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Abstract
Skewed masonry arch railway bridges are common, yet their structural behaviour under typical working loads, along with 
gradual changes in behaviour due to degradation, can be difficult to determine. This paper aims to address this problem 
through detailed monitoring of a damaged, skewed masonry arch railway bridge in the UK, which was recently repaired. 
A comprehensive Structural Health Monitoring system was installed, including an array of fibre-optic Fibre Bragg Grating 
(FBG) sensors to provide distributed sensing data across a large portion of the bridge. This FBG monitoring data is used, in 
this paper, to investigate the typical dynamic structural response of the skewed bridge in detail, and to quantify the sensitiv-
ity of this response to a range of variables. It is observed that the dynamic bridge response is sensitive to the time of day, 
which is a proxy for passenger loading, to the train speed, and to temperature. It is also observed that the sensitivity of the 
response to these variables can be local, in that the response can differ throughout the bridge and be affected by existing 
local damage. Identifying these trends is important to distinguish additional damage from other effects. The results are also 
used to evaluate some typical assumptions regarding bridge behaviour, which may be of interest to asset engineers working 
with skewed masonry arch bridges.

Keywords  Masonry arch bridge · Skewed arch · Railway bridge · Structural Health Monitoring · Fibre optics · Fibre Bragg 
Gratings

1  Introduction

Masonry arch bridges feature significantly on the road and 
rail networks of the United Kingdom and other countries. 
Across Europe, railway networks alone contain an esti-
mated 200,000 masonry arch bridges. In the UK, roughly 
40–50% of bridge spans on the rail and road networks are 
masonry arches, resulting in an approximate overall total of 
70,000 of these structures [1]. Many of these are located at 
important points on passenger and freight routes, meaning 

that their continued smooth operation carries considerable 
social and economic significance. At the same time, many 
of these bridges are ageing structures, which have typically 
been in continuous operation for between 100 and 150 years. 
The length of their working lives and the changing nature 
of modern vehicular loading—particularly for rail—has led 
to damage [2].

The Ultimate Limit State (ULS) behaviour of masonry 
arch bridges, when these structures are close to collapse, is 
relatively well understood. A range of established theoretical 
approaches exists to study these structures in varying levels 
of detail, from simplified limit analysis tools [3, 4]—which 
are commonly used in practice to establish a first estimate of 
a structure’s capacity—through to advanced computational 
approaches such as the Finite Element Method (FEM) and 
Discrete Element Method (DEM)—which can be applied to 
study complex aspects of bridge behaviour such as the inter-
actions of different structural components or soil-structure 
interaction within a bridge, which may affect its ULS per-
formance [5, 6]. These computational studies offer valuable 
contributions to our knowledge of masonry arch bridges. 
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However, these approaches are sometimes too simple to 
account for extensive uncertainties, and sometimes may be 
too complex, considering both the underlying uncertainties 
as well as the required cost and time, for regular application 
in asset management practice.

For this reason, quick, simplified assessment approaches 
are still in use for asset management purposes, except for 
certain highly significant, unusual, or damaged structures 
which warrant an increased scale of analysis. Frequently, 
simplified assessments will suggest that masonry arch 
bridges do not have sufficient capacity to carry higher ratings 
of train loading, leaving asset managers with little choice but 
to implement speed or weight restrictions. This is despite 
the fact that the full impact of speed restrictions on masonry 
arch bridges remains unclear. Increasing our understanding 
of the real behaviour of masonry arch bridges under work-
ing conditions, i.e. at the Serviceability Limit State (SLS), 
will allow such decisions to be made in greater context, and 
may even allow for some simplified assessment procedures 
to be revisited and revised based on field measurement data.

SLS behaviour is more complex and less well understood 
than the ULS case, yet it is behind a substantial majority 
of the observed defects requiring intervention and repair. 
A lack of proper understanding of SLS behaviour creates 
a major challenge for asset managers, and when a bridge 
exhibits signs of damage or deterioration there may be little 
choice other than to use blunt instruments, such as speed and 
weight restrictions or extensive repair works. There is the 
risk that inappropriate asset management decisions may be 
made, with potential consequences such as repair works not 
being properly tailored to the structures they seek to benefit. 
Such interventions may introduce changes in the stiffness 
profile of a masonry bridge, giving rise to new load paths 
that either exacerbate current damage or lead to new damage 
arising in another location. Even when interventions do not 
actively harm a bridge, uncertainty remains as to how long 
these may remain effective.

The SLS behaviour of masonry arch bridges remains 
an active research area. Some computational studies have 
investigated the SLS behaviour of masonry arch bridges, 
e.g. [1]. However, the study of SLS behaviour is also a prime 
opportunity to deploy Structural Health Monitoring (SHM). 
Monitoring can provide useful insights into the real-world 
behaviour of these structures, improving our fundamental 
understanding of this behaviour and offering validation to 
complex analyses, where uncertainty in the results may oth-
erwise persist.

This paper presents results from a detailed field moni-
toring project carried out at a case study bridge: a single 
span, skewed, masonry arch bridge in North Yorkshire, UK. 
This bridge shows signs of past damage, which were the 
target of repair work in 2016. To validate the success of this 
intervention, and track the bridge’s structural condition over 

time, monitoring of its live load response under working (i.e. 
SLS) loads was commissioned by the asset owners, Network 
Rail. This monitoring has been carried out in collaboration 
between the Cambridge Centre for Smart Infrastructure and 
Construction (CSIC) and AECOM [7], although, with the 
exception of ambient temperature data, only results from 
CSIC sensors are presented here.

1.1 � The impact of skew angle on masonry arch 
bridges

A subgroup of masonry arch bridges is those which are 
skewed, meaning that the longitudinal and transverse axes of 
the bridge are not perpendicular to one another. For instance, 
in the case study structure that is considered in this paper, 
the presence of skew was necessary so that the railway 
tracks above the bridge could span over an existing road. 
The bridge crosses this road at an angle of 64°, meaning that 
the skew angle of this particular bridge is 26°.

The impact of skew on a masonry arch bridge’s structural 
behaviour can be unclear and increase its complexity. The 
planform of a skewed arch is no longer a rectangle, as it 
would be for a square-spanning arch; instead, it is a paral-
lelogram. Whereas the span direction for a square-spanning 
arch can intuitively be seen to follow the arch’s longitudi-
nal axis, the preferred load path in a skewed arch is not as 
clear. The bridge width can influence whether a skewed arch 
spans along its square or its skew span direction, and rules 
of thumb to account for skew are offered in guidance docu-
ments [8, 9]. It is generally considered that the behaviour of 
skewed arches can be significantly more three-dimensional 
than may be the case for square-spanning arches and that for 
even modest skew angles it is sensible to perform a full 3D 
analysis for skewed bridges [8]. This three-dimensionality 
of structural response has been observed in computational 
analyses [10, 11], while previous monitoring of skewed 
masonry arch bridges does exist [12] but is very limited. 
In this paper, detailed fibre-optic sensing data is analysed 
to offer new insights into the three-dimensional response of 
skewed masonry arch bridges to their working loads.

1.2 � Structural health monitoring of masonry arch 
bridges

Asset owners sometimes commission Structural Health 
Monitoring of their masonry arch bridges to observe and 
track metrics describing their structural behaviour. The aim 
is not necessarily to gain a deep understanding of each struc-
ture through monitoring, but rather to identify any changes 
in behaviour which could be emblematic of the onset or pro-
gression of damage in the bridge, thus warranting a bridge 
inspection. The actual identification of specific damage, and 
prescription of remedies such as repair works, is more likely 
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to be based on visual inspection of a bridge. For this reason, 
SHM strategies to date in the UK have tended to be centred 
on simplified, single-point measurements that can be taken 
to be representative of the overall condition of a larger por-
tion of a structure or even its entirety.

Network Rail commonly uses a deflection pole meas-
urement system to record vertical displacement of the arch 
crown as a train goes over the bridge. It is assumed that, 
as damage progresses, the dynamic response will increase. 
However, by the time this damage, which may be occurring 
far from the arch crown, has progressed sufficiently to influ-
ence the crown vertical deflections, it may already be quite 
significant and require an appreciable intervention to rem-
edy. Furthermore, the deflection pole method is not practical 
for bridges in inaccessible locations, such as those spanning 
rivers or deep valleys. It may also necessitate costly and 
disruptive road closures and therefore does not lend itself to 
continuous long-term monitoring.

Alternatively, remote sensing technologies typically only 
require access to the bridge for installation and maintenance. 
Conventional point sensors such as strain gauges and LVDTs 
can be deployed in this way, as well as a range of more 
emergent sensing technologies such as fibre-optic monitor-
ing. This study uses Fibre Bragg Gratings (FBGs), a type of 
fibre-optic monitoring technology which enables efficient 
dynamic monitoring at numerous points across a structure 
[2]. FBGs can be used in isolation, or in conjunction with 
other sensing technologies as part of a complementary moni-
toring system. A number of SHM studies have made use of 
FBGs but these have only recently been applied to monitor 
masonry structures [2, 13, 14]. The project described in this 
paper is believed to be the first application of FBGs to study 
a skewed masonry arch bridge.

FBGs offer the possibility of a large number of meas-
urement locations across a structure, enabling monitoring 

of local behaviour in increased detail. Local measurements 
allow for more localised damage detection and the ability to 
track damage in more detail, but also provide the informa-
tion needed to build up a picture of the overall behaviour of 
the structure. The broader adoption of such schemes, how-
ever, will ultimately require improvements in automated data 
processing, visualisation, and presentation, so that the inter-
pretation of monitoring data can still be performed quickly 
and intuitively by asset managers.

1.3 � Introduction to the monitoring case study

The bridge considered in this study is a single span, skewed 
masonry arch railway bridge in North Yorkshire, UK. Com-
pleted in 1868, it carries a range of passenger and freight rail 
traffic, on two tracks. Its construction is a brick masonry arch 
barrel, with the bricks laid helicoidally following the skew 
span direction, supported by stone blockwork skewbacks, 
abutments, and wing walls. The spandrel walls and parapets 
are also built using stone blocks. An elevation view of this 
bridge is shown in Fig. 1.

The main signs of damage at this bridge are separation 
cracks between the brick arch barrel and stone spandrel 
walls, and an additional longitudinal crack in the south-east-
ern quadrant of the arch soffit. This crack is located roughly 
underneath the centreline of the southern track and extends 
from the arch springing by just over 3 m, approximately 
following the skewed span direction. In addition to these 
cracks, some cracking and bulging of the spandrel walls has 
been reported, as well as bulging of the south-western and 
north-eastern wing walls, adjacent to the acute corners of 
the skewed arch. In 2016, soil anchors were fitted in these 
wing walls, ten new tie rods were installed through the span-
drel walls to constrain the arch in its transverse direction, 
and the cracks were comprehensively stitched using steel 

Fig. 1   Upside elevation view of 
the case study bridge, looking 
north
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rods. Visible signs of this damage and intervention work are 
shown in Fig. 2, and the extent of the tie rods can also be 
seen in the elevation view of Fig. 1. The new tie rods were 
installed to replace previous ones, which had been found to 
be ineffective in preventing further expansion of the spandrel 
separation cracks. Pattress plates for the previous tie rods 
can also be seen in Fig. 2; these are smaller and a lighter 
colour than those for the new tie rods.

Based on visual observations from before and after this 
repair work, the 2016 intervention was successful in reduc-
ing the growth of cracks and the liveliness of the bridge 
response. In particular, the arch barrel had previously dis-
played visible vertical deflections under train loading, rel-
ative to the spandrel wall. This “pumping” response was 
believed to cause progressive deterioration of the bridge 
over time, and so preventing this response was a key objec-
tive of the intervention. However, the extensive nature of 
these repairs, in which the cracks were stitched at frequent 
intervals, was motivated by significant uncertainty regarding 
the bridge’s structural response to live loads. It is therefore 
unclear to what extent this intervention was proportionate 
to the scale of the problems at this bridge, and for how long 
it will continue to remain effective. This led to a desire from 
the asset managers to instigate regular condition monitoring 
of the bridge. Specifically, this monitoring should track any 
increases in the magnitude of the bridge response under its 
SLS loads, which could indicate the return or progression 
of damage. The bridge crosses a busy road, so continuous 
deflection pole monitoring was not feasible.

FBGs were installed in a variety of innovative configura-
tions at this bridge, as previously reported in [7, 15, 16]. 
In particular, the installation included monitoring of both 

in-plane and out-of-plane crack displacements, which was 
used to measure “pumping” between the arch barrel and the 
south spandrel wall.

In this paper, the FBG implementations used at the case 
study bridge will be introduced and explained, followed by 
analysis and interpretation of 6 months of monitoring data 
recorded between September 2018 and February 2019. The 
high sensitivity of the FBG measurements is used to explore 
the statistical variability of the dynamic strain response and 
its sensitivity to variables such as temperature, date, train 
speed, and time of day, the latter of which is used as a proxy 
for passenger loading.

2 � Methodology

The FBGs used in this installation were manufactured by 
FBGS, and a model sm130 FBG interrogator manufactured 
by Micron Optics was used to record measurements. Cus-
tom-made clamps, designed by CSIC and manufactured by 
L&C Precision Engineering, were used to install the fibre-
optic cables on the bridge. The measurement noise achieved 
by this monitoring system was 1 με, ideal for capturing the 
small magnitudes of movements at this masonry arch bridge. 
By pre-straining the FBGs during installation, so that they 
are under tension when the bridge is unloaded, both com-
pressive and tensile strains can be measured. This pre-strain 
was applied by hand and was of the order of several hundred 
microstrain, an order of magnitude above the compressive 
strains to be measured.

Fig. 2   Views of the arch soffit and south spandrel, with key cracks and signs of past interventions highlighted
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A combination of thermal and mechanical strain will 
make up the overall total measured strain and, furthermore, 
changes in temperature can cause the refractive index of the 
glass core inside the fibre to vary. Therefore, the true 
mechanical strain is related to the measured shift in Bragg 
wavelength by Eq.  (1), in which Δ ∈

m
 is the change in 

mechanical strain, k is a strain calibration coefficient for the 
fibre, Δ�

�0

 is the ratio of the measured change in wavelength 
to the original Bragg wavelength for the grating, ΔT  is the 
change in temperature, and � is a coefficient accounting for 
thermal effects. In reality, � captures a range of thermal and 
thermo-optic effects which influence the fibre-optic cable 
and the structure being monitored [17].

Consequently, it is necessary to compensate for thermal 
strains in static FBG monitoring. However, when only short 
dynamic events are being measured, changes in thermal 
strain can be neglected. In this study, temperature varia-
tion during dynamic events was assumed to be negligible, 
but temperatures were still recorded to account for possible 
thermal effects within the bridge. This ambient temperature 
data was measured by separate points sensors, distributed 
across the bridge, and then averaged to give a single value 
for each train event.

The total allowable number of FBGs is limited by the 
wavelength range of the FBG interrogator. Each FBG is 
etched to have its own Bragg wavelength. These wavelengths 
need to be sufficiently separated so that the individual grat-
ings can always be distinguished during monitoring. In this 

(1)Δ ∈
m
=

1

k

(

Δ�

�0

− �ΔT

)

study, four fibre-optic cables, each with a maximum of 20 
FBGs, were used. The sampling frequency was 1 kHz.

74 FBGs were ultimately installed on the arch soffit of the 
case study bridge, of which 34 are discussed in this paper. 
Preliminary results for the remainder of the FBG installa-
tion were presented in [15, 16] and detailed analysis of data 
from these other sensors will be carried out in future work.

The FBG sensors which will be discussed in this paper 
were fixed to the case study bridge in accordance with the 
installation plan in Fig. 3. Key accompanying dimensions 
are given in Table 1. Values for the thickness of the arch 
barrel and the depth of ballast and fill material are based on 
inspection reports and could not be independently verified 
in this study. The FBGs in Fig. 3 monitor three key regions 
of the bridge:

1.	 FBGs L1 to L20 are installed in two longitudinal lines of 
ten FBGs each along the arch intrados, directly under-
neath the centreline of the north track and the overall 
bridge centreline. There are no clear visible signs of 
damage in this region of the bridge, and so these sensors 
are used to investigate the general structural behaviour 
of a skewed masonry arch railway bridge. It was previ-
ously reported by the authors in [13, 14], that the skewed 
span direction appears to offer a preferential load path 
for the arch to transmit applied train loading to its abut-
ments. In this paper, the sensitivity of this longitudinal 
response to various parameters is investigated in detail. 
These FBGs are installed with gauge lengths of 1 m.

2.	 FBGs SE1 to SE8 are installed to measure the in-plane 
crack opening of the south-eastern longitudinal crack. 

Fig. 3   Plan view schematic of the arch soffit at the case study bridge, highlighting the installed FBGs and key cracks
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These FBGs are installed with gauge lengths of 0.5 m, 
and at 0.5 m intervals along the length of the crack. In 
this way, FBG SE1 is located at the crack root, FBG SE7 
is located at the crack tip, and FBG SE8 is located just 
ahead of the crack tip in masonry that is not currently 
visibly cracked.

3.	 FBGs SS1 to SS6 are installed in pairs, in three loca-
tions along the south spandrel separation crack. These 
locations were either side of the arch crown, at the 5∕12 
and 7∕12 points of the arch span, as well as the eastern 
1∕4 point. A schematic of a typical FBG pair is shown 
in Fig. 4. It can be seen that one fibre is installed in the 
in-plane transverse direction of the arch, to measure the 
pure crack opening, while the second fibre is inclined so 
that it measures both crack opening and crack shearing, 
or “pumping”, in the vertical direction. With the data 

from both sensors, it is possible to calculate the rela-
tive vertical movement across the crack, i.e. movements 
parallel to c in Fig. 4. These readings were validated 
against other measurement technologies which recorded 
the relative vertical displacements directly [7].

Using the notation in Fig. 4, the fibre measuring pure 
crack opening has a gauge length of a = 1 m . This fibre is 
parallel to the transverse direction of the arch barrel, while 
one end of the second fibre in this pair is displaced by 
c = 150 mm . As a result, the gauge length of this second fibre 
is b =

√

a2 + c2 = 1.011 m . Relative movements across this 
spandrel separation crack are known to be small in magnitude, 
such that there is a negligible change to the interior angles of 
this triangle. Therefore, as movements across the crack occur, 
the new side lengths of this triangle are given by Eq. (2).

Here, Δc corresponds to the vertical, out-of-plane, dis-
placements of the arch barrel relative to the spandrel wall. 
This is of interest but cannot be directly measured. Δa and 
Δb correspond to the axial extensions of the fibres in these 
two directions (see Fig. 4) and can hence be related to the 
measured FBG strains ∈

a
 and ∈

b
 using Eq. (3). Δa is also 

the in-plane component of the crack opening movements.

Rearranging Eq. (2) and substituting for Δa and Δb results 
in Eq. (4), a quadratic in Δc in which all else is known. Solving 
this for each instance in time yields the dynamic “pumping” 
displacements of the arch barrel relative to the spandrel wall.

(2)(b + Δb)2 = (a + Δa)2 + (c + Δc)2

(3)∈
a
=

Δa

a
,∈

b
=

Δb

b

Table 1   Key dimensions at the 
case study bridge

Dimension Value

Bridge width (square span direction) 9.44 m
Bridge width (skew span direction) 8.46 m
Bridge span (square span direction) 10.61 m
Bridge span (skew span direction) 11.83 m
Skew angle 26°
Height of arch springings (above ground) 3.92 m
Arch rise 2.50 m
Arch thickness 0.457 m
Depth of fill and ballast at the crown, between arch extrados and sleepers 0.352 m
FBG gauge lengths
 Longitudinal FBGs (L1 to L20) 1 m
 FBGs across the south-eastern crack (SE1 to SE8) 0.5 m
 FBGs at the south spandrel crack measuring crack opening (SS1, SS3, SS5)–a in Fig. 4 1 m
 FBGs at the south spandrel crack measuring relative vertical displacements (SS2, SS4, SS6)–b 

in Fig. 4
1.011 m

Fig. 4   A typical “FBG pair” installed at the south spandrel separation 
crack
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FBGs L1 to L20, installed in the longitudinal direction of 
the bridge, are clamped to the bridge such that their gauge 
length, along the fibre axis, is 1 m. Note that the arch barrel 
is elliptical in the skew span direction, which means that 
the corresponding arc length between two adjacent clamps 
is slightly greater than 1 m. However, this was estimated to 
cause only a 0.07% difference in the strain measurements, 
and so was neglected. Additionally, it is more important to 
emphasize that the patterns and variability of strain across 
the arch, and any changes in these over time, are of primary 
interest rather than the absolute values of strain.

Monitoring data were recorded for a range of passenger 
trains, on each monthly monitoring shift between Septem-
ber 2018 and February 2019. The data was categorised by 
train class and direction, which corresponded to the track on 
which the train had passed over the bridge. Information was 
then assigned to each data file to represent the date and time 
of the measurement, the ambient temperature (measured by 
other point sensors), and the train speed (calculated using 
the FBG data itself). This allowed different groupings of 
data to be analysed, to better investigate the sensitivity of the 
strain response to individual variables while minimising the 
influence of other variables. The variables considered in this 
analysis were train speed, ambient temperature (to investi-
gate the impact of any seasonality on the response, through 
thermal expansion or contraction of the bridge), time of day 
(which was used as a proxy for passenger loading, by dif-
ferentiating between peak and off-peak trains), and date (to 
investigate any potential long-term trends or deterioration 
of the bridge over time).

In this paper, results for Class 185 trains are studied. 
These have been chosen as representative of the SLS load-
ing case, since they are the most common train class to pass 
over this bridge.

3 � Results

3.1 � Typical strain and displacement distribution 
time histories

3.1.1 � Arch intrados: distributions of longitudinal strains

A typical distribution of longitudinal strains along the arch 
intrados, as a Class 185 train passes over the bridge on the 
northern track, is shown in Fig. 5. In this figure, plots for the 
individual FBG responses are arranged so that the direction 
of travel of the train is from the top to the bottom of the 
overall figure, with the train travelling directly above the 
FBGs in the left-hand column. Thus, the train passes first 

(4)Δc2 + 2c.Δc +
[

c
2 + a

2
(

1+ ∈
a

)2
− b

2
(

1+ ∈
b

)2
]

= 0
over FBG L1 and last over FBG L10, as it travels east. Note 
that, after FBG L10, the fibre-optic cable returns westward 
along the centreline of the bridge, so that FBG L20 is the 
first to detect the passage of a train on the northern track and 
FBG L11 is the last. This sequence can also be seen in the 
FBG installation plan in Fig. 3.

The FBG strain data shown in Fig.  5 onwards has 
been processed using a low-pass filter, to remove high-
frequency noise in the signals. For FBGs close to the arch 
crown – such as FBGs L5, L6, L15, and L16 where there 
is less potential for load distribution to occur through the 
backfill before loads are transmitted into the arch, it is still 
possible to identify the individual axles on each bogie of 
the train. For FBGs in other locations, these axles tend to 
merge into a single peak. In such locations, the time his-
tory of the strain response is composed of single peaks at 
the start and end of the response, corresponding to the first 
and last bogies of the train, with intermediate double peaks 
in which the rear and leading bogies of adjacent carriages 
are both visible.

Throughout the figures in this paper, tensile strains are 
plotted as positive while compressive strains are nega-
tive. Note that the measured strains are purely the result of 
dynamic train loading and do not include the substantial, 
pre-existing compressive strains caused by the dead load 
of the bridge.

Using the monitoring data for this typical train event, 
the instantaneous strain distributions across all longitudi-
nal FBGs can be plotted for times of interest. Examples are 
shown in Fig. 6, with distributions included that correspond 
to the critical axle load of the train from Fig. 5 being applied 
above FBGs: (a) L18, the western third point, (b) L16, just 
west of the arch crown, (c) L15, just east of the arch crown, 
and (d) L13, the eastern third point. These responses—corre-
sponding to progressive instances in time during the passage 
of this train—are plotted, respectively, as dotted, dot-dashed, 
dashed, and solid lines, whose colour varies progressively 
from black to light grey.

In each case, a bulb of positive, tensile strains is observed 
in the vicinity of the applied load, with compressive strains 
either side of this bulb. This observation supports the notion 
that a potential load path for these applied forces is through 
arching action in this longitudinal direction. Furthermore, 
the instantaneous intrados strain distributions in Fig. 6 are 
consistent with the anticipated thrust lines for concentrated 
loads applied at locations (a–d) along the span, which are 
also shown schematically in Fig. 6. Close to the applied load 
the thrust line will pass nearer to the arch extrados so that 
strains at the intrados are tensile. Outside of this region, the 
thrust line will be nearer to the intrados, and intrados strains 
will, therefore, tend to become compressive.

The distributions in Fig. 6 also demonstrate that the larg-
est tensile strains occur close to the arch crown when loads 
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are applied directly overhead: the symmetric loading case. 
This is to be expected because close to the crown there is 
the least backfill material between the arch and the track and 
therefore the least opportunity for load distribution to occur 
before the load path enters the arch. The largest compres-
sive strains, meanwhile, are observed on either side of the 
arch at times when loads are applied on the opposite side: 
the asymmetric loading case. Again, this is to be expected, 
as the asymmetric loading case will cause the thrust line to 
pass closer to the intrados in the locations where peak com-
pressive strains are observed (see schematic thrust lines (a) 
and (d) in Fig. 6).

The largest peak-to-peak strains are observed at the 
arch 1∕3 points. This is consistent with later observations in 
Sect. 3.2, in which the statistical distribution of peak-to-peak 
strains for all recorded data is presented.

When trains pass on the northern track, the largest mag-
nitude response is observed in FBGs L1 to L10, located 
directly underneath the active track. Although the pattern 
of strains along the bridge centreline is very similar, the 
strain magnitudes here are reduced; they are in the range 
of 50–90% of the values observed in corresponding FBGs 
under the north track centreline.

3.1.2 � South‑eastern longitudinal crack: distribution 
of crack opening displacements

Figures 7a and 8a show typical time histories of crack open-
ing displacements at the south-eastern longitudinal crack, 
as a Class 185 train passes on the south and north track 
respectively. Figures 7b and 8b show schematics of these 
crack opening distributions overlaid on photographs of the 
crack. The schematics show the relative shapes of these dis-
tributions while the magnitudes of movements have been 
exaggerated, although the schematics in Figs. 7b and 8b are 
plotted at the same scale. 

In Figs. 7a and 8a, crack opening is positive and crack 
closing is negative. In both of these figures, a “football-
shaped” distribution is observed along the crack length, 
with the response being largest over the central portion of 
the crack. FBGs SE1 and SE7 are located at the root and tip 
of the crack respectively, while FBG SE8 is located ahead 
of the crack tip. Magnitudes of peak-to-peak movements are 
similar at FBGs SE1 and SE8, and only slightly larger at 
FBG SE7, although the ratio of tension to compression is 
higher at the crack tip than it is at the crack root.

The crack opening movements occur relatively simultane-
ously along the crack length, as trains pass over the bridge. 
The largest crack opening responses take place when train 
axles are at the eastern 1∕3 point, above the crack. This gives 
rise to the distributions shown with black bars in Figs. 7b 
and 8b, for trains travelling on the south and north tracks 
respectively. Conversely, when axles reach the western 1∕3 
point, peaks in crack closing are observed. For trains on the 
south and north tracks, these take the form of the distribu-
tions shown with white bars in Figs. 7b and 8b respectively. 
While, in both cases of crack opening and closing, the peak 
response is observed over the central region of the crack, it 
is also observed in Figs. 7b and 8b that crack opening results 
in generally larger movements over the top half of the crack, 
while crack closing leads to larger movements over the lower 
half of the crack.

Comparing each FBG between Figs. 7 and 8, the magni-
tudes of peak-to-peak crack opening remain similar regard-
less of the track on which trains are travelling. However, in 
Fig. 7, for a train travelling on the south track directly above 
the crack, movements over the upper half of the crack are 
primarily tensile and the crack is opening, while movements 
over the lower half of the crack are primarily compressive 
and the crack is closing. When trains pass on the northern 
track, as in Fig. 8, movements at the crack are almost entirely 
compressive, at all points along its length.

It is of interest that the lower half of the crack displays 
primarily compressive movements regardless of whether a 
train is passing directly overhead or on the other side of 
the bridge. This could suggest that compressive thrusting 
into the abutment and obtuse corner of the arch dominates 
the response in this region, where the fill depth is large and 
therefore local transverse bending is negligible. It is also 
interesting that tensile movements ahead of the crack tip 
are not negligible when trains are passing directly overhead, 
as seen for FBG SE8 in Fig. 7. For these load locations, 
the response in this region of the arch is consistent with 
transverse sagging bending. Tracking the evolution of these 
movements over the long term will provide insight into 
whether the crack is stable or still growing, with the poten-
tial for any changes to be detected before they are observable 
in visual inspections of the bridge.

3.1.3 � South spandrel separation crack: distributions 
of crack opening and pumping displacements

In each of the measurement locations across the southern 
spandrel wall crack, monitored by FBGs SS1/SS2, SS3/SS4, 
and SS5/SS6, strains have been converted to give relative 
displacements of the arch barrel compared to the spandrel 

Fig. 5   Typical time histories of the longitudinal strains at the arch 
intrados, for a Class 185 train passing on the northern track (tensile 
strains are positive; compressive strains are negative)
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wall. Here, these are presented in two orthogonal directions: 
in-plane crack opening in the transverse direction of the arch 
barrel, and out-of-plane vertical “pumping” displacements 
(i.e. crack shearing). Crack opening and upwards vertical 

movements are plotted as positive, while crack closing and 
vertical downwards movements are plotted as negative. 
The high stiffness of the spandrel walls limits their vertical 
deflection. This was confirmed by the fact that the relative 

Fig. 6   The instantaneous longitudinal strain responses observed at the 
arch intrados when the leading axle of a typical Class 185 train passes 
above key locations along the arch span, and schematics of the antici-

pated thrust lines in the arch bridge for point loads applied in these 
locations, namely a the western third point, b west of the arch crown, 
c east of the arch crown, and d the eastern third point
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vertical displacements of the arch barrel compared to the 
spandrels agree very well with overall vertical displacements 
of the arch compared to the ground [7].

Figures 9 and 10 show typical crack opening and relative 
vertical displacements at the three monitoring locations, for 
Class 185 trains passing on the southern and northern tracks 
respectively. The top rows of these Figs. 9a and 10a show that 
the separation crack always opens, in the transverse direction, 
when trains pass on the southern track and closes when trains 

pass on the northern track. The magnitudes of these move-
ments are very small, below 0.1 mm for trains on the southern 
track and below 0.05 mm for trains on the northern track.

The magnitudes of the vertical pumping displacements—
shown in the second rows of Figs. 9a and 10a—are always 
substantially larger, with peak-to-peak pumping displace-
ments of approximately 1 mm for trains on the southern 
track and 0.15 mm for trains passing on the northern track.

Fig. 7   a Typical time histories of the crack opening displacements at the south-eastern longitudinal crack, for a Class 185 train passing on the 
southern track, and b schematic showing the “football-shaped” distribution of these peak-to-peak crack opening displacements
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These patterns of response are visualised in Figs. 9b and 
10b, which are schematics showing the positive and nega-
tive components of the peak-to-peak displacements. The 
convention for plotting these displacements is shown in the 
top-left of Figs. 9b and 10b: crack opening displacements, 
which occur in the transverse direction of the bridge, are 
shown with horizontal bars, while the relative pumping dis-
placements are shown with vertical bars. For crack opening 
displacements, as with Figs. 7b and 8b, these schematics 

show crack opening in black and crack closing in white. For 
relative vertical displacements, peak upwards movements of 
the barrel compared to the spandrel are shown in black while 
peak downwards movements are shown in white. The moni-
tored points along the crack are indicated by grey circles. 
Note that the schematics in Figs. 9b and 10b use two distinct 
scaling factors, because of the significant difference between 
the magnitudes of response for the two cases. The figures are 

Fig. 8   a Typical time histories of the crack opening displacements at the south-eastern longitudinal crack, for a Class 185 train passing on the 
northern track, and b schematic showing the “football-shaped” distribution of these peak-to-peak crack opening displacements



Journal of Civil Structural Health Monitoring	

123

internally consistent; however, bar lengths between figures 
should not be directly compared.

For trains passing on the southern track, as in Fig. 9, the 
vertical component of the response at the separation crack 
is dominated by downwards movement of the arch barrel 
relative to the spandrel wall. However, small upwards move-
ments are seen in the responses at all three monitored points 
on the crack, corresponding to instances in time when axle 
loads are applied to the opposite side of the arch span. Mag-
nitudes of movement are largest in the central region of the 
crack, peaking for FBG SS4 to the east of the arch midspan, 
although interestingly the response is not symmetric on the 
two sides of the crown (at FBGs SS2 and SS4).

A different pattern is observed when trains pass on the 
northern track. In this case, shown in Fig. 10, movements 
at FBG SS4, just to the east of the arch crown, are notably 
smaller than those observed on either side, at SS2 and SS6, 
and there are appreciable upwards movements of the south-
ern edge of the arch barrel relative to the spandrel wall. The 
response to the west of the arch crown (at FBG SS2, shown 
in the bottom-left subplot of Fig. 10a) demonstrates that 
application of axle loads at a corresponding point along the 
arch span still leads to downwards movement of the arch 
relative to the spandrel wall, but upwards movements occur 
in the “troughs” between these peaks. The response at the 
eastern quarter point (at FBG SS6) is more notably domi-
nated by upwards movements, at the same times as the peak 
downwards movements are observed at the arch crown (par-
ticularly at FBG SS2).

The crack does not shear simultaneously along its length. 
With the exception of FBG SS6 for trains on the north track, 
as described above, the peak vertical response is a down-
wards deflection occurring when an axle load is applied 
at a corresponding point along the arch span. Peak verti-
cal deflections at each monitored location, for the trains in 
Figs. 9 and 10, are given in Table 2.

The values in Table 2 highlight that the response is not 
symmetric on either side of the arch crown, and that different 
patterns of responses arise depending on the track on which 
the train is travelling. When trains pass on the southern track 
and loading is applied close to the midspan of the arch, this 
causes asymmetric downwards movement of the points on 
either side of the arch crown and either a modest down-
wards deflection or a small uplift of the eastern quarter point, 
depending on which side of the arch crown the axle load is 
applied. Loads applied at the eastern quarter point cause a 
peak downwards deflection at the corresponding point along 
the crack (SS6), decreasing downwards deflections towards 
the arch crown (SS4), and some uplift of the opposite side 
of the crown (SS2).

For trains on the northern track, loading close to the 
midspan causes an asymmetric response at the southern 
arch crown (SS2 and SS4) but a consistent uplift at the 

eastern quarter point (SS6). The magnitude of this uplift 
is approximately double that of the observed downwards 
deflection when axle loads are applied to the eastern side of 
the north track. Furthermore, this asymmetric loading case 
causes upwards movement at the arch midspan, with larger 
upwards deflections observed on the opposite side of the 
crown (SS2).

3.2 � Statistical overview of the longitudinal strain 
distributions

This section provides a statistical summary of all longitudi-
nal strain data recorded for Class 185 trains passing on the 
northern track. Figure 11 summarises the peak compres-
sive, peak tensile, and peak-to-peak strain responses at each 
longitudinal FBG. Note that, in keeping with earlier figures, 
compressive strains are plotted as negative while tensile 
strains are positive. Figure 12 summarises the variation of 
the instantaneous strain responses as the leading axles of 
each train reach certain key locations along the arch span. 
These locations are the same as those for which a typical 
instantaneous strain response was plotted in Fig. 6.

In both Figs. 11 and 12, the top rows plot the strains 
measured by FBGs L1 to L10 underneath the north track 
centreline, while the bottom rows plot strains for FBGs L11 
to L20 along the bridge centreline.

These figures use boxplots [18, 19] to represent the sta-
tistical distribution of strains at each FBG. Median values 
of strain are shown as black dots in white circles. These cir-
cles are within solid boxes which represent the interquartile 
ranges, although for data sets with very low statistical dis-
persion these boxes are not always visible. Whiskers extend 
beyond the boxes by a distance of 1.5 times the interquartile 
range. The few outliers beyond these whiskers have been 
omitted for clarity. Solid lines between adjacent boxplots 
connect the median values.

In Fig. 11, the left-hand plots show the statistical dis-
tribution of peak compressive strains, in black, and peak 
tensile strains, in light grey. The right-hand plots show the 
statistical distribution of peak-to-peak strains. Peak tensile 
strains reach their maximum values close to the arch crown, 
while peak compressive strains reach theirs close to the two 
1∕3 points of the arch. These observations match those made 
earlier, during discussion of Fig. 6, regarding the two criti-
cal loading cases for a point load applied to an arch. Peak-
to-peak strains, dominated by the higher magnitudes of the 
peak compressive strains, also reach their maximum values 
close to the arch 1∕3 points.

In most cases in Fig. 11, the median strains are close to 
the centres of their respective boxes. This indicates that these 
data sets have low sample skewness and that the median and 
mean strains are likely to coincide. There is also a general 
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trend that the amount of dispersion increases as the strain 
magnitude rises. At most, the magnitude of the interquartile 
range reaches approximately 4% of the median strain mag-
nitude, with an absolute value of roughly 5 με.

In Fig. 12, the statistical distributions of the instantaneous 
strain responses also show reasonable agreement between 
different train events, for most FBGs. Here, strain responses 
are considered at times when the leading axle of a Class 
185 train is positioned above the western and eastern third 
points of the arch, as well as either side of the arch crown. 
In each case, these plots maintain the pattern observed for 
typical instantaneous strains in Fig. 6a. Again, the spread in 
the strain data is typically low in absolute terms, although 
this can be up to 15% of the median strain magnitude in 
some cases.

Sorting the FBG data into groups, corresponding to 
fast or slow trains travelling during commuter or off-peak 
times, does not substantially affect the distribution of median 
strains, or the spread in this data. This is the case for both 
peak-to-peak and instantaneous strain responses. For brev-
ity, plots showing the statistical distributions of subgroups 
of data are not included here.

Each strain response summarised in Fig. 12 corresponds 
to a distinct thrust line, adopted by the arch under instanta-
neous loading, and therefore the median strain distribution 
represents a typical thrust line for the arch under this load. 
Variation in the adopted thrust line gives rise to dispersion 
in the statistical strain distribution.

There is often considerable skew in this dispersion, which 
is evident in Fig. 12 in those boxplots for which the median 
is clearly not centred in its interquartile range. A conse-
quence of this skew is that the mean strain cannot be pre-
sumed to give an accurate measure of typical, instantaneous 
behaviour. The median, conversely, is more resistant to the 
influence of outliers, which are themselves also useful since 
they represent the largest deviations from typical behaviour 
over the sample period.

Therefore, when comparing arch behaviour over time, 
to search for any long-term changes in this behaviour, one 
potential approach is to track the median and extreme outli-
ers of the instantaneous strain response for various positions 
of applied loading. For the monitoring data currently avail-
able, covering the period of September 2018 to February 
2019, the remarkable consistency of the strain responses, 
as visualised by the low statistical spread in this data, sug-
gests that there is very little variation in the load path being 
adopted by the arch when it is subjected to train loading. 
This is despite the variation in passenger loading, which 

is discussed in the next section. Over time, however, dam-
age or deterioration of the arch may cause the load path to 
change; such changes could be detected using this statistical 
approach.

Statistical representations of monitoring data, therefore, 
have useful asset management applications, in the form of 
identifying changes in behaviour which could indicate dam-
age or deterioration of the structure. The ability of FBGs 
to measure statistical changes in the strain response, when 
these strains are themselves very small in magnitude, offers 
considerable practical benefits. Although there have not been 
significant changes in the bridge response over the 6-month 
monitoring period presented here, these results neverthe-
less demonstrate that FBGs are capable of identifying such 
changes.

3.3 � Variation of the longitudinal strain distributions

Figures 13 and 14 plot peak-to-peak strains for a subset of 
the longitudinal FBGs against time of day and train speed, 
for which trends have been observed. The data that is plotted 
corresponds to all Class 185 trains passing on the northern 
train, and a subset of FBGs underneath the north track and 
along the bridge centreline. These include FBGs L3 and 
L18, underneath the western 1∕3 point; FBGs L5, L6, L15, 
and L16, close to the arch crown; and FBGs L8 and L13 
underneath the eastern 1∕3 point.

In both Figs. 13 and 14, data is plotted for all recorded 
trains, including trains travelling at any speed. The entire 
6-month monitoring period is included in these, and in the 
following plots. Data are coloured in clusters based on train 
speed, as can be seen clearly in Fig. 14. Fast trains with 
speeds above 82 mph are plotted as solid black dots; slow 
trains below 72 mph are plotted as white dots with black bor-
ders; and trains with intermediate speeds (i.e. 72–82 mph) 
are coloured grey with black borders.

In Fig. 13, time of day is used as a proxy for passenger 
loading. The actual axle loads applied to the bridge are not 
known a priori; although the train weights are known, the 
overall axle loads can vary significantly depending on pas-
senger levels. Information obtained from Network Rail, the 
asset managers, suggests that the axle loads applied by a 
Class 185 train may increase by as much as 10–16% between 
typical and maximum, termed “crush,” passenger loading 
scenarios. Furthermore, “crush” loadings can be 27% higher 
than those applied by an empty train. These increases are not 
uniform across all axles.

Despite the spread in the data, a clear increase in the peak 
strain responses of the longitudinal FBGs can be seen in 
Fig. 13 around the evening commute, between 5 and 7 pm, 
before decreasing later in the evening to a lower level than 
is observed during the day. Qualitatively, this trend matches 

Fig. 9   a Typical time histories of the crack opening and pumping dis-
placements at the southern spandrel separation crack, for a Class 185 
train passing on the southern track, and b schematic showing the dis-
tribution of these peak-to-peak displacements
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well with anticipated passenger behaviour. Although the 
precise increases between off-peak and peak conditions are 
obscured by the remaining scatter in the data, especially for 
off-peak trains, the changes observed are broadly consistent 
with those anticipated. Furthermore, the amount of scatter is 
generally observed to decrease during peak times of travel, 
suggesting more consistent levels of passenger loading at 
these times.

Considering only the fast trains plotted in Fig. 13, Table 3 
presents bounds on the increase in strain magnitude that is 
observed during peak travel times. These are calculated by 
comparing the largest strains recorded during peak travel 
times with the largest and smallest strains recorded during 
off-peak times, excluding extreme outliers. The uppers lim-
its of these bounds generally agree well with the 10–16% 
estimate above: the loading increase due to full passenger 
capacity, relative to typical passenger levels. The lower lim-
its of these bounds may be explained by the large variation 
in strain measurements for trains recorded during off-peak 
times; passenger levels are expected to vary significantly 
during these times and it is not unreasonable to expect some 
of these trains to approach full capacity.

The upper limits on the strain increases for FBGs L5 and 
L16, close to the arch crown, exceed this estimated load 
increase for full capacity trains relative to typical passenger 
levels. Although the bounds in Table 3 have been calcu-
lated only considering fast trains travelling at over 82 mph, 
the strain increase at these FBGs could be due in part to a 
residual impact of train speed. As is seen in Fig. 14, strain 
amplification due to high train speed is only observed close 
to the arch crown. Further sub-dividing the FBG data by 
train speed may help to fully decouple this effect. However, 
to do this, more data will be required to reliably characterise 
each group.

Nonetheless, the findings in Table 3 suggest that uncer-
tainty regarding precise train and passenger loading can 
be mitigated if repeat measurements are taken at the same 
time of day over a long period of time. In particular, data 
recorded during weekday commuter times is likely to give 
the best repeatability. Loading at this time can be assumed 
to correspond to well-defined “crush” scenarios, while the 
precise loading during other times of day is more uncertain. 
Using this approach, time of day could be employed as a 
simple framework to classify railway traffic loading, instead 
of bridge weigh-in-motion techniques.

For FBGs L5, L6, L15, and L16, close to the arch crown, 
variation of the strain response based on train speed can be 
observed, with an increase in measured strains for the fast 

trains. In Fig. 13, the subplots for these FBGs contain bands 
of black and white dots corresponding to the separate time-
of-day variation for both fast and slow trains respectively. 
The increase in strain response for fast trains can be seen in 
Fig. 14 for FBGs close to the arch crown, most clearly for 
FBGs L5, L6, and L15. Here, there is a marked increase in 
peak-to-peak strains for fast trains relative to slow trains.

It is important to note that variation of the strain response 
with train speed is not observed at FBGs further away from 
the arch crown. The variation is also more pronounced for 
FBGs L5 and L6 underneath the northern track, on which 
the trains are passing than it is for FBGs L15 and L16 along 
the bridge centreline. This suggests that the impact of train 
speed is localised, primarily affecting regions of the bridge 
with relatively little backfill, and which are also close to the 
point of application of the load.

In Fig. 14, the crown FBGs under the north track centre-
line show an increase of up to 15% in the magnitude of the 
strain response for fast (> 82 mph) trains relative to slow 
(< 72 mph) trains. The corresponding value for crown FBGs 
at the bridge centreline is 10%. For FBGs further away from 
the crown, no variation of the peak-to-peak strains with train 
speed can be observed, although more data for slow trains 
are needed to confirm these observations and identify the 
precise nature of any trends with speed below 72 mph, which 
are currently obscured by scatter. Nevertheless, from this 
data, the pronounced increase in strain response and reduc-
tion in scatter for trains travelling above 82 mph is clear.

The current Network Rail guidance [9] prescribes a 
dynamic factor of 1.8, to be applied to the critical axle load-
ing; this is significantly higher than the strain amplification 
measured at this bridge and reported above. The guidance 
states that this factor may be reduced where the depth of 
ballast and fill, between the sleeper and arch crown extrados, 
exceeds 600 mm, but gives no suggestions on how to calcu-
late this reduction and does not allow for the increase in fill 
at locations other than the arch crown. The depth of ballast 
and fill at the crown, for this case study bridge, is approxi-
mately 350 mm according to record drawings. The findings 
here suggest that continued monitoring of multiple bridges 
could enable revisions to the current dynamic amplification 
factor used by Network Rail for the assessment of masonry 
arch rail bridges.

Separate guidance on dynamic amplification factors 
for traffic loading, such as rail, is given in Eurocode EN 
1991–2. This guidance is founded on the use of simplified 
beam models, resulting in expressions for dynamic ampli-
fication factors that depend on a determinant length for the 
structure, its first natural frequency, and the vehicle speed. 
These expressions were not derived with masonry arches 
specifically in mind, and it has been demonstrated that they 
produce results which are too conservative for masonry rail 

Fig. 10   a Typical time histories of the crack opening and pumping 
displacements at the southern spandrel separation crack, for a Class 
185 train passing on the northern track, and b schematic showing the 
distribution of these peak-to-peak displacements
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bridges [20]. Attempts to improve this guidance are an active 
area of research (see, for example, [21]).

Longitudinal strain variation was also studied for ambi-
ent temperature and date, to investigate any seasonal and 
long-term trends respectively. However, no discernible 
trends could be identified for the data available over this 
6-month monitoring period. Further study of any long-term 
changes in this behaviour will form a part of future research, 
once more data has been recorded by a new logging system 
deployed at the bridge in July 2020.

3.4 � Variation of crack opening displacements

Figures 15a and b show the variation of peak-to-peak crack 
opening displacements at the south-eastern longitudinal 
crack with time of day and temperature respectively. The 
data that is plotted corresponds to Class 185 trains travel-
ling on the south track. In Fig. 15a, all fast Class 185 trains 
travelling above 82 mph are plotted, while in Fig. 15b only 
fast Class 185 trains travelling between 5 and 7 pm, i.e. at 

evening commute times, are plotted. All data in Fig. 15 
is coloured by temperature, as can be seen more clearly 
in Fig. 15b. Data for which the ambient temperature was 
between 0 and 5 °C are plotted as white dots with black bor-
ders; data for ambient temperatures between 5 and 10 °C are 
plotted as grey dots with black borders; and data for higher 
temperatures are plotted as solid black dots. “Black” data 
was recorded in September and October 2018, “grey” data 
was recorded in November 2018 and February 2019, and 
“white” data was recorded in December 2018 and January 
2019.

In Fig. 15a, the increase in response magnitude around 
the evening commute can be observed but it is less notable 
than it was for the longitudinal strains in the previous sec-
tion. In the subplots for FBGs SE5 to SE8, over the upper 
half of the crack, the peak for evening commuter trains 
appears to be larger and more pronounced for data recorded 
during cold ambient conditions than it is for the subplots 
corresponding to FBGs SE1 to SE4 over the lower half of 
the crack. For these FBGs, there is no clear relationship with 
temperature over the evening commuter period. Addition-
ally, the time of day plots are now dominated by a significant 
decrease in the magnitudes of peak-to-peak crack opening 
displacements between approximately 08:30 and 13:30. This 
corresponds to a steady, approximately linear increase in the 
recorded ambient temperature, which also occurred between 
these times.

In Fig. 15b, a notable decrease in the magnitudes of peak-
to-peak displacements as the ambient temperature rises is 
observed for FBGs SE5 to SE8, located over the upper half 
of the crack where the response is primarily tensile (i.e. 
crack opening). However, this is not observed for FBGs SE1 
to SE4 over the lower half of the crack, where the response is 
primarily compressive (i.e. crack closing). For FBGs SE5 to 
SE8, the decrease in peak-to-peak displacements is approxi-
mately 10% over a rise in temperature of 15.5 °C.

Table 2   Vertical movements at 
the south spandrel separation 
crack for key load locations

Axle location: Vertical deflections at FBG

SS2 (west of crown): SS4 (east of crown): SS6 (east quarter 
point):

Train passing on the south track
 East quarter point  + 0.13 mm − 0.23 mm − 0.45 mm
 East of crown − 0.43 mm − 0.92 mm − 0.15 mm
 West of crown − 0.53 mm − 0.69 mm  + 0.045 mm

Train passing on the north track
 East quarter point  + 0.059 mm  + 0.020 mm − 0.038 mm
 East of crown − 0.060 mm − 0.066 mm  + 0.073 mm
 West of crown − 0.081 mm − 0.059 mm  + 0.074 mm

Table 3   Increases in longitudinal strain magnitude observed during 
peak travel times

Location FBG Strain increase

North track
 Western third point L3 3–11%
 Just west of arch crown L5 6–27%
 Just east of arch crown L6 6–15%
 Eastern third point L8 5–15%

Bridge centreline
 Western third point L18 3–14%
 Just west of arch crown L16 5–23%
 Just east of arch crown L15 6–16%
 Eastern third point L13 3–12%
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No clear relationships between crack opening displace-
ments and either temperature or time of day were observed 
for data corresponding to trains passing on the northern 
track. Note that in this case the crack opening displacements 
are always primarily compressive, while in Fig. 15 the only 
significant observed relationships are for crack opening dis-
placements that are primarily tensile.

In summary, for the south-eastern longitudinal crack, 
there is some sensitivity to temperature observed when 
crack movements are tensile. The peak-to-peak crack open-
ing magnitudes decreased as the ambient temperature rose. 
However, when crack movements were compressive, no 
relationship with temperature was observed. This could be 

explained by thermal expansion causing cracks to partially 
close. In other words, crack widths are larger when the 
bridge is cold, so dynamic tensile strains across these open 
cracks are also larger.

Furthermore, this sensitivity to temperature appears to 
match the anticipated increase in response for evening com-
muter trains, when these peak-to-peak displacements are 
plotted against time of day. Therefore, it could be that a 
lower ambient temperature, and corresponding thermal con-
traction of the masonry, simply leads to tensile movements 
of this crack becoming more sensitive to the precise magni-
tude of the applied loading, while compressive movements 
remain less sensitive to this.

Fig. 11   (Left) Boxplots showing the longitudinal distributions of 
peak compressive (negative) and tensile (positive) strains, in black 
and grey respectively, and (Right) Boxplots showing the longitudinal 

distributions of peak-to-peak strains, for all Class 185 trains passing 
on the northern track
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It is worth noting that the general observation of an 
inverse relationship between the magnitude of dynamic 
deformation and ambient temperature, in certain circum-
stances, agrees with the findings of a recent study into a 
masonry viaduct of similar construction [22, 23]. In that 
study, a clear inverse relationship was identified. However, 
it is likely that the large number of masonry spans at that 
viaduct affects its sensitivity to temperature, in contrast 
to the single-span bridge studied here which has differ-
ent boundary conditions at the arch abutments. In future 
work, data will be gathered at this bridge over a greater 
range of temperatures, to further investigate the impact of 
thermal effects.

No relationship between crack movements and train speed 
was observed, in keeping with the earlier observation that the 
impact of train speed on the strain response is highly localised 
to the regions in which loading is applied to the arch, and to 
places where little backfill is present. For brevity, plots of the 
crack strains against train speed are not included here.

Variation of crack opening and pumping displacements 
was also investigated for the south spandrel separation crack. 
However, no relationships were identified. The spread in 
the magnitudes of peak-to-peak crack displacements was 
significantly higher for this crack, and it is possible that this 
obscured any underlying trends in the data.

4 � Conclusions

In this study, high sensitivity FBGs have been utilised to 
monitor a damaged, skewed masonry arch railway bridge 
in unprecedented levels of detail, at a wide range of points 
across its extent. Data for Class 185 trains, the most com-
mon SLS train loading for this bridge, has been analysed, 
and a comprehensive overview of the typical structural 
response of this bridge has been presented. This has cov-
ered the longitudinal strain distributions over the undam-
aged northern half of the arch, and the behaviour across 

Fig. 12   Boxplots showing the statistical distributions of the instantaneous longitudinal strains which arise when the leading axles of all Class 
185 trains passing on the northern track reach key locations along the arch span
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cracked interfaces of interest. At the southern spandrel 
separation crack, a novel implementation of FBGs has 
been deployed to allow this technology to measure both 
in-plane crack opening and out-of-plane relative vertical 
displacements across the crack, for the first time.

By capturing the structural response in these regions in 
detail and visualising the monitoring data in a range of ways, 
it has been possible to relate the measured bridge move-
ments to expectations of its anticipated structural behaviour. 
In the case of the longitudinal strain distributions, accurate 
measurements allowed meaningful statistical representa-
tions to be created; even when peak strains only reach tens 
of microstrain and the interquartile range of measurements 
was at most 6 με and frequently much lower. The simple 
statistical approach described in this paper has the potential 
to be of benefit to asset managers who wish to identify the 
early onset of changes in the behaviour of similar masonry 
structures, potentially before these changes become visible 
to coarser monitoring techniques or visual inspections.

The ability of FBGs to accurately measure microstrain-
scale movements has also been leveraged to study the sen-
sitivity of the structural response of this bridge to various 
parameters of interest. Trends in the longitudinal strain dis-
tributions were identified with the time of day, which was 
observed to be an approximate indicator of passenger load-
ing, and with train speed. In the first instance, this opens up 
the potential for the time of day to be used as a proxy for the 
magnitude of train loading, instead of using complex bridge 
weigh-in motion systems.

Secondly, the results regarding train speed suggest that, 
pending further data for slow trains, it may be appropriate 
for current Network Rail guidance on the impact of train 
speed on the structural response of masonry bridges to be 
revisited. It was found that the sensitivity of the arch’s longi-
tudinal strain response to train speed is localised, only being 
observed in regions of the arch with low cover of backfill 
and ballast above the arch extrados, and is most notable close 
to the point at which train loads are applied. A dynamic 

Fig. 13   Variation of peak-to-peak longitudinal strains with time of day, for all Class 185 trains passing on the northern track (data coloured by 
train speed)
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amplification factor of approximately 1.15 was observed in 
the FBGs directly underneath the active track on which the 
train was passing, with the corresponding factor for FBGs 
1.5 m to the side of these, at the bridge’s longitudinal cen-
treline, being approximately 1.10. These factors describe a 
relative increase in strain response for trains travelling above 
82 mph, compared to those travelling below 72 mph. More 
data will be gathered to refine these factors, based on a more 
precise understanding of the response for slower trains. The 
current Network Rail recommendation for this dynamic fac-
tor is significantly higher, at 1.8.

At the south-eastern longitudinal crack, tensile crack open-
ings were similarly found to be sensitive to a combination 
of temperature and time of day. However, it may simply be 
that the effects of thermal contraction of the masonry, under 
cold conditions, allowed these displacements to become more 
sensitive to the precise applied loading on the bridge, in the 
manner described above for the longitudinal strains.

The sensitivity of the bridge response to ambient 
temperature and date, representing, respectively, sea-
sonal variation and potential deterioration over time, was 
also investigated. However, no other clear trends in the 
response were identified for these variables.

In general, this study demonstrates the potential for 
fibre-optic FBG monitoring to be applied in the Struc-
tural Health Monitoring of masonry railway bridges, 
in which the desired measurements may be expected 
to be very small and it may be wished to monitor a 
range of behavioural types with one system. More 
broadly, it also demonstrates the benefits of distrib-
uted monitoring, since the findings of this study were 
made possible, in part, because of the high number of 
measurement locations afforded by an FBG monitoring 
installation.

Fig. 14   Variation of peak-to-peak longitudinal strains with train speed, for all Class 185 trains passing on the northern track (data coloured by 
train speed)
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Fig. 15   Variation of peak-to-peak crack opening displacements at the 
south-east longitudinal crack with a time of day, only plotting data for 
fast Class 185 trains passing on the southern track, and b temperature, 

only plotting data for fast, evening commuter Class 185 trains passing 
on the southern track (data coloured by temperature)
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