
18 11 | NOVEMBER 2022

Around the world, bridges are regularly collapsing. In 
January 2022, a bridge in Pittsburgh, US, collapsed while 
six vehicles, including a bus, were travelling over it, 
injuring 10 people. According to the American Society of 

Civil Engineers, around 8% of the approximately 600,000 bridges 
in the US are considered structurally deficient. 

‘Our infrastructure is aging,’ says Luke Prendergast, an 
assistant professor of civil engineering at the University of 
Nottingham, UK. ‘If you look at America particularly, they put in 
the majority of their interstate highway network in the last 60–70 
years and they’re now experiencing significant structural issues.’ 

Hence, the urgent need to identify those bridges most at risk 
of collapse, so they can be repaired and strengthened. At the 
moment, this mainly involves manual inspection, which is highly 
subjective and time-consuming, and not always particularly 
effective. The bridge in Pittsburgh had been inspected just a few 
months before it collapsed.  

In both the US and Europe, where 350,000 bridges are 
over 100 years old, the task of inspecting and assessing all 
potentially at-risk bridges is daunting. At the present rate of 
repair and replacement, it will take 37 years to remedy all 
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the problems with US bridges. So 
scientists are hard at work trying to 
speed up and improve the inspection 
process. 

The manual inspection of bridges 
includes visually searching for cracks 
and listening to the sound made 
when the bridge is hit with a hammer, 
as cracked concrete makes a different 
sound to intact concrete. But even 
for trained assessors, it can be easy 
to miss cracks on a structure the size 
of a bridge. Many researchers are 
thus looking to develop automated 
versions of these inspection 
tests that are more objective and 
comprehensive. 

For example, Suyun Ham and his 
colleagues at the University of Texas 
at Arlington, US, recently developed 
an automated system to replace 
the hammer test (Automation in 
Construction, 2022, 138, 104244). 
Rather than a hammer, this uses a 
steel ball on a wire attached to a 
motor, which Ham and his colleagues 
term a double-sided bounce 
impacting (DSBI) system.  

The idea is that the motor swings 
the ball from side to side, repeatedly 
slamming it on the deck of the bridge. 
The sound made by this slamming is 
recorded by several microphones and 
the acoustic data are then analysed 
by a computer.  

Testing this DSBI system in their 
laboratory, Ham and his colleagues 
found that it could detect and locate 
cracks with an accuracy of between 
10cm and 30cm, depending on the 
type of crack. They envisage that 
several of these DSBIs would be 
deployed over a bridge to search for 
cracks, each scanning an area with a 
diameter of around 2m. 

This kind of impact test works 
because the presence of cracks in 
concrete alters the frequency of 
sound waves passing through it. The 
same happens with any pressure 
waves that pass through the concrete, 
including shock waves, which can 
also be used to identify cracks. One 
way to produce shock waves is by 
creating a charged gas known as a 
plasma with a powerful laser, which 
results in ions being ejected at high 
speeds. 

The plasma can be created from 
concrete, by heating a small area 
of the surface with a laser, but this 
obviously damages the concrete. 
Although this damage is pretty minor, 
it could still build up, since plasma 

would need to be produced all over 
the bridge for each inspection. So a 
team of Japanese researchers has 
come up with a slightly different 
approach, in which they create a 
plasma by using a laser to heat the 
air just above the surface of the 
concrete. 

This allowed them to produce a 
plasma that didn’t cause any damage 
to the concrete but still generated 
a shock wave (Int. J. Mech. Sci., 2022, 
218, 107039). They then monitored the 
passage of this shock wave through 
the concrete with a laser Doppler 
vibrometer. This involves shining laser 
light at the surface of the concrete 
and recording the shift in frequency 
of the reflected light as the shock 
wave causes the surface to vibrate up 
and down. Testing this approach on 
a cracked sample of concrete, they 
showed it could accurately identify 
the cracked areas. 

Rather than conduct intermittent 
testing, however, it would be better 
to continuously monitor bridges for 
crack formation. Cracks alter the 
strain experienced by bridges as 
traffic travels over them, and these 
changes can be picked up by strain 
sensors. Furthermore, the precise 
pattern of the strain changes can 
be used to identify the location of 
the cracks. But this does require 
the bridge to be covered in strain 
sensors, as studies have shown they 
cannot reliably detect cracks further 
than 1m away. 

This coverage is difficult to achieve 
with conventional electrical strain 
gauges, but could be done with 
novel strain sensing technologies 

being developed by several research 
groups, which are designed to 
be coated onto the surface of 
bridges. These all take advantage 
of piezoresistive materials that 
experience a reduction in electrical 
conductivity when strained. 

For example, a team led by 
Branko Glisic at Princeton University 
in the US has developed a flexible 
strain-sensing sheet for monitoring 
bridges. This sheet comprises a 
layer of polyimide covered in long 
tracks of a copper-nickel alloy known 
as Constantan. When the sheet is 
stretched or bent by applied strain, 

Our infrastructure is aging. 
If you look at America 
particularly, they put 
in the majority of their 
interstate highway network 
in the last 60–70 years and 
they’re now experiencing 
significant structural issues. 

Luke Prendergast Assistant Professor of civil engineering, 
University of Nottingham, UK
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Small cracks in a 
stressed, painted 
cement block are barely 
visible under ambient 
lighting (left) but show 
up clearly in the near-
infrared image (right).  
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from Rice University in the US and 
the Kuwait Institute for Scientific 
Research have potentially found 
a way to make cracks show up in 
concrete all on their own, without 
the need for shock waves or strain 
sensors. This follows their discovery 
that cement naturally emits near-
infrared light when excited with 
visible light (Sci. Rep., 2022, 12, 1197). 
Cement is a central component of 
concrete, acting as the binder that 
holds the aggregate – a mixture 
of gravel, sand and crushed rock – 
together as a solid material. 

Quite by accident, while trying 
to develop a carbon-nanotube-
based strain-sensing coating, the 
researchers found that small particles 
of silicon in cement will fluoresce 
at near-infrared wavelengths when 
excited with visible light. They then 
showed that this effect could be 
used to identify cracks in cement, by 
painting a cement block with black 
paint that obscured the fluorescence. 

Next, they drilled a hole in the 
block, which caused cracks to form in 
the cement around the hole. These 
cracks progressed to the surface, 
breaking the paint and allowing 
the fluorescence to shine through, 
thereby showing up the cracks. 
According to Satish Nagarajaiah, a 
structural engineer at Rice University, 
a similar approach could potentially 
work with concrete: ‘We have plans to 
investigate this further,’ he says. 

Nevertheless, just because a 
bridge contains cracks doesn’t mean 
it’s about to collapse, so other 
researchers are developing ways 
to determine whether a bridge is 
actually becoming more unstable 
and therefore at risk of collapse. They 
are especially interested in bridges 
spanning rivers or lakes prone to 
erosion or scour, because here the 
problem is hidden underwater, in the 
form of sediment being washed away 
from around the pillars, or piers, 
holding up the bridge. 

As a bridge becomes unstable, 
and thus less rigid, its structure 
will start to vibrate more slowly 
as traffic passes over it, and this 
slowing can be spotted by systems 
of accelerometers. These tiny devices 
can detect movement and are 
commonly used in mobile phones 
to determine the orientation of the 
phone. Luke Prendergast heads a 
team at Nottingham that has been 
investigating this approach for 

bridges affected by scour (Structure 
and Infrastructure Eng., 2021, https://
doi.org/10.1080/15732479.2021.1937235). 

The problem is that many other 
things besides scour can influence 
how quickly a bridge vibrates, 
including the temperature, water flow 
and weight of traffic. ‘It’s not just, if 
the vibration frequency decreases, 
there is scour,’ says Prendergast. 
‘It might be due to a temperature 
change or something else. So it’s a 
significant challenge to tease apart 
all these factors, but a lot of our 
research is tending towards fixing 
these challenges.’ 

Another problem is the time 
and expense of attaching lots of 
accelerometers to a bridge, and 
then providing them with power, 
so Prendergast has also been 
experimenting with attaching 
accelerometers to a vehicle such 
as a train and then recording the 
vibrations as it repeatedly passes 
over the bridge. In the future, he 
envisages attaching accelerometers 
to a drone that could land at various 
points on the bridge to measure 
vibrations. 

Other researchers are developing 
ways to detect scour directly, which 
at the moment, requires visual 
inspection by divers. For example, 
another team led by Kenneth 
Loh has developed piezoelectric 
rods comprising a polyvinylidene 
fluoride thin film covered in a hard 
polypropylene shell, which are 
immersed in the sediment around 
bridge piers. 

Piezoelectric materials generate 
electricity when they move, and 
the idea is that these piezoelectric 
rods are gradually uncovered as the 
sediment is washed away. As they are 
uncovered, the rods begin to move in 
the flow of water, generating a voltage 
that can be detected. The more of 
the rods that are exposed, the more 
they move and the higher voltage 
they generate. In the most recent 
paper on this work, Loh and his team 
developed a model for analysing the 
signal generated by a series of rods 
around a bridge pier and showed that 
it could accurately identify the loss of 
sediment through scour (Structural 
Health Monitoring, 2022, 21, 1031). 

Armed with all these replacements 
for eyes and hammers, the challenge 
now is to start deploying them on 
and around actual bridges – ideally 
before they collapse. 

it alters the dimensions of the alloy 
tracks, changing their conductivity. 
Glisic and his colleagues attached 
a prototype of this sheet, 20cm by 
9cm in size, to the underside of a 
pedestrian bridge at Princeton and 
showed that it could detect the 
widening of an existing crack (J. Civil 
Structural Health Monitoring, 2021, 
11, 1055). 

Other researchers are taking 
advantage of the piezoresistive 
properties of nanomaterials to 
develop coatings that can essentially 
be painted onto the surface of 
bridges. Kenneth Loh and his 
colleagues at the University of 
California, San Diego, have developed 
several polymer nanocomposites 
that can act as just such a strain-
sensing coating. These polymer 
nanocomposites comprise a 
conductive nanomaterial such as 
graphene or carbon nanotubes 
dispersed in a solution of a polymer 
such as ethyl cellulose or latex, which 
is applied to a surface as a coating 
and then left to dry.  

The dispersed graphene or carbon 
nanotubes form a network that 
makes the polymer nanocomposite 
electrically conductive. But if strain is 
applied to the coating, it causes the 
graphene or carbon nanotubes to 
move apart from each other, reducing 
their electrical conductivity. In recent 
work, Loh and his colleagues showed 
that this strain-sensing ability can be 
enhanced by applying the polymer 
nanocomposite onto a surface in a 
grid-style pattern, rather than simply 
slapping it on (Sci. Rep., 2022, 12, 9179). 

Recently, however, researchers 
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Small particles of 
silicon in cement 
fluoresce when excited 
with visible light. 
This effect was used 
to identify cracks in 
cement, by painting 
a cement block with 
black paint to obscure 
the fluorescence. As 
cracks progress to the 
surface, they break the 
paint and allow the 
fluorescence to shine 
through, showing up 
the cracks. 
 
Polymer solutions 
containing graphene 
or carbon nanotubes 
form an electrically 
conductive coating 
when dried. If strain is 
applied to the coating, 
it causes the graphene 
or carbon nanotubes to 
move apart from each 
other, reducing their 
electrical conductivity 
and highlighting 
damage. 

A pile covered in 
motion-detecting  
accelerometers is struck 
after an amount of sand 
was manually removed 
to simulate erosion or 
scour.  

LUKE PRENDERGAST
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