggests that φi/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 1). For 
example, taking limestone as the backfill material resulted in φi/φ 

ranging from 0.70 to 0.75 (most previous numerical studies adopted φi/
φ within or close to this range, as suggested in Table 1). But when the 
clay was adopted as the backfill material, φi/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 φi/φ to approximately 0.5. 

Table 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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6. 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 ma-
sonry 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:  

• 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 φiand 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.  

• 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.  

• 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, φi/φ ranged from 0.70 to 0.75. In the case of clay 
backfill, φi/φ was determined to be 0.51 to 0.52 under the assump-
tion 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 researchers and practicing 
engineers can refer to when modelling masonry arch bridges 
numerically. 

However, the results presented herein relate to the specific brick-
work 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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