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ABSTRACT

Nowadays, with the aging of the bridges and the advancements in technology, load testing has
emerged as an effective method to assess existing concrete bridges with missing information, or
where analytical methods do not provide an accurate assessment. Two types of load tests are identi-
fied: diagnostic load tests and proof load tests. Both rely on field measurements of parameters or
structural responses of the bridge during the test. A diagnostic load test measures the response of the
bridge so that analytical models can be calibrated and evaluated. In a proof load test, the bridge dir-
ectly demonstrates that it can carry a certain load. Since large loads are applied, the bridge needs to
be carefully monitored. In this case, monitoring the measurements provide a warning to avoid dam-
age. This paper reviews the literature on reported load tests and the measurement techniques used
during these tests. It also includes a review of traditional and recently developed sensing technologies.
Finally, the measurement requirements for diagnostic and proof load tests are given as well as a flow
chart to guide engineers in the selection process of appropriate monitoring and measurement techni-
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ques during load tests. This paper can serve engineers during the preparation of a load test.

1. Introduction

Load testing has been used throughout history to assess and
evaluate the condition and lower bound capacity of bridges.
Load tests were carried out before the opening of a bridge to
demonstrate to the public that the bridge was safe. In the early
1900s, the bridges were load tested with heavy masses and
trucks. Back then, the most accessible structural response was
the deflection (Lantsoght, Van Der Veen, De Boer, & Hordijk,
2017b) and it was used as proof of the capacity of the bridge
to carry live loads and show adequate performance. Currently,
load testing can be applied to both existing and new bridges.
Load testing is a suitable assessment method for bridges which
are lacking information such as structural plans, present deg-
radation of the material (e.g. corrosion or alkali-silica reaction),
or when an initial assessment shows insufficient capacity but
additional capacity is expected as a result of the activation of
additional load-carrying mechanism (Lantsoght et al., 2017b).
There are two types of load tests: diagnostic tests and
proof load tests. The goal of a diagnostic load test is to val-
idate or update analytical models using the measurements
obtained during the field test. The sensors installed aim to
capture the actual behaviour of the bridge through the field
measurements of strains, deflections, and rotations. In a
proof load test, the goal is to directly evaluate the structural
safety of existing bridges. This type of test involves heavy
loads. Therefore, monitoring provides a warning to avoid

irreversible damage or the collapse of the structure. The
installation of the sensors must capture the structural
response of the bridge at critical locations in terms of
parameters such as strains, deflection, crack widths and
crack development. The aim is to check the field measure-
ments in real-time during the test to stop the loading.
Nowadays, instrumenting a bridge that is load tested can be
time-consuming (Lantsoght, 2019) because most of the meas-
urement techniques are based on contact sensors, which need
to be calibrated, installed, and wired individually. In order to
prepare a load test faster and improve the efficiency of the
measurements, recently developed techniques can be incorpo-
rated into the sensor plan. Currently, no guideline includes
up-to-date recommendations on the selection and the imple-
mentation of the sensors to measure the structural response of
a concrete bridge during a load test. This paper provides a
review of the literature on reported load tests on reinforced
concrete bridges and the measurement techniques used during
the tests. The paper also includes the working principles,
advantages, and disadvantages of several measuring techniques
including the recent techniques. Finally, recommendations for
the development of a sensor plan for load tests are given. The
novelty of this paper lies in the development of a flowchart for
the selection of sensors or measuring techniques for load test-
ing. The goal is to guide engineers in the selection of the
appropriate measuring technique which can help to save time
during the preparation, execution, and analysis of a load test.
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2, Literature review of load testing

Successful load tests on concrete bridges have been widely
reported in the literature during the last decades. The next
sections compile information from load tests on concrete
bridges reported in the literature, and the measuring techni-
ques or sensors used during these tests.

2.1. Diagnostic load tests

The most common type of load test is the diagnostic load
test. As the name suggests, the goal is to diagnose the per-
formance of a bridge through the application of a load at a
level similar to the service conditions. This type of test can
be classified according to variation in time/position of the
load as, static (the load, vehicle, or weight is applied in a
fixed position), pseudo-static (a vehicle moves across the
bridge at a crawl speed), and dynamic (the vehicle moves at
full speed) (Olaszek, Chen, Frangopol, & Ruan, 2014). A
flow chart outlining the diagnostic load tests objectives and
the process can be found in Alampalli et al. (2019).

For existing bridges, diagnostic tests are used to update
analytical models and get a better understanding of the
bridge behaviour. These tests can determine specific ele-
ments of bridge behaviour, such as the transverse load dis-
tribution, support rotations, and stiffness, or can be used to
develop a field-verified model for load rating purposes. For
new bridges, diagnostic tests help to confirm design assump-
tions by comparing the field measurements to the analytical
calculations. This is useful to verify new design methods or
materials as well as to quantify load-bearing mechanisms
not typically accounted for (Lantsoght et al, 2017b).
Diagnostic tests can also verify the performance of a bridge
after rehabilitation measures. The following sections present
examples of diagnostic load tests and the application of the
measurements taken during the tests.

The transverse distribution of a bridge is quantified with
strains measurements taken over the width of the bridge. A
guideline can be found in ACI 342R-16 (ACI Committee
342, 2016). Examples have been reported in the USA (Saraf,
1998, Al-Mahaidi, Taplin, & Giufre, 2000, Catbas, Ciloglu,
& Aktan, 2005, Jones, 2011, Sanayei, Reiff, Brenner, &
Imbaro, 2016). The strain measurements were obtained
using strain gauges, clip gauges, wire vibrating strain gauges,
and LVDTs. The sensors were typically mounted to the
underside of the concrete bridge using frames or scaffolding.
In Wang, Taylor, Hosteng, and Phares (2016), the strain
measurements helped to assess the transverse load distribu-
tion of a lightweight concrete bridge. The instrumentation
was based on strain transducers installed on the underside
of the bridge deck and the top and bottom flange of the
girders. In addition, strain measurements over the height of
the girders in reinforced concrete bridges can help to deter-
mine if the element is cracked or uncracked by finding the
position of the neutral axis. This information can be deter-
mined by adhesively bonding strain gauges or by attaching
strain transducers over the height of girders (Jauregui,
White, Woodward, & Leitch, 2003, Hag-Elsafi & Kunnin,
2006, Jeffrey, Brena, & Civjan, 2009).
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Deflection measurements taken during load tests are used
to compare the analytical stiffness to the actual stiffness of
the bridge. The deflections are usually recorded with LVDTs
(Aktan, Zwick, Miller, & Shahrooz, 1992). In Ireland, a
diagnostic load test and laboratory tests were used to quan-
tify the amount of arching action in a bridge deck slab
(Taylor, Barry, Cleland, & Kirkpatrick, 2007). The instru-
mentation consisted of displacement transducers to provide
the deflected shape for comparison and vibrating wire strain
gauges for the measurement of crack widths. For the identi-
fication of the cracks, a first load level was applied to initi-
ate the cracking and to position the strain gauges over the
cracks. The crack widths were compared to the UK SLS
allowable limits. In Merkle and Myers (2004), the deflection
measurements helped to verify a fiber-reinforced polymer
(FRP) strengthening system. The deflections were recorded
with a total station and LVDTs installed in a frame.
Similarly, in Hernandez and Myers (2015), the deflections
measurements helped to assess the performance of a self-
consolidating bridge. In this case, the deflections were meas-
ured with an automated total station.

In Colombani and Andrawes (2022), a 96-year old
skewed RC bridge was load tested for load rating. Strain
measurements recorded with strain transducers
mounted in the concrete slab to capture the load distribu-
tion of the bridge. A 50-year old precast concrete bridge
was load tested in Abedin, De Caso Y Basalo, Kiani,
Mehrabi, and Nanni (2022). The objective of the test was to
develop a detailed finite element (FE) model. With the FE
model and the load test results, the authors developed a
damage detection method for deck joints. The instrumenta-
tion of the bridge consisted of dial gauges, LVDTs, and a
total station to measure vertical deflections. Table 1 presents
a summary of the diagnostic load tests that are reviewed in
this paper. The table includes the goal of the test, the load-
ing system, and the instrumentation.

were

2.2. Proof load tests

The goal of a proof load test is to directly prove the ability
of an existing bridge to carry the corresponding prescribed
factored live load without signs of distress or non-linear
behaviour (Lantsoght et al., 2017b). Loads in a proof load
test are considerably higher than in a diagnostic load test
and applied such that the response of the bridge can be fol-
lowed and checked during the test. This test can be consid-
ered a static load test since the load is applied in a fixed
position. A flow chart summarizing the proof load test
objectives and the process can be found in Alampalli et al.
(2019). The type of sensors is similar to those in a diagnos-
tic load test, however, the instrumentation in a proof load
test requires redundancy to improve the reliability of the
monitoring system and real-time measurements to allow on-
site judgement to stop the loading. The following sections
present examples of proof load tests and the application of
sensors for monitoring structural parameters.

Proof load testing is used when the uncertainties on the
bridge are large. For example, Shahawy (1995) used proof



1560 (&) G. . ZARATEGARNICA ET AL.

Table 1. Overview of diagnostic load tests reviewed in this study.

Testing campaign Goal of the test

Loading system Instrumentation & measurements

Three RC slab bridges with
deterioration (Saraf, 1998) USA

Improve rating factors

Four RC T-beam bridges (Catbas Transverse flexural.

et al.,, 2005) USA

Six RC slab bridges (Jones, 2011) USA
Two skew slab bridges on girders
(Arockiasamy & Amer, 1998) USA
Pan girder bridge (Velazquez, Yura,
Frank, Kreger, & Wood, 2000) USA
Composite concrete slab on steel
girder bridge (Sanayei et al.,
2016) USA

Skewed prestressed concrete bridge
(Diaz Arancibia & Okumus,
2018) USA

Reinforce concrete T-beam bridge(Al-
Mahaidi et al., 2000) Australia

Reinforced concrete skewed slab Evaluate of stiffness
bridge (Aktan, Zwick, Miller, &

Shahrooz, 1992) USA

Deck slab bridge(Taylor et al.,
2007) Ireland

Cast in place concrete deck bridge on
girders of different concrete mixes
(Hernandez & Myers, 2015) USA

Five bridges reinforce concrete T-
beam bridges (Merkle & Myers,
2004) USA

Composite concrete slab on steel
girder bridge (Wang et al.,
2016) USA

Skewed RC slab bridge (Colombani &
Andrawes, 2022) USA

Precast concrete bridge (Abedin
et al,, 2022) USA

Verification of FRP
strengthening system

Load rating

damage detection

Transverse flexural distribution
Transverse flexural distribution

Transverse flexural distribution

Transverse flexural distribution

Transverse flexural distribution

Transverse flexural distribution

Quantification of arch action

Transverse distribution factors bridge
with self-consolidating concrete

Transverse load distribution of
lightweight concrete bridge

Development of FE models for

Dump truck (A)- deck deflections profiles, (B)
-strains at the top and bottom of the
bridge deck
Truck (A)- deflections profiles, (B) —
concrete strain, (C)- steel strain, (D)-
dynamic responses
Truck (E)- underside of the concrete slab
Truck (A)- deflections, (C) and (F) for strains
Dump Truck (A)- deflections, (C)- concrete strains
and exposed reinforced bars
Dump truck (C)- instrumented during construction
for strain measurements, (G)-
rotations on abutments and piers,
(H)- temperature, (D)-
dynamic responses
Trucks (A) & (C)- strains, (F)-embedded for

shrinkage and temperature effects,
()- displacement of bearings
and girders
(A)- beam deflections,(J)- applied
load, (Q)- strains in reinforcement,
(G)- rotations of the superstructure,
abutments, and pier
(J)- applied load, (A)-deflections and
slab rotations of the abutment and
pier, (A)- concrete strains, (C)-
steel strains
(A)- deflected shape, (J)- applied load

Hydraulic jacks

Hydraulic jacks

Hydraulic jack

(I)- vertical deflections of girders, (F)-
embedded for strain measurements
with thermistors, (D)

(1) and (A) -deflections

Dump truck

Dump trucks

Truck (E)- strain on deck and girders
Dump truck (E)- strain on the slab
Dump truck (A) and (l) — deflections

(A)-LVDT; (B)- Clip gauges; (C)- Strain gauges; (D)-Accelerometer; (E)- Strain transducers; (F)-Vibrating wire strain gauge; (G)- Inclinometer; (H)- Temperature sen-

sors; (1)- Total station; (J)- Load cells.

load testing to evaluate two existing prestressed concrete
bridges. Static and dynamic load tests were carried out. The
static load test was performed with trucks that were incre-
mentally loaded with concrete blocks. The dynamic load test
was a supplementary test to the static load test and it con-
sisted of driving loaded trucks over the bridge at different
constant speeds. LVDTs were used to obtain strain readings
and displacements, and the acceleration response was meas-
ured with accelerometers mounted at the bottom flange of
the girders. The measurements of acceleration, deflection,
and strain were monitored in real-time during the tests.
Regarding the static load test, the measured data of deflec-
tions and strains was immediately compared to the theoret-
ical predictions. The results of the proof load tests were that
the bridges had greater residual strength.

Another example was the 68-year-old reinforced concrete
T-beam bridge (Juntunen & Isola, 1995) that was load tested
in the USA to estimate the amount of degradation. For this
load test, a two-unit vehicle was used for the load applica-
tion. The deflection measurements were recorded using

LVDTs and monitored in real-time during the experiment.
A spotting scope was used to observe the fascia beams to
monitor the development of cracks. Deflection measure-
ments were also taken with an electronic level however the
accuracy was not adequate and the results were not inter-
preted. During the test, the load versus deflection diagrams
were monitored for non-linear behaviour and compared to
the theoretical response. The result was that the bridge had
a greater load-bearing capacity than predicted.

Another application of proof load tests is to evaluate
bridges without structural plans. For example, Aguilar,
Jauregui, Newtson, Weldon, and Cortez (2015) developed a
load rating procedure to rate prestressed concrete T-beam
bridges without plans and to evaluate their performance at
the serviceability limit state. The load was applied through
dump trucks and the strains measurements served to control
the test. Four reinforced concrete slab bridges were proof
loaded with a system of hydraulic jacks and one bridge was
tested to collapse in the Netherlands (Lantsoght, Van Der
Veen, De Boer, & Hordijk, 2017a). The objectives of the
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Testing campaign

Application

Loading system

Instrumentation & measurements

Two prestressed concrete bridges
(Shahawy, 1995) USA

T-beam concrete bridge (Juntunen &
Isola, 1995) USA

Single span prestressed bridge with T
beams (Anay, Cortez, Jauregui,
Elbatanouny, & Ziehl, 2016b,
Aguilar et al.,, 2015) USA

Four reinforced concrete bridges
(Lantsoght et al., 2017a)
Netherlands

Insufficiently rated

Large uncertainties on a 68-year-
old bridge
Lack of information (no
structural plans)

Uncertainties due to ASR damage
(Fennis, Hordijk, Yuguang, &
Koekkoek, 2015, Koekkoek, Lantsoght,

Vehicles with concrete blocks
Two unit vehicle

Dump trucks

BelFa loading truck and system with
hydraulic jacks, counterweights and
load spreader

(A)- deflection and strain, (K)
—dynamic responses
(A) and (G)-deflections, (I)- monitor
of cracks
(C)- Detect and locate cracks, (M)-
Strains on at the bottom of
the beams

(A)-deflections, crack widths and
strains due to load ;(B)-Deflection;
(C)-Crack formation; (D)-Load

& Hordijk, 2015) and insufficient
rating (Fennis & Hordijk, 2014,
Koekkoek, Lantsoght, Yuguang, &
Hordijk, 2016)
Four prestressed overturned T-beam Development of a testing method
concrete bridges (Schmidt

et al.,, 2018)

Skewed RC slab bridge (Colombani &
Andrawes, 2022) USA

Update load rating

Test rig with weights and
hydraulic jacks

(A), (H)& (B)- deflections, degree of
fixation at the supports and strains,
(D)-applied load, (F)- deformation,
crack initiation and strains, (E)-strains,
(L)- to reproduce the test
environment in virtual reality and to
measure distances in the point cloud
after the test and strain
measurements from the surface

Dump truck (M)- strains, (A) and (O) - deflections

(A)-LVDT; (B)-Laser distance sensor; (C)-Acoustic emission; (D)-Load cells; (E)-Electrical strain gauges; (F)-Digital image correlation; (G)-Electronic level; (H)-Total
station;(l)- Spotting scope; (J)- (K)-Accelerometer; (L)-3D scaning; (M)- Strain transducers, (O)-Computer vision method.

tests were to evaluate the bridges and provide recommenda-
tions for the preparation, execution, and analysis of proof
loading. These bridges were instrumented with LVDTs to
measure the support deflections, crack widths, and strains
on the bottom of the slab. Laser distance sensors recorded
deflections at different locations along the span. Acoustic
emission sensors tracked the cracking active areas and load
cells measured the applied load. All the measurements pro-
vided real-time read.

Four prestressed overturned T-beam concrete bridges
were proof-loaded in Denmark (Schmidt, Halding, Jensenm,
& Engelund, 2018). The bridges were loaded using a test rig
that consists of weights and hydraulic jacks. The initial goal
was to develop a fast testing method that involved advanced
monitoring systems. LVDTs, a total station, and laser dis-
tance sensors recorded the deflections to evaluate the load
distribution and degree of fixation at the supports. The
deflection measurements from the three methods had com-
parable results. The total station provided reliable measure-
ments with a precision of 0.lmm from a distance of
approximately 5m. Load cells measured the applied loads.
In addition, digital image correlation technique was applied
using a wide-angle lens camera. Photographs were taken of
the bottom of the deck without applying an artificial pattern
which allowed to register the crack initiation, and deforma-
tions and strains of the surface. However, the distortion of
the camera lens and the out-of-plane deflection of the moni-
tored surface caused deviations in the deformation results.
Finally, a 3D laser scanner was used to reproduce the test
environment in virtual reality, which enables the measure-
ment of distances after the test.

A 96-year old skewed RC bridge was proof loaded in
Colombani and Andrawes (2022). for load rating. The
objective of the test was to update the load rating. The
instrumentation consisted of strain transduces for the load
distribution, LVDTs for displacement profiles, and computer
vision method for displacement measurements. Table 2
presents a summary of the reviewed proof load tests that
includes the instrumentation, the loading system, and the
measurements taken during the tests.

2.3. Current challenge

The literature study in Sections 2.1 and 2.2 shows that the
most common demands for load tests in terms of structural
parameters are strains, deflections, load, acceleration, and
rotations. These parameters are typically measured with
strain gauges, strain transducers, linear displacements sen-
sors, accelerometers, and inclinometers. These measuring
techniques are contact sensors, that need to be physically
attached to the structure or mounted with frames. Overall,
these sensors require electrical wiring and a data acquisition
system. Additionally, they must be calibrated before their
initial use to ensure reliable measurements and can only
monitor a single location.

The literature also shows that sensors such as acoustic
emission sensors or non-contact techniques are not widely
implemented. The most common remote sensing equipment
used during load tests is the total station (Jauregui et al.,
2003, Merkle & Myers, 2004, Diaz Arancibia & Okumus,
2018, Hernandez & Myers, 2018). This could be attributed
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Figure 1. The basic principle of LVDT transducer.

to the lack of understanding and knowledge of these new
technologies which is necessary to develop a sensor plan.
The following sections focus on providing an overview of
the measuring techniques currently available.

3. Review of measuring techniques

In the literature, sensors are usually classified based on the
behaviour or the mechanisms and the measurement.
However, in this paper, the measuring techniques are div-
ided into three categories: traditional techniques, recent
developments, and emerging technology. This section also
includes sensors used to measure environmental conditions
such as temperature and humidity, since the structural
response of a structure and the sensor output can be
affected by environmental effects.

3.1. Traditional measuring techniques

3.1.1. Linear variable differential transformers
Linear variable differential transformers (LVDTs) are a type
of electromechanical transducers used to measure linear dis-
placements. The transducer detects the displacement
between the central core and the electrical coils, usually
referred to as the primary and secondary coils. The core
movement causes the mutual inductance between the pri-
mary and the secondary coils to vary (Ettouney &
Alampalli, 2012). The movement varies the output voltage
proportional to the position. The principle is illustrated in
Figure 1.

The calibration is usually performed with a precision
instrument such as a micrometer. Since LVDTs are contact
sensors, the installation requires mounting blocks that need
to be attached or glued to the structure. LVDTSs can also be
attached to a bar placed underneath the bridge as in
Halding, Schmidt, Jensen, & Henriksen, 2017. Figure 2
shows a typical LVDT sensor installed to measure deflec-
tions. A wide variety of measurement ranges are available
for LVDTs, typically from pm to cm. The accuracy of the
LVDTs is usually expressed as a percentage of the sensor’s
full measurement range, which can be 0.5% or less
(Wilson, 2004).

The advantages of LVDTs are that they are
measure small displacements (microns), rugged,

reliable,
easy to

i . % W ~y

Figure 2. Typical LVDT sensor installed for measuring displacements.

maintain, and light. Some disadvantages are that they are
sensitive to temperature variations, setup can be difficult
on-site and the operating range can be limited. A similar
approach is to measure linear displacements using cable
extension transducers (potentiometers). In this case, the
transducer is mounted in a fixed position and a thin cable
is attached to the specimen. A constant torque spring keeps
the cable in tension, when the specimen moves relative to
the fixed position, the cable rotates the potentiometer pro-
ducing a proportional linear voltage output (Aktan, Catbas,
Grimmelsman, & Pervizpour, 2003).

3.1.2. Laser distance sensors

The laser triangulation sensors, or laser distance sensors,
determine the position of a target by measuring the reflected
light from the surface (MTI Instruments Inc,. 2014). This
sensor consists of a complementary metal-oxide-semicon-
ductor (CMOS), a charged coupled device (CCD) or a pos-
ition-sensitive detector (PSD), and a laser light source. The
operating principle consists of projecting a laser beam on a
measuring target. Then, a part of the beam is reflected via
focusing optics onto a detector. When the target moves, the
laser beam is reflected onto the detector (MTI Instruments
Inc,. 2014). The principle is illustrated in Figure 3.

The basic calibration setup of a laser consists of a mount-
ing platform, a displacement mechanism, and a reference
sensor (Haitjema, 2020). Laser distance sensors are non-con-
tact sensors which means they can measure displacement or
position without touching the object. However, the installa-
tion of the lasers usually requires mounting brackets to pos-
ition the laser at an operating distance far away from the
object. Figure 4 depicts the application of a laser distance
sensor to measure deflection.

Laser distance sensors can be found on a wide variety of
measurement ranges from pm to m. The accuracy can be



B .

Laser

diode CMOS

S

Measurement
range

Figure 3. Laser triangulation principle.

Figure 4. Application of laser distance sensor to measure the deflection.

on the scale of pm. The main advantages are that lasers are
non-contact, accurate, light, and easy to maintain. However,
they are highly sensitive, need to be clean from dirt, foreign
materials, raindrops, and dust.

3.1.3. Electrical resistance strain gauge

Bonded electrical resistance strain gauges are the most used
type of sensor for bridge load tests. An electrical resistance
strain gauge consists of a thin metallic film deposited on a
non-conducting plastic film (Aktan et al., 2003). The operat-
ing principle relies on the relationship that the resistance of
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Figure 6. Typical strain gauge.

a conductor will change directly proportional to a change in
its length, and this change in electrical resistance is related
to strain. Electrical strain gauges are available with nominal
resistance values from 30 to 30000hm (National
Instruments, 1998). A Wheatstone bridge circuit converts
the change in resistance to voltage. Figure 5 shows the
scheme of a strain gauge.

This type of sensor is usually welded or bonded to the
structure. They are available in different gauge lengths in
the order of mm, can measure strains within 1 microstrain
(Brooks, 2014), and are not expensive. These sensors are
ideal to measure stress concentrations, average strain values,
and can also be grouped to get tri-axial strains (Ettouney &
Alampalli, 2012). However, they are not reusable and are
affected by environmental conditions. Figure 6 shows a typ-
ical strain gauge applied to a concrete surface.

3.1.4. Vibrating wire strain gauge

Vibrating wire strain gauges (VWSG) use the principle that
a wire vibrates when held in tension and a force is applied
(Ettouney & Alampalli, 2012). These sensors consist of two
end blocks and a tensioned steel wire coupled with an elec-
tromagnetic coil fixed in between (see Figure 7). The blocks
are fixed to the surface and the variation of the distance
between them alters the natural frequency of variation of
the wire. This change in the frequency is correlated with the
change of length or strain causing it.

The sensors can be glued, welded, or embedded in the
structures to measure strains and are available in different
gauge lengths. They can measure approximately +3000
microstrains with an accuracy of approximately 1% of the
sensor’s full scale (FS) (Geokon Inc, 2014). The advantages
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Figure 8. Typical strain transducer.

are that they are immune to electrical noise, able to tolerate
wet environments, transmit data to long distances, and are
rugged and durable. Traditionally, they are not suitable for
dynamic measurements. However, an 8-Channel Dynamic
Vibrating- Wire analyser (Campbell Scientific Inc,. 2020)
was developed to enable the operation of VWSG at dynamic
rates. In Yarnold, Golecki, and Weidner (2018), VWSG and
the analyser were utilized to obtain longitudinal strain meas-
urements at a sampling rate of 50Hz during a dynamic
load test.

3.1.5. Strain transducers

Demountable strain gauges or strain transducers consist of a
full Wheatstone bridge foil strain gauge mounted inside a
flexible proving ring (Ettouney & Alampalli, 2012). The strain
transducer is attached to the structure in two ends with a
known distance between them. The change in the length
gauge is related to the strain. Some of the advantages are that
they are reusable, waterproof, and easy to attach through
anchors or adhesive. These advantages make this sensor very
common in the USA. However they need maintenance to
keep them operational (Bridge Diagnostics, 2018), require
additional accessories to increase the gauge length which
complicates the installation, and are limited to short-duration
tests. They have an accuracy of + 2% FS and a strain range of
approximately +2000pe (Bridge Diagnostics, 2018). Figure 8
shows a typical strain transducer.

Blocks

Force

Applied force
x

Piston

Figure 9. Hydraulic load cell.

3.1.6. Load cells

Load cells measure the force acting on a structure. The
most common types of load cells are the hydraulic, pneu-
matic, and strain gauge. Hydraulic and pneumatic load cells
operate on the force-balance principle using a pressurized
fluid (see Figure 9) or gas. Strain gauge load cells consist of
an assembly of strain gauges in a Wheatstone bridge config-
uration positioned inside the load cell to convert the acting
force into an electrical signal.

Load cells must be applied directly to the structure and they
can only measure a single force component. The application
highly affects the reliability of the measurements (Modares &
Waksmanski, 2013). The accuracy of the measurements is
between 0.03 to 1% FS (Omega Engineering Inc,. 2020). The
advantages are that load cells can measure tension and com-
pression, good long-term stability, and low thermal effects.

3.1.7. Inclinometer
Inclinometers measure the inclination of a structural element.
They can be used to evaluate the degree of fixity of the supports
and the displacement. The latter can be computed by integrat-
ing the slopes along the span of a bridge if numerous inclinom-
eters are installed as in Caglayan, Ozakgul, and Tezer (2012)
and Olaszek, Chen, et al. (2014). There are several types of
inclinometers: capacitive, electrical, hydrostatically-based,
fiber optic tiltmeter, vibrating wire-based, and the pendulum.
The most common type is the capacitive inclinometer.
Figure 10 shows the working principle of an inclinometer
with a capacitive pendulum. This type of inclinometer meas-
ures the inclination with respect to gravity. When the
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inclinometer is tilted, the gravity produces a component on
the pendulum changing the corresponding capacitance The
inclination angle is obtained by amplifying, filtering, and
converting the capacitance (Rion, 2014).

The advantage of inclinometers is that they provide an
absolute slope without the need for interpolation. However,
the installation method can be complicated, since they need
to be attached to the surface of the structure. Capacitive
inclinometers can have an accuracy of +0.5 FS and a meas-
uring range of up to 0.5° (Modares & Waksmanski, 2013).

3.1.8. Accelerometer

Accelerometers are sensors that measure the acceleration of
a structure on one, two, or three axes. There are different
types: force-balance, capacitive, piezoresistive, and piezoelec-
tric inclinometers. The piezoelectric accelerometers are the
most common type. They are designed to produce an elec-
trical signal proportional to the forces induced by the vibra-
tion of the structure (Ettouney & Alampalli, 2012). Quartz
and lead zirconate titanate (PZT) are common materials
used to output the electrical charge when they are placed
under acceleration. A scheme of this type of sensor is shown
in Figure 11. The resolution of the measurements can be up
to 0.0001g (PCB, 2011). The advantages of piezoelectric
accelerometers are that they are widely commercialized, low
cost, and easy to install. However, the interpretation of the
measurements for the analysis of structural dynamic can
be complex.

Target
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Height of the
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Figure 12. Measurement of the distance and angles with the total station.

3.1.9. Total station

A total station is used to measure the positions or heights
of points in a structure. The modern total station is equip-
ment that combines the use of an electronic distance meas-
uring device (EDM) with an electronic theodolite. The total
station consists of two parts: the target or prism and the
equipment mounted on the tripod provided with a lens to
focus on the prism. The robotic total stations (RTS) have an
automatic target recognition system, which makes targeting
easier and faster (Zeiske, 2004).

The theodolite measures the vertical and horizontal angle,
while the EDM uses electromagnetic waves to measure the
slope distance to the target or prism (see Figure 12). The
EDM sends a light signal which reflects from the prism. The
time interval that the light takes to travel is measured and
used to calculate the distance. A typical total station can
measure distances up to 2000 m with an accuracy of about
2mm (Lachat, Landes, & Grussenmeyer, 2017). The accur-
acy of total stations with regards to vertical displacements
has been reported to be +0.1 mm (Merkle & Myers, 2006,
Halding et al., 2017). The main advantages of the total sta-
tion are that they are rugged and widely commercialized.
However, data gathering can be time-consuming and the
equipment is sensitive to vibrations and environmen-
tal conditions.

3.2. Recent developments

3.2.1. Digital Image correlation
Digital Image Correlation (DIC) is a non-contact optical
technique that provides 2D or 3D full-field displacement
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Figure 13.

measurements of a surface by comparing digital images
measured at different status of the target specimen. The sur-
face strain field can be calculated from the displacement
measurements. Two- dimensional DIC (2D DIC) is imple-
mented to capture the surface deformation of a specimen in
two dimensions using a single camera. The surface is
required to have a random speckle pattern. DIC uses ran-
dom this pattern to track and match subsets between two
digital images (Pan, Xie, Guo, & Hua, 2007). The evaluation
of the images for DIC is performed through a cross-correl-
ation algorithm that evaluates the degree of similarity
between the subsets. The difference in the locations of the
subsets results in in-plane displacements. A typical 2D DIC
setup is shown in Figure 13.

Three-dimensional DIC (3D DIC) uses a two-camera
stereo vision system to capture pair of images of the
deforming object. The 3D surface geometry is obtained
using the camera intrinsic and extrinsic parameters, and
geometric triangulation (Murienne & Nguyen, 2016). The
3D deformation of the surface is obtained through the cor-
relation of the image pairs and triangulation.

In general, the accuracy of the measurements is highly
dependent on the quality of the pattern, the resolution of
the camera, and the lens. Algorithms may be needed to
correct the lens distortion, the amount of light, or the out-
of-plane movements if 2D DIC is implemented. The appli-
cation of DIC in concrete structures has been continuously
increasing due to the evolution of technology. Thus, DIC
has been implemented in several research programs to
investigate the shear-carrying mechanisms in concrete mem-
bers without shear reinforcement in the laboratory
(Campana, Ferniandez Ruiz, Anastasi, & Muttoni, 2013,
Schacht, Bolle, & Marx, 2015, Huber, Huber, & Kollegger,
2016, Cavagnis, Fernandez Ruiz, & Muttoni, 2018, Zhang,
Zarate Garnica, Yang, Lantsoght, & Sliedrecht, 2020).

However, the application to full-scale concrete bridges is
still rare. Examples of applications include the implementa-
tion of DIC to measure bridge deflections during field tests
by mounting targets to the bottom of girders (Jauregui
et al, 2003, Yoneyama & Ueda, 2012, McCormick et al.
2014, Murray, Hoag, Hoult, & Take, 2015, Alipour,
Washlesky, & Harris, 2019b). Recently, Tian, Zhao, Pan,
and Wang (2021) obtained full-field deflection

2D DIC setup for a reinforced concrete beam showing the random pattern.

measurements of a bridge using an off-axis DIC approach.
In general, the deflection measurements were comparable to
the readings obtained with traditional displacement
measurements.

Cases, where DIC was used to monitor the cracks during
field tests, have been reported in Kiintz, Jolin, Bastien,
Perez, and Hild (2006), Sas, Blanksvard, Enochsson,
Taljsten, and Elfgren (2012), Kundu et al. (2013), Schmidt,
Hansen, Barbosa, and Henriksen (2014), Schacht et al.
(2015), and Christensen, Schmidt, Halding, Kapoor, and
Goltermann (2021). The challenges reported included the
weather conditions, the distance between the cameras and
the surface of interest, the geometry of the bridge, the avail-
ability of space, and the light conditions. In recent years, an
image-based measurement method defined as feature-based
image registration (FBIR) has been applied to bridge
deformation monitoring (Feng, Fukuda, Feng, & Mizuta,
2015, Khuc & Catbas, 2017, Lydon et al.,, 2019). The method
relies on an automated contactless feature identification and
tracking algorithm used to measure changes of specific fea-
ture points on a target object.

3.2.2. Virtual visual sensors

This technique proposes that every pixel in a digital video
taken from a structure represents a candidate of a virtual
visual sensor (VVS) (Song et al., 2014). The methodology
uses an Eulerian specification where a pixel is selected and
its intensity is monitored over time and analysed using the
Fast Fourier Transform (FFT), to reveal the fundamental
frequency of vibration (Schumacher & Shariati, 2013).
Natural frequencies of vibration can be extracted by using
the Discrete Fourier Transform (DFT) and the displacement
amplitudes can be estimated using targets. The methodology
is shown in Figure 14.

The equipment needed to implement this technique con-
sists of a digital camera, the algorithm to process the video
and make the vibration analysis, and targets to improve the
signal. Examples of the implementation of VVS in the field
can be found in Shariati, Schumacher, and Ramanna (2015),
Alipour, Shariati, Schumacher, Harris, and Riley (2019a),
Zheng, Li, Mao, Wang, and Zhou (2020), where the fre-
quency response of bridges during load testing was
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Figure 14. Methodology to measure vibrations with VVS.

\ Radar

Figure 15. Working principle of interferometric radar. Ag: phase difference.

identified using targets and commercial digital cameras. The
technique was used mainly to calibrate finite elem-
ent models.

The main advantages are that it is a non-contact tech-
nique, multiple objects can be monitored continuously and
it has comparable accuracy to accelerometers. The limita-
tions are that small structural vibration can be difficult to
measure and the accuracy is dependent on the resolution
and frame rate of the digital camera, the distance to the
region of interest, the optical lens zoom, and the spa-
tial gradient.

3.2.3. Microwave interferometer radar

An interferometric radar is a sensor that detects differential
displacements of targets in its cone of view by exploiting the
phase information of the back-reflected microwave signal
(Pieraccini, 2013), as illustrated in Figure 15. The phase dif-
ference depends on the distance between the radar and the
target. If the target moves fractions of a wavelength, the dif-
ferential displacement can be detected as a phase shift. The
precision depends on the capability of the electronic device
to detect the small phase rotation (Pieraccini, 2013). The
radar transmits a modulated signal that provides the sensor
with the ability to detect displacements of several targets.
The targets can be positioned at different distances from the
radar if they are spaced at a distance equal or more than
the resolution of the radar.
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Figure 16. Radar measurement equipment. Left: radar, and right: the
reflector (target).

The microwave radar measures the static deflections of
several points on a large structure as well as vibrations to
identify resonant frequencies and mode shapes. Every dis-
continuity on the structure is a potential reflecting target.
The implementation of the radar involves two steps. First,
several consecutive radar images of the structure are
acquired. Then, the displacements of the targets are eval-
uated with the backscattered microwaves.

The equipment of the microwave interferometer radar
consists of the sensor module mounted on a tripod, the
control unit, and the power supply (Gentile, 2011). The sen-
sor module is a radar that generates, transmits, and receives
electromagnetic waves (see Figure 16). It consists of two air
horns, one that continuously emits and the other one
receives a series of discrete electromagnetic waves for the
measurement period. The interferometric radar was
designed to obtain a range resolution of 0.50 m (Gentile &
Bernardini, 2008), this means that two targets can be distin-
guished if the relative distance between them is at least
0.50m. It can measure displacements as little as 0.0l mm up
to 0.5km away (IDS Ingegneria Dei Sistemi, 2014).

The interferometric technique provides the displacements
along the line of sight of the reflecting targets illuminated
by the antenna beam. For the computation of the displace-
ments, the direction of motion should be known and then
the real displacement can be calculated with a geometric cal-
culation as shown in Figure 17. The latest version of the
radar provides real-time monitoring of the displacements.

The main benefits of the microwave interferometer radar
are that it is a real-time remote sensing technique and oper-
ates day and night and in all weather conditions. Some of
the limitations are that it only measures the relative dis-
placements of the targets in the line of sight and the loca-
tion of the measurements requires careful planning with the
absence of disturbances such as vegetation or other sources.

Some examples of the implementation of the interfero-
metric radar for non-contact vibration and displacement
measurements of concrete bridges can be found in Gentile
and Bernardini (2008), Mayer, Yanev, Olson, and Smyth
(2010), and Sofi, Lumantarna, Mendis, Duffield, and
Rajabifard (2017). In Mayer et al. (2010), the radar was used
to measure deflections and resonant frequencies on the
Manbhattan Bridge in New York. Overall, the interferometric
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measurements compare well with those determined with
conventional methods as reported in Pieraccini, Fratini,
Parrini, Atzeni, and Bartoli (2008) where the difference was
approximately 0.1 mm. Recently, researchers have proposed
methods to retrieve displacement components in two direc-
tions (vertical and horizontal: transversal or longitudinal) by
installing multiple radars (Miccinesi, Beni, & Pieraccini,
2021, Michel & Keller, 2021, Olaszek, Swiercz, & Boscagli,
2021). The methods have been applied to monitoring
bridges obtaining measurements errors of approxi-
mately 0.1 mm.

3.2.4. Fiber optic sensors

An optical fiber consists of a central core surrounded by a
cladding and a coating. The core has a diameter between 4
and 600 um (Gupta, 2006) and it has the function to carry
the light inside. The cladding traps light by reflecting the
light waves as shown in Figure 18. This effect is created
because the core and the cladding have different refractive
indexes. The fiber optic sensors (FOS) measure the change
of some property of the guided light.

Fiber optic sensors can be classified depending on which
properties of light they can modulate: interferometric sen-
sors, polarimetric sensors, intensity-modulated sensors, and
spectrometric sensors. The most used sensors are the Fiber
Bragg grating (FBG) which are spectrometric sensors that
can be multiplexed and can function as quasi-distributed
sensors (Ferdinand, 2014). The spectrometric sensors moni-
tor changes in the wavelength of the light, which is affected
by changes such as strain, and temperature. The usual
equipment of an FBG system consists of three elements: (1)

the fiber optic sensors, (2) an optical interrogator that illu-
minates the sensor network and records the reflection return
from each of the sensors, and (3) a computer to perform
data processing. The fiber optic sensors can be embedded
during the concrete casting or bonded to the structure.
Figure 19 shows the application of FBG sensors in a con-
crete slab to monitor strains in steel and concrete
(Faassen, 2021).

Another type of sensor is the distributed sensor (DFOS)
which is based on the interaction between the emitted light
and the backscattering caused by changes in strain and tem-
perature. Three different scattering processes can occur,
Raman, Brillouin, and Rayleigh (Casas, Barrias, Rodriguez,
& Villalba, 2019). The advantages of fiber optic sensors are
that they are immune to electromagnetic interference,
deliver multiple measurements using one cable, no reference
is needed, and provide reliable measurements (1 pe) within
a relatively wide temperature range (Casas et al, 2019).
Some of the limitations are that the processing equipment is
expensive, they require careful handling and installation
(preparation of the surface before bonding and fiber can
break with the cracking of concrete), and temperature
sensitivity.

Examples of the application of DFOs to concrete bridges
have been reported in the literature (Barrias, Rodriguez,
Casas, & Villalba, 2018, Gehrlein & Fischer, 2018, Casas
et al,, 2019). Three DFOS were used to measure the longitu-
dinal bending strain of the San Cugat bridge during a diag-
nostic load test (Casas et al., 2019). It was possible to
calculate the deflections through the double integration of
the curvature obtained with the DFOS and the results had
good agreement with the LVDTs. In Germany, more than
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750 m of DFOS were installed to monitor the strain distri-
bution and the occurrence of cracks during the failure tests
of an old prestressed concrete bridge (Gehrlein &
Fischer, 2018).

3.2.5. Acoustic emission sensors

Acoustic emission (AE) sensors are typically made of piezo-
electric elements like lead zirconate titanate (PZT) and are
protected by metal housings as illustrated in Figure 20.
They are mounted to the surface of the specimen. The sen-
sors detect the mechanical waves generated by changes in
the concrete and convert them into electric signals which
are recorded and processed by a specialized data acquisition
system (Grosse & Ohtsu, 2008). AE is considered a passive
phenomenon which means that AE signals are only gener-
ated when cracks or damage occurs. The AE waves are
emitted and captured by the sensors.

AE sensors in reinforced concrete structures can detect
cracking (Schechinger & Vogel, 2007, Zhang et al.,, 2020),
damage using tomography (Choi, Palacios, Popovics, &
Chao, 2018), or bond-slip of steel bars (Van Steen,
Verstrynge, Wevers, & Vandewalle, 2019). AE monitoring is
mainly used for source localization. It aims to estimate the
position of the source, which can be the crack opening or
closing for the case of concrete structures. The advantages
of AE sensors are that they are very sensitive, and they pro-
vide early detection of internal cracking and real-time

Figure 21. Installation of AE sensor in a proof load test in the Netherlands.

measurements of the fracture process. Some limitations are
the wave propagation is influenced by the material hetero-
geneity, signal attenuation, noise, highly dependent on the
coupling of the sensors and the results can be difficult
to interpret.

Examples of the use of acoustic emission in load tests on
reinforced concrete bridges can be found in the literature
since it is useful to monitor the cracking process. Shiotani,
Aggelis Dimitrios, and Makishima (2009) used AE sensors
to characterize the structural condition of a concrete bridge.
In Poland, a three-span concrete bridge made of pre-
stressed beams was field-tested and instrumented with AEs
(Olaszek, Swit, & Casas, 2010). The AE signals allowed
researchers to evaluate the cracking state without inducing
significant damage. In the USA, AE sensors were used to
assess the condition of a prestressed concrete bridge during
load testing (Anay, Cortez Tamara, Jauregui David,
Elbatanouny Mohamed, & Ziehl). The AE data helped to
develop crack maps and to identify signs of internal micro-
cracking. In the Netherlands, AE sensors were used in a
proof load test of an ASR-affected reinforced concrete slab
bridge (Yang, Hordijk, & De Boer, 2016) as shown in
Figure 21. The AE sensors helped to track the crack active
areas and showed that the damage due to the proof loading
was limited.
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3.2.6. Laser scanning technology

Laser scanning technology, also known as range-finding
laser or LiDAR (Light Detection and Ranging) is based on
the transmission and receiving of pulsed light (Chen, 2012).
LiDAR systems can detect position data points (point cloud)
in two possible ways: (1) by measuring the traveling time of
emitted light pulses between the scanner and the object, and
(2) by detecting the phase shift between the two signals. A
laser scanner can only collect data points along its direction
of view. To obtain the surrounding information, a reflection
mirror is placed opposite to the scanner transmitter that
allows 360° vertical rotation, and the laser head rotates 360°
horizontally (Liu, 2010) as illustrated in Figure 22. A pulse
or a series of light is emitted from the transmitter and part
of the scattered energy is reflected to the receiver after
reaching the object area. The LiDAR scanning unit can col-
lect millions of data points assigning a 3D coordinate value
to each scan point.

The advantages of LiDAR are that it is a non-contact
remote sensing technique that allows data collection of a
large area (full-field monitoring), unaffected by light condi-
tions, and it provides permanent documentation. However,
it is limited to surface point positional data and the direct
output of the scanner requires additional data processing
methods to account for the sources of error and extract the
information needed for bridge monitoring.

LiDAR system can be effective to assess deformations,
deflections, vibration levels, and cracking of concrete

structures (ACI Committee 444, 444 2021). Examples of the
use of LiDAR systems in load tests on reinforced concrete
bridges can be found in the literature since it is useful to
extract general geometrical information as in Schmidt et al.
(2018), and Trias, Yu, Gong, and Moon (2021) or to assess
deformations as in Chen (2012). In Lohmus, Ellmann,
Mardla, and Idnurm (2018), LiDAR was used to capture
vertical deformations during load tests. The vertical defor-
mations were compared to precise leveling, reflectorless
tachometer, and dial gauges measurements obtaining differ-
ences between 3.4 and 0.8 mm. In Watson (2019) diagnostic
load tests were carried out to calibrate FEM models. LIDAR
was able to measure the bridge response in terms of deflec-
tions and rotation, and it was useful to capture the unex-
pected response due to asymmetric geometry. The
measurement resolution is in millimeters (Chen, 2012).

3.3. Emerging technology

3.3.1. Smart aggregates

The smart aggregate (SA) is an embedded sensor (Song, Gu,
& Mo, 2008) that consists of a PZT patch placed in between
two marble elements. The PZT is covered by epoxy for
waterproofing (see Figure 23). The piezoelectric property of
the PZT patch allows the sensor to act as both an actuator
(source) of ultrasonic elastic waves and a receiver (sensor).
Since their mechanical properties are comparable to the
aggregates in normal concrete, SAs can be embedded inside
the concrete. Concrete protects them from environmental
influences. Therefore, SA sensors can perform stably over
time. In the laboratory, SAs has provided information about
crack distribution (Du, Yang, & Hordijk, 2018), and strain
and stress changes (Kevinly, Zhang, Yang, Draganov, &
Weemstra, 2021) inside the concrete.

For the assessment of existing structures, a grid of SAs
can be installed by casting them inside drilled holes as
described in Du et al. (2018). Between each pair of SAs,
ultrasonic waves are generated and received obtaining the
basic properties such as travel time and attenuation. The
damage distribution can be estimated by comparing the
updated measurements with the reference. The concept was
evaluated in the lab on a scaled concrete beam with promis-
ing results. The advantages of SA sensors are that installa-
tion is not limited to the surface, they can be placed in the
zone of interest by drilling holes or embedded (see Figure
24), they are less influenced by the environmental condi-
tions, can serve for long-term monitoring, and their cost is
low. However, they are not commercialized and further
investigation is needed for the application on field tests.

3.3.2. Radiofrequency identification sensors

Radiofrequency identification (RFID) uses electromagnetic
fields (EM) to automatically identify and track tags. Passive
RFID is an emerging technology where the RFID reader first
transmits continuous waves (CW) to the tag to wirelessly
power the chip, and then receives the modulated RF com-
mands from the tag. A scheme of an RFID tag is shown in
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Figure 24. Installation of SA sensors. Left: before casting, and right: inside a drilled hole in an existing structure.
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Figure 25. Scheme of RFID tag.

Figure 25. This type of sensor can measure displacement,
strains and can monitor environmental conditions such as
moisture, humidity, and temperature.

The main advantages of RFID sensors are that it is a
remote sensing technique, which does not require a power
supply, can monitor environmental conditions, can be
embedded, and that several tags could provide monitoring
of a large area. However, they need insulation and cannot
be embedded very deep. Further investigation is needed to
determine the long-term behaviour. In laboratory environ-
ments, the method has been used to measure displacements
with an accuracy of the order of millimeters and strains in
the order of microstrains (Cazeca, Mead, Chen, &
Nagarajan, 2013, Ozbey, Erturk, Demir, Altintas, & Kurc,
2016). Concerning crack detection, an RFID antenna for the
detection of surface cracks was introduced by Kalansuriya,
Bhattacharyya, and Sarma (2013), which also proposed a 2-
D grid of tags to improve spatial coverage. For long-term
structural monitoring, an example of RFID-based embedded
sensors can be found in the duraBAst test bridge in
Germany (Strangfeld, Hindersmann, & Niederleithinger,
2021). The sensors were designed to withstand the alkaline
environment of the concrete and to measure moisture
and corrosion.

3.4. Environmental sensors

Environmental factors such as temperature, humidity, and
wind can affect structural response and should be properly
accounted for during the load test preparation, the testing,
and also the post-test analysis (Alampalli et al, 2019).
Temperature changes can affect the results of a load test by
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Figure 26. Working principle of thermocouple.

a) causing an unexpected response of the sensor or measur-
ing technique, and b) inducing thermal stresses and strains
to the structure.

Some strategies used to reduce the effect of temperature
on the sensors used for load tests are:

o To select sensors with small temperature sensitivity and
to follow the manufacturers’ instructions to apply the
temperature correction factors.

e To protect the sensors during the load test.

Some strategies use to quantify the effect of temperature
on the structure during load tests are:

e To deploy a reference sensor outside the loaded area to
measure the influence of the temperature changes and
calculate the net effect of the applied load.

e To measure the response of the sensors over a certain
period when the bridge is not loaded and then use these
results as a reference to adjust the data obtained during
the load test.

Several types of sensors can be used to directly measure
the temperature, such as thermocouples, thermistors, vibrat-
ing wire strain gauges, and fiber optic sensors. For example,
thermocouples are made of two dissimilar metals joined
together to form two junctions. When used for load test,
one junction is placed on the surface of the specimen while
the other junction remains at a known constant temperature
(see Figure 26). When there is a temperature change, an
electric current flows through the circuit, which is measured
in millivolt and then converted to temperature readings.
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4, Comparison of measuring techniques

Table 3 provides a general comparison of the measuring
techniques that are reviewed in this paper. The table
includes the parameter it measures, the mechanism of the
measuring technique, the suitability to perform dynamic
measurements, the measuring range, the estimated range of
accuracy, the overall advantages and disadvantages, and the
distance for remote measurements. The actual accuracy
must be consulted in the datasheet provided by the manu-
facturers. Additionally, sources of error from the installa-
tion, the data acquisition system, and the translation from
voltage to signal should be considered.

Displacement measurements of a structural member can
be performed with a variety of techniques. While contact
sensors provide high accuracy measurements, the drawback
is the necessity to be fixed and wired. Non-contact techni-
ques provide the advantage that the measurements can be
obtained from a remote location, however, some need a
speckle pattern or a target attached to the surface which can
increase the set-up time. Strains are usually measured with
electrical strain gauges or strain transducers which can only
be used as discrete or punctual sensors, need to be attached
to the structure, and require connecting cables. On the other
hand, fiber optic sensors present the advantage that large
lengths of a structure can be monitored with both strain
and temperature measurements in a distributed way using
one cable. Additionally, these sensors are immune to elec-
tromagnetic interference and provide high sensitivity and
accuracy (Casas et al., 2019).

Acoustic emission and Digital Image Correlation can be
used to monitor and detect the location of the cracks during
a load test. Some commercial DIC systems can display real-
time results. AE sensors can monitor detect the internal
micro-cracking in real-time, which provides insight into the
initiation and propagation of cracks. But the results cannot
be directly linked to physical parameters like crack width or
strain without further interpretation. Dynamic response
parameters such as natural frequencies, mode shapes, and
vibration amplitudes are usually recorded with accelerome-
ters. An option to measure these parameters from a remote
location is VVS, which also has the advantage of monitoring
several targets.

5. Sensor selection

5.1. Required measurements during diagnostic
load tests

In a diagnostic load test, the main goal is to measure the
structural responses of the bridge to validate an analytical
model. Thus, the sensors must be installed so that the data
gathered from the field can capture the information needed
for the analytical models. Based on the literature study in
2.1, Table 4 provides a general description of the measure-
ment requirements of a diagnostic load test. Additionally, as
discussed in the previous section, the effects of environmen-
tal factors, such as temperature and humidity should
be considered.

5.2. Required measurements during proof load tests

For proof load tests, the monitoring of the structural
responses is critical since it provides a warning to avoid the
damage of the bridge during the test. In a proof load test,
the sensors are installed at the critical locations so that the
measurements of the structural responses of the governing
failure mode can be compared to the stop criteria. The cur-
rent codes and guidelines (Stahlbeton & Deutscher
Ausschuss Fiir Stahlbeton, 2000, ACI Committee 437, 437
2013) as well as the recommendations formulated in the
Netherlands (Lantsoght, Van Der Veen, & Hordijk, 2016,
Lantsoght, Yang, Van Der Veen, Hordijk, & De Boer, 2019)
define the stop criteria on the measurements of deflections,
applied load, strains, crack widths, displacements and identi-
fication of cracks. In addition, the Manual for Bridge
Evaluation (AASHTO, 2011) recommends monitoring the
local inclination of the bridge during load testing. A sum-
mary of the recommended measurements during a proof
load test is shown in Table 5. As in a diagnostic load test,
the effects of the temperature and humidity should be con-
sidered to correct the readings and to check the operating
range of the sensors.

5.3. Guidance for sensor selection

An important aspect of the planning and preparation of a
load test is the design of an instrumentation plan. This plan
should include details such as the position, type, expected
measurement range, sampling rate, data acquisition system
(DAQ), data visualization software, installation plan as well
as a justification of the selection of the sensors. Prior to the
load test, the DAQ and the data visualization software must
be properly selected and verified. The choice must be based
on the type of test and its goals. Sampling rates should cor-
respond to the loading speed and expected speed of change
in responses. For example, a dynamic load test requires a
higher sampling rate. For proof load tests, real-time data
visualization is of the utmost importance for the verification
of stop criteria.

It is also important to examine all the available informa-
tion and determine the uncertainties (e.g. material proper-
ties, structural plans, boundary conditions) before the
definition of the sensor plan, as well as to align the choices
with the specific objective of the load test. Regarding the
personnel requirements, a qualified engineer should be
responsible for the planning and execution of the load test
(Alampalli et al., 2019). The engineer should have experi-
ence with field testing, sensors, instrumentation, and know-
ledge of structural bridge behaviour. For example, in the
USA, load testing requires a licensed professional engineer
(PE) (ACI Committee 437, 437 2013).

The selection of the sensors or measuring techniques for
the development of a sensor plan should be based on several
important criteria:

1. The parameters or structural response that will be
measured. It is important to understand the relationship
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Table 4. Goal of the diagnostic load test of a reinforced concrete bridge and measurements.

Goal of the test

Measurement

Neutral axis
Transverse distribution
Degree of fixity
Deflection shape
Dynamic response

Strain measurements at different heights in the beams or deck cross-sections
Strain or deflection measurements over the width of the bridge

Rotation measurements at supports

Deflection measurements in the transverse and longitudinal direction of the bridge

Acceleration measurements

Table 5. Stop criteria and measurements during a proof load test of a reinforced concrete bridge.

Stop criterion

Measurements

Nonlinear behaviour

Stiffness

Deformation profiles

Concrete strain

Crack widths

Crack identification

Joint and settlements of the substructure

Deflections at the loading point and supports; and the applied load
Deflections at the loading point and supports; and the applied load

Deflections at different positions along the transversal and longitudinal direction

Average strain measurements of the bridge components at critical positions
Crack width measurements of new and existing cracks
Surface deformation or fracture process of the critical crack or type of failure.
Displacement measurements

between the measured variable, the structural compo-
nents, and the loading case.

2. Carry out preliminary calculations to provide an insight
into the expected range. These calculations will help
select the range, sensitivity, and accuracy of the sensors.
In the case of a proof load test, this step also includes
the definition of the stop criteria. Additionally, the
loading speed of the proof load test will determine the
sampling rate of the sensors and DAQ.

3. Site conditions and the accessibility to the bridge and
the locations where the sensors should be applied.

4. The environmental conditions in which the measure-
ments will be made. The effect of the ambient condi-
tions should be considered. The changes in temperature
and humidity affect the measured structural response
and the performance of the sensor, therefore, a com-
pensation plan should be included.

5. Include redundancy of the critical measurements to
account for unexpected events.

The steps in the process of selecting a sensor or measur-
ing technique are summarized in Figure 27. The first step is
to identify the variables or structural responses that need to
be monitored. Secondly, the accessibility to the site must be
considered. This can determine the need for using a remote
technique to collect the data from a certain distance. In this
paper, the sensor is considered remote if it can measure at a
distance of larger than 1m. Finally, a choice can be made
between monitoring at a given position or in a distributed
way. In Figure 27, the sensors highlighted in blue are the
ones that require additional processing methods to extract
the structural response or that the interpretation of results
is complex.

6. Discussion

From our literature study, most measuring techniques for
load testing are based on traditional sensors (see Tables 1
and 2). That is the reason why instrumenting a bridge is a
time-consuming and labor-intensive activity. To speed up

the instrumentation of a bridge, lower the cost, and obtain a
more comprehensive understanding, the sensor plan should
include recently developed measuring techniques. The ideal
scenario would be to keep the sensor plan as simple as pos-
sible using a limited number of sensors but collecting all the
important data. This could be achieved by relying on
the measurement techniques that provide distributed
measurements.

The most promising techniques for load testing, espe-
cially for proof load tests, are DIC, AE, and FOS. This
paper has presented examples where DIC has been success-
fully used to monitor the crack development and obtain
deflection measurements of concrete bridges. AES could be
used to monitor the micro-cracks and the onset of the
opening critical of cracks. This could be used as a stop cri-
terion or a warning during the proof load test.
Additionally, this technique could be combined with smart
aggregates. Finally, FOS have the advantage of measuring
strains over larger distances in a (semi) distributed way
using only one cable.

A more comprehensive assessment of a bridge could be
achieved by integrating multiple techniques. For example, a
sensor plan for proof loading can include AE sensors, FOS,
and DIC. In particular, DIC has the potential to be used in
combination with other techniques. For example, to predict
the exact initiation of a critical crack, AES can monitor the
internal cracking and they can be complemented with the
DIC analysis of the concrete surface to obtain a better
understanding of the crack development.

Regarding the cost of the instrumentation, it is only a
part of the entire cost of the load test and includes the
design, installation, preparation, management, and mainten-
ance. For instance, while the initial cost of FOs equipment
is higher than those of traditional strain sensors, the cap-
ability of monitoring larger area of the structure, the stabil-
ity and lower cost of FOs (when compared to the cost of
installing and wiring, cable extensions, and protection of
sensors) make them competitive. Thus a cost-benefit ana-
lysis is always important to determine if the monitoring sys-
tem is cost-effective or not.
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7. Conclusions

Two types of field tests are typically used to evaluate con-
crete bridges: diagnostic load tests and proof load tests.
The goal of a diagnostic load test is to gather measure-
ments to validate a model. In a proof load test, large loads
are applied to the bridge to directly demonstrate it can
safely resist such loads. The instrumentation of a proof
load test is fundamental to stop the loading and avoid
irreversible damage or the collapse of the structure. It
requires real-time measurements.

Distributed?

Yes
—>|Crack width—>Distributed? —>Remote?

Accelerometer

SAs: Smart aggregates VVS:Virtual visual sensor TS: Total station

N

Yes
» Remote?

DIC

[Fos| [ AE ||SAs|| RFID|
A

No
Y

Yes es
L » Distributed? —» Remote? ——>

DIC

Yes

o Yes
—»—»Remote? ——» Distributed? —»

No
_, N o SN

DIC: Digital Image Correlation FOS:Fiber optic sensors AE: Acoustic emission RFID: Radio frequency identification

LVDT: Linear variable differential transformer

VWSG: Vibrating wire strain gauge  ST: Strain transducer IR: Interferometric radar SG: Strain gauge LiDar: Laser scanning

In the last decades, technology has advanced and techni-
ques such as DIC, interferometer radar, LIDAR systems, total
stations, FOs, and AE have been successfully incorporated
into the sensor plans. This paper has reviewed various sensors
and measuring techniques that are applicable to load testing
of concrete bridges. The applications, methodology, advan-
tages, and disadvantages have been presented. A flowchart for
the selection of sensors or measuring techniques for load test-
ing has been developed as a tool to guide engineers. Based on
this review, the following recommendations can be made:



o The measurement requirements of a diagnostic load test
are: (a) strains for transverse load distribution and iden-
tification of neutral axis, (b) rotation for the degree of
fixity, (c) deflections and (d) acceleration.

e The recommended measurements during a load test are:
(a) deflections to identify the nonlinear behaviour and
the stiffness reduction, (b) concrete strain at critical posi-
tions, (c) crack width measurements, (d) development of
cracks and (e) joint and substructure displacements.

e Some considerations to account for when selecting a sen-
sor are: (a) carrying out the preliminary calculations to
select range, sensitivity, and accuracy of the sensors, (b)
recognition of the site conditions and accessibility to the
bridge, (c) consideration of environmental conditions
and d) redundancy.

e Non-contact techniques are the better choice for bridges
that are difficult to access.

e SAs and RFID are emerging technology with promising
results in laboratory conditions.

e Deflections can be measured with a total station, inter-
ferometric radar, LiDAR system, or DIC from a
remote location.

e Strains can be monitored in a distributed way covering
larger lengths and areas by using techniques such as
FOs, or DIC.

e SA and AE can monitor the internal cracking and pro-
vide insight into the initiation and propagation of the
cracks earlier than other techniques. While DIC can
monitor from a remote location.

e Acceleration measurements can be obtained from a
remote location using VVS.
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