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Changes of modal frequencies induced by temperature variation can be more obvious than those caused by structural damage,
which will lead to the false damage identi	cation results. �erefore, quantifying the temperature e
ect on modal frequencies is
a critical step to eliminate its interference in damage detection. Due to the nonuniform and time-dependent characteristics of
temperature distribution, it is insu�cient to obtain the reliable relationships between temperatures and modal frequencies using
temperatures in air or at surface. In this paper, correlations between measured temperatures (air temperature, surface temperature,
mean temperature, etc.) and modal frequencies for the slab and beam are comparatively analyzed. And the quantitative models
are constructed considering nonuniform temperature distribution. Firstly, the reinforced concrete slab and beam were constructed
and placed outside the laboratory to be monitored. Secondly, the correlation coe�cients between modal frequencies and three
kinds of temperatures are calculated, respectively. �irdly, simple linear regression models between mean temperature and modal
frequencies are established for the slab and beam. Finally, 	ve temperature variables are selected to construct the multiple linear
regression models. Prediction results reveal that the proposed multiple linear regression models possess favorable accuracy to
quantify the temperature e
ect on modal frequencies considering nonuniform temperature distribution.

1. Introduction

In order to guarantee the safety operation of structures, struc-
tural health monitoring (SHM) systems have been widely
implemented on the existing and newly built bridges in the
past few decades [1–3]. Vibration-based Damage Identi	ca-
tion (VBDI), as one of extremely important parts of SHM sys-
tem, has been developed to monitor bridge performance and
identify structural damage [4–6]. However, a practical di�-
culty exists becausemodal parameters varywith the changing
environmental conditions. In order to avoid the false dam-
age identi	cation results, the changes of modal parameters
caused by environmental variation must be understood,
quanti	ed, and discriminated from those caused by struc-
tural damage [7–10].

Numerous investigations have indicated that tempera-
ture is the most important environmental factor a
ecting
structural vibration properties [11, 12]. And its e
ect can be
more signi	cant than that caused by structural damage [13].

Corresponding researches have also demonstrated that mode
shapes are not sensitive to temperature variation, and the
change of modal damping may be masked by measurement
noise [14–16]. �erefore, the temperature e
ect on modal
frequencies has attracted much more attention. Researchers
from Los Alamos National Laboratory monitored the Alam-
osa Canyon Bridge in New Mexico during 24 hours. �ey
found that the 	rst three modal frequencies varied about
4.7%, 6.6%, and 5.0%, when the temperature of bridge deck
changed by about 22∘C [17, 18]. It was more signi	cant than
the changes of modal frequencies caused by arti	cial cut in
I-40 Bridge [19]. Peeters and De Roeck [20] reported that
the 	rst four modal frequencies of Z24 Bridge in Switzer-
land varied by 14%–18% during monitoring period of 10
months. �ere was a bilinear relationship between measured
frequencies and temperatures above and below 0∘C because
of the asphalt layer freezing at cold temperature. Later
progressive damage tests indicated that modal frequencies
decreased by less than 10% till 	nal destructive damage [21].
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As indicated by these researches, structural damage cannot
be accurately identi	ed if temperature e
ect is not quanti	ed
and eliminated.

During the past 20 years, considerable e
orts have
been devoted to investigating temperature e
ect on modal
frequencies of RC bridges. Askegaard and Mossing [22]
continuously monitored a three-span RC bridge for three
years, and seasonal change ofmodal frequencies reached 10%.
Desjardins et al. [23] studied the modal frequencies and aver-
age girder temperature of Confederation Bridge duringmon-
itoring period of 6months.�e variation of temperature from−20∘C to 25∘C led to the reduction in modal frequencies by
4%. Liu and DeWolf [24] found that the modal frequencies
changed about 6% during one full year. And a linear regres-
sion analysis demonstrated that the modal frequencies were
decreased by 0.8%, 0.7%, and 0.3% as temperature increases
by one degree Celsius. Mosavi et al. [25] monitored the
vibration responses and temperature of a two-span steel-
concrete composite bridge during 24 h period. Frequencies
in all modes changed 1-2% from night to noon and did not
change signi	cantly from night to morning. In summary,
it has been widely observed that temperature signi	cantly
a
ects the modal frequencies of RC bridges with a negative
correlation [26, 27].

Some researchers have been investigating the correlation
and evaluating the degree of temperature in�uence on modal
frequencies based on 	eld test data [28]. However, vibration
test in practical engineering is easily a
ected by external
factors (service load, wind, temperature, boundary condition,
damage, measurement noise, etc.) [29]. It is di�cult to sepa-
rate the e
ect of temperature onmodal frequencies from oth-
ers, which results in the unconvinced correlations between
measuredmodal frequencies and temperature.�erefore, the
controlled laboratory experiments are necessary and impera-
tive to provide accurate and reliable results regarding the tem-
perature e
ect onmodal frequencies. Xia et al. [15] conducted
an experiment on a two-span continuous concrete slab out of
laboratory for nearly two years. It was found that the negative
correlation between modal frequencies and air temperature
could be observed for the 	rst four modes. Comparative
study with cantilever beams made of steel and aluminum
indicated that the modal frequencies variations of RC slab
were much larger than those of metallic beams [13]. For these
laboratory experiments and 	eld testes, air temperature and
surface temperature aremeasured to discover the correlations
with modal frequencies. However, the temperature distribu-
tion in RC bridge is nonuniform and time-dependent. �e
relationships between modal frequencies and temperature at
surface (or in air) are incomplete and unreliable.

Considering that the relationships between modal fre-
quencies and temperature cannot be su�ciently captured
using air temperature or surface temperature, Xia et al.
[30] investigated the variation of modal frequencies versus
nonuniform temperature distribution for a RC slab. It was
clearly shown that modal frequencies decreased with the
increasing of temperature. In addition, a better linear correla-
tion between modal frequencies and structural temperatures
was observed than air temperature and surface temperature.
However, the tests are only carried out from 8:00 am to

10:00 pm on 11 February 2009. During test period, air
temperatures only �uctuated from 17∘C to 27∘C. It is insu�-
cient to investigate the correlation and quantify temperature
in�uence on modal frequencies, especially in cold regions.
Moreover, temperature along width direction is assumed
to be uniformly distributed, and nonuniform temperature
distribution is only considered along vertical direction in Xia
et al.’s research. In practice, the temperature distribution of an
entire bridge is generally nonuniform throughout the cross
section. �erefore, studying the correlation and quantifying
temperature e
ect using nonuniform temperature distribu-
tions along bothwidth and height directions are necessary for
engineering application of damage identi	cation methods.

�is paper aims to investigate the correlations between
modal frequencies and temperatures for RC slab and beam
in cold regions and quantify the temperature e
ect. �e
RC slab and beam were constructed and placed outside the
laboratory to periodicallymeasure themodal frequencies and
temperatures (air temperature, surface temperature, mean
temperature, etc.). Correlations between modal frequencies
and three kinds of temperatures are contrastively analyzed.
In addition, simple linear regressionmodels (SLRM) between
modal frequencies and mean temperature are established.
And the temperature e
ect onmodal frequencies is evaluated
based on thermalmechanics theory and thermal properties of
concrete. In order to improve the accuracy of quanti	cation,
multiple linear regression models (MLRM) are developed to
formulate the relationship between modal frequencies and
nonuniform temperature distribution. A better prediction
performance indicates that MLRM can be used to accurately
quantify temperature e
ect on modal frequencies for struc-
tural health monitoring and damage identi	cation.

2. Description of Experiment

2.1. RC Slab andBeam. �eRCslab and beamconstructed for
monitoring temperatures and modal frequencies are shown
in Figure 1. �e slab is 600mm wide and 150mm high, and
beam is 300mmwide and 400mm high.�e lengths of them
are both 4000mm, and calculated span lengths are 3700mm.
RC slab and beam are simply supported on concrete piers
by plate rubber supports. A 150mm overhang is present at
each end of the slab and beam. In order to avoid the localized
damage at support positions, the metal plates with 5mm
thickness are embedded into slab and beam over supports. In
addition, the concrete blocks with the length of 400mm and
the same cross section dimensions as the RC slab and beam
are constructed and placed on the side of slab and beam.
�ey are used to measure the mass variations, which can
re�ect the e
ect of air humidity on the mass of RC slab and
beam.�eRC slab, beam, and corresponding concrete blocks
were produced on 8 June 2015. Design strength of concrete
is 40MPa, and the mixture proportions are listed in Table 1.
Common Portland cement of grade 42.5 (normal type)
containing 20% active admixture is used as cementitious
material. Natural river sand (medium sand) with 	neness
modulus 2.7 is adopted as 	ne aggregate. And crushed
gravels with a nominal maximum size of 31.5mm are used as
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Figure 1: RC slab and beam constructed for monitoring.

Table 1: Mixture proportions of designed concrete.

Materials Unit Nominal proportions

Cement kg/m3 378

Coarse aggregate kg/m3 1230

Fine aggregate kg/m3 607

Water kg/m3 185

Water/cement ratio 0.49

coarse aggregate. �ree concrete cube specimens (150mm ×
150mm × 150mm) were poured at the same time with slab
and beam. �e compressive strengths of cube specimens are
measured by crushing the specimens cured for 28 days under
the standard curing condition of 20 ± 3∘C and 95% relative
humidity [31]. Mean value of tested compressive strengths
is 48.5MPa, which is larger than the designed one. �e high
quality of materials, favorable curing condition, and large
extra coe�cient of cement could account for the larger tested
compressive strength of cube specimens. In order to reduce
the in�uence of inadequate curing on experimental tests, RC
slab and beamwere covered in plastics a�er pouring concrete
and cured on the ground outside the laboratory for more
than 90 days. �ey were hoisted and placed at supports on 12
September 2015 for installing the measurement equipment
and preparing to start the tests.

2.2. Test Equipment. �e temperature and humiditymonitor-
ing systems are designed to measure the internal tempera-
tures of slab and beam, air temperature, and air humidity. All
temperature sensors adopted tomeasure the internal temper-
atures of slab and beam are type T thermocouples produced
by Omega Engineering. Type T thermocouples are made
by copper and constantan, and measurement range of them
is from −250 to 260∘C. A TP-2307 digital temperature and
humidity sensor manufactured by TOPRIE Electronics Cor-
poration in China is chosen to measure the air temperature
and humidity. It features 0.3∘C temperature resolution and
0.3% humidity resolution and can measure the air tempera-
ture ranging from−40 to 125∘C and relative humidity ranging
from0% to 99%.ATP700multichannel data recorder includ-
ing thermocouple and humidity input module is employed
to sample the data collected by type T thermocouples and
TP-2307 sensor. It features an autozero channel, a cold-
junction compensator, and automatic voltage-temperature
conversions for common thermocouple types. Due to the

operating temperature ranging from 0 to 50∘C, it is installed
in laboratory to ensure the accuracy of measurement. Type
T thermocouples are connected to TP700 data recorder
using shielded thermocouple compensation lead. Connec-
tion between two compensation leads is achieved by male-
female plugs, and the metal wire is covered with heat-shrink
tubing [32]. �ermocouple compensation lead is connected
into the laboratory using a sealed PVC conduit.

In order to monitor the temperatures in prefabricated RC
slab and beam, type T thermocouples are embedded in cross
sections at mid-spans of the slab and beam. �ere are two
reasons accounting for the layout of type T thermocouples.
Firstly, thermal transmission mainly occurs along width and
height directions with respect to the length because the
size of length is signi	cantly larger than width and height.
Secondly, the slab and beam receive the uniform sunlight
along the length direction as they are set along East-West
directions. �erefore, the temperature along length direction
is assumed to be uniformly distributed, and the measure-
ments of temperatures in the cross sections of slab and beam
are the main concerns. Speci	c layouts of thermocouples in
cross sections at mid-spans of the slab and beam are shown
in Figure 2. “SH” represents thermocouples along height
direction in slab, while “SW” represents the thermocouples
along width direction. Similarly, “BH” and “BW” represent
the thermocouples along height and width directions in
beam, respectively. In order to 	x the thermocouples in accu-
rate position, preformed concrete strips containing type T
thermocouples are located at predetermined position before
pouring concrete, as illustrated in Figure 3. In addition, the
TP-2307 sensor is 	xed on the undersurface of the slab using
adhesive mounting squares and zip ties to monitor the air
temperature and humidity.

DH131E accelerometers manufactured by Donghua Test-
ing Technology Corporation in China are selected as the
vibration sensors. �e accelerometer features a sensitivity of
1mV/g, a frequency range of 1–8000Hz, small size (� 10 ×16mm), and light weight (5.5 g). �e operating temperature
ranging from −40 to 80∘Cmakes it ideal for outdoor applica-
tion.�emagnetic bases are 	xed on the upper surface of slab
and beam using metal/concrete epoxy, and accelerometers
are mounted on themagnetic bases. A DH5922 type dynamic
signal measurement and analysis system is used to measure
and analyze acceleration response. It includes sixteen 24-bit
Integrated Electronics Piezoelectric (IEPE) input channels
and supports sampling rates of up to 51.2 kHz. Antialiasing
	lters and timebase export for tight synchronization between
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Figure 2: Layout of thermocouples in cross sections at mid-spans of slab and beam (unit: mm).
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Figure 3: Positioning of type T thermocouples in cross section at mid-span.

channels are equipped.�e DH5922 system has an operating
temperature range of 0 to 40∘C, and it is placed in laboratory.
�e accelerometers are connected with data acquisition
device using L5 coaxial extension cables with lengths of 15m.
Extension cables are run into the laboratory in a sealed PVC
conduit along with thermocouple compensation leads.

Two DH131E accelerometers are installed at mid-span
and at 3/10 of the span length from one end to monitor
vertical vibration. �e slab and beam are excited using a
rubber hammer at 7/10 of span length along vertical direction.
�e 	rst four vertical mode shapes calculated by numerical
model are illustrated in Figure 4, and corresponding layouts
of accelerometers and excitation point are also demonstrated.
It is assumed that there are no motions at the supports. As
can be seen from Figure 4, the locations of 1# accelerometer
and excitation point avoid the nodes of mode shapes. 2#
accelerometer is used to identify the modal frequencies of
modes 1 and 3, and 1# accelerometer is used to identify
the 	rst four modal frequencies. Although node 7 is not
the optimal choice of excitation location for the 	rst four
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Figure 4: Locations of accelerometers and excitation point.

vertical modes, it is successful in exciting and identifying
the 	rst seven modal frequencies, which is helpful for future
investigation.
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2.3. Test Procedures. �e tests are carried out from 20
September 2015, and the slab and beam are exposed to exter-
nal environment from then. Modal testing is performed to
measure the vibration responses of the slab and beam at two-
hour intervals from 8:00 am to 10:00 pm in every day of mon-
itoring. At the same time, temperatures and air humidity are
recorded by TP700 data recorder at a rate of one sample per
minute. No measurements are taken from 10:00 pm to 8:00
am in the next day because the sunlight disappears and air
temperature slightly changes during this period. �e modal
frequencies insigni	cantly change, and there is no obvious
di
erence between the measurement results at 10:00 pm and
those measured during the period from 10:00 pm to 8:00 am.
Mosavi et al. [25] also found that the 	rst 	ve modal fre-
quencies did not have a noticeable change between night and
morningmeasurements, while an almost 2% change inmodal
frequencies can be observed in all modes for the noon mea-
surement. In addition, the monitoring was discontinuously
performed for the RC slab and beam due to the restrictions of
measurement equipment.�erefore, the measurements from
10:00 pm to 8:00 am are not taken in this investigation.

As for the modal testing, DH5922 system samples a 16-
second data from the four acceleration channels at a 5120Hz
sampling rate. Data processing is performed byDHDAS-2013
so�ware platform, which is an important part of DH5922
system. Firstly, the recorded sample data is bandpass-	ltered
between 10 and 1000Hz using a 	nite impulse response 	lter.
Secondly, the Hamming window with 50% overlap is used to
intercept acceleration signal.�e number of spectrum lines is
set as 6400, and the obtained frequency resolution is 0.156Hz.
Finally,modal frequencies are calculated and extracted by fre-
quency spectrum analysis using fast Fourier transform (FFT).
For example, two samples of data collected from accelerom-
eters installed on the slab on 13 October 2015 at 8:00 am are
shown in Figure 5. Both the time history of acceleration signal
and corresponding amplitude spectrum are illustrated.

3. Analysis of Test Results

Due to the restrictions of measurement equipment, RC slab
and beam are discontinuously monitored. Measurements are
completed for each of 112 samples from fourteen days during
the period beginning on 20 September 2015 and ending
on 9 December 2015. A total of 112 samples are sorted
in measurement time order. �e samples measured on 1
November 2015 are chosen as testing samples to verify the
prediction performances of quantitative models, and other
104 samples are used to analyze the correlation and construct
the quantitative models.

3.1. Temperature Distribution. Under the in�uence of solar
radiation, air temperature, and thermal inertia of concrete,
temperature distributions in RC slab and beam are usually
nonuniform and time-dependent. Measured temperatures
from selected thermocouples in cross section at mid-span
during the monitoring period are shown in Figure 6. It is
noted that temperatures at the surface of beam are moni-
tored by thermocouples (BH1, BH7, BW1, and BW7), and
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Figure 5: Acceleration time history and corresponding amplitude
spectrum.

temperature at the center of cross section is measured by
thermocouple BH4. Similar to the beam, thermocouples
(SH1, SH7, SW1, SW17, and SH4) are used to measure the
temperatures at the corresponding positions of slab. It is
obvious to observe that thermocouples at SW1 and BW1 on
the south side of slab and beam receive direct sunlight, and
their temperatures are higher than others. �e signi	cant
di
erences of temperatures at the same time demonstrate the
nonuniform temperature distributions in the slab and beam.

In order to speci	cally exhibit the nonuniform tempera-
ture distributions in slab and beam, temperatures measured
on 16 October 2015 at 2:00 pm are shown in Figure 7. It can be
found that the temperature distributions are nonuniform not
only along height direction but also along width direction in
cross section at mid-span. Compared with slab, nonuniform
temperature distributions in beam aremore obvious.�is can
be accounted for by the fact that the sizes of height and width
of beam are much closer and thermal transmissions occur at
two dimensions with similar levels.

3.2. Variation of Modal Frequency. �e identi	ed 	rst four
modal frequencies and corresponding air temperatures are
shown in Figures 8 and 9. Modal frequencies change signif-
icantly with the variation of temperatures. And the higher
values of modal frequencies generally occur at the lower tem-
peratures. It is indicated that the modal frequencies increase
with temperature decreasing. Clear correlations between
modal frequencies and air temperatures can be observed.

Statistics of the identi	edmodal frequencies duringmon-
itoring period are summarized in Table 2. Variation range
of modal frequency is the di
erence between maximum
and minimum values of identi	ed modal frequencies for a
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Figure 6: Temperature variations of slab and beam during monitoring period.
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Figure 7: Temperature distribution on 16 October 2015 at 2:00 pm.

speci	c mode. Mean value of modal frequency is calculated
by averaging the identi	ed modal frequencies for a speci	c
mode. �e relative variation is de	ned as [33]

� = �max − �min� × 100%, (1)

where �max, �min, and � are the maximum, minimum, and
mean values of identi	ed modal frequencies for a speci	c
mode, respectively. During the monitoring period, the vari-
ation ranges of 	rst four modal frequencies are 1.518, 7.310,
14.969, and 19.634Hz for the slab and 3.9053, 18.250, 46.252,
and 37.565Hz for the beam. Modal frequencies of the 	rst
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Figure 8: Identi	ed modal frequencies of slab versus air temperature.

Table 2: Statistics of identi	ed modal frequencies.

Structure Mode
Variation
range (Hz)

Mean value
(Hz)

� (%)

Slab

1 1.518 19.198 7.907

2 7.310 83.971 8.705

3 14.969 185.870 8.053

4 19.634 321.689 6.103

Beam

1 3.9053 51.807 7.538

2 18.250 145.299 12.56

3 46.252 504.599 9.167

4 37.565 742.047 5.062

four modes vary by 5%–12%, while air temperatures change
from −14.1∘C to 22.8∘C, which is su�cient to mask those
caused by structural damage. Because of the inherent vari-
ability in modal frequency caused by temperature, the corre-
lation and quantitative models must be developed for elimi-
nating temperature e
ect on structural damage detection.

3.3. Mass Variation. Concrete blocks have the same cross-
sectional dimensions with the RC slab and beam. �ey are
placed on the side of slab and beam and fully exposed
to external environment. Static weighing is carried out at
the synchronization with modal testing. Mass variations of
concrete blocks are reported in Table 3. It is noted that the
concrete blocks corresponding to the slab and beam are
labeled as “A” and “B,” respectively. As can be seen from
Table 3, the relative variations in weights of concrete blocks
are about 0.3%, which indicates that the changes in the
weights of RC slab and beam are generally small. �erefore,
air humidity will have little contribution on the total vari-
ability of identi	ed modal frequencies, which is consistent
with the study conducted by He [34]. In his investigation, it is
found that change in air humidity hasmuch smaller in�uence
on modal frequencies than change in temperature.

4. Effect of Temperature on Modal Frequency

4.1. �eoretical Analysis. Temperature variation a
ects the
modal frequencies of slab and beam in a complicated way.
�eoretical analysis for the temperature e
ect on modal
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Figure 9: Identi	ed modal frequencies of beam versus air temperature.

Table 3: Statistics of measured weights of concrete blocks.

Concrete blocks Variation range (kg) Mean value (kg) � (%)

A (slab) 0.3 91.15 0.33

B (beam) 0.4 117.3 0.34

frequencies is necessary to explain the physical meaning of
modal frequency changes. According to existing literatures,
it is widely accepted that the concrete elasticity modulus,
geometrical features, constraint, and boundary conditions
of bridges are changed with temperature, which cause the
variations of modal frequencies. In this paper, the elasticity
modulus of concrete is being referred to as the static elasticity
modulus. Xia et al. [15] assume that the mass and boundary
condition of slab remain unchanged, and temperature only
a
ects geometrical features and elasticity modulus of con-
crete. On this basis, theoretical derivation is established for a
simply supported slab made of an isotropic material. In order
to ensure the correctness and reasonability of assumptions for
the research in this paper, the sliding plate rubber supports
are placed at one end of slab and beam, which allow the slab
and beam tomove freely. As demonstrated in Table 3, relative

variations in weights of concrete blocks are as small as 0.3%
during the monitoring period. �erefore, it is assumed that
the variations of modal frequencies would not be a
ected by
mass and boundary condition of slab and beam but only the
geometrical features and mechanical properties of material.

For a simply supported beam made of an isotropic
material, its undamped vertical vibration frequency of order� is expressed as

�� = �2�2 √ �	ℎ
3

12��3 , (2)

where �� is the �th order modal frequency; �, 	, and ℎ are
the length, width, and height of beam, respectively. � is the
elasticity modulus, and� is the mass of beam. Variables �, 	,ℎ, and � are the functions of temperature, and the variation
percentage of modal frequency can be calculated by


���� = 12 
�� + 12 
		 + 32 
ℎℎ − 32 
�� , (3)

where 
 represents an increment in corresponding variables.
When temperature changes by 
�, elasticity modulus of
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material changes by 
�, and geometric length changes by
�. �e thermal coe�cients of linear expansion (��) and
elasticity modulus (��) are de	ned as

�� = 
�� × 
�,
�� = 
�� × 
�.

(4)

�erefore, we can obtain


�� = ��
�,
		 = ��
�,
ℎℎ = ��
�,
�� = ��
�.

(5)

Consequently, (3) yields


���� = 12 (�� + ��) 
�. (6)

Dimensionless rate of modal frequency change caused by
temperature variation is estimated by (6). It can be used to
account for the mechanism of temperature e
ect on modal
frequencies of RC slab and beam. As for concrete, the thermal
coe�cient of linear expansion (��) is about 1.0×10−5/∘C, and
the thermal coe�cient of elasticity modulus (��) is generally−4.5 × 10−3/∘C [35]. �� is signi	cantly much larger than ��,
which indicates that the variations in modal frequencies sub-
jected to temperature change are controlled by ��. However,
there is very limited research for �� of concrete in ambient
temperature range, especially in cold regions. Extensive
e
orts have been contributed to study the thermal behavior
of concrete at high temperature typically generated by 	re.

Jiao et al. [36] investigated the changes of elasticity
modulus of C30 concrete at temperature range from −20∘C
to 60∘C. In their study, 	�een prism specimens (150mm ×
150mm × 300mm) are produced for testing the elasticity
modulus under di
erent temperatures. �e mixture is
poured into the steel molds and compacted by vibrating
machine. All specimens are removed from the molds a�er
24 h and cured in the conditions of 20 ± 3∘C and 95% relative
humidity. �e specimens cured for 28 days are used to test
the static elasticity modulus under temperatures −20∘C, 0∘C,
20∘C, 40∘C, and 60∘C according to standard GB/T 50081-
2002 [37]. In order to eliminate the in�uence of moisture,
concrete specimens are wrapped by preservative 	lm to
maintain the stable moisture content. �ree specimens are
selected as one group for testing the elasticity modulus under
speci	c temperature. �e temperatures are jointly controlled
by refrigerator and oven. �e former is used for −50∘C–0∘C,
while the latter is used for 20∘C–300∘C. Each group of
specimens are placed in temperature control apparatus for
4 h to make the temperature at the center of specimen be
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Figure 10: Temperature e
ect on the elasticity modulus of concrete.

consistent with setting temperature before testing [38]. �e
testing results of elasticity modulus under 	ve temperature
grades are illustrated in Figure 10. As can be seen, the
elasticity modulus is improved by 48.3% as the temperature
decreases from 60∘C to −20∘C. Linear 	tting is performed
to represent the relationship between elasticity modulus and
temperature. It demonstrates a signi	cant linear negative cor-
relation between them. Although only the elasticity moduli
under 	ve temperature grades are tested in Jiao et al.’s study,
the magnitude of the change rate of elasticity modulus with
respect to temperature is credible. Due to the weak statistical
relationship between elasticity modulus and temperature,
the detailed testing is a subject for further investigation.

Based on the 	tted linear formula in Figure 10, thermal
coe�cient of elasticity modulus corresponding to the elastic-
ity modulus at temperature 0∘C is expressed as the ratio of
slope to intercept:

�� = −0.125529.136 = −4.31 × 10−3/∘C. (7)

From (6) and (7), a theoretical variation percentage of
modal frequency for concrete slab and beam is 0.215% per
degree Celsius corresponding to the modal frequency at
temperature 0∘C. A 	nite element (FE) model of concrete
slab is constructed using the ANSYS to demonstrate the
derived theoretical variation percentage of modal frequency,
as shown in Figure 11. It is modeled using the 3D solid
elements (Solid 65). �e values of material parameters used
for the FE model are as follows: the elasticity modulus is
temperature-dependent as described in Figure 10, material

density is � = 2500 kg/m3, and Poisson’s ratio is � = 0.2.
�ese parameters are inputted into FE model to calculate
modal frequencies with respect to temperatures. �e Block
Lanczos method in ANSYS is adopted to perform the modal
analysis for the FE model of concrete slab [39, 40].

�e obtained 	rst four modal frequencies under di
erent
temperatures and corresponding linear 	tting formulas are
illustrated in Figure 12. It is shown that the variations of
calculatedmodal frequenciesmatch the tendency of elasticity
modulus versus temperature. As the elasticity modulus used
in FE model is referred to those in Jiao et al.’s study and is not
exactly the same as the real ones in this paper, the calculated
modal frequencies are di
erent from the measurements.
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Figure 11: FE model of the concrete slab.

Table 4: �e variation percentage of modal frequencies for FE
model.

Mode 1 2 3 4

Variation percentage (%)−0.22615 −0.22632 −0.22633 −0.22632

�e FE model is not updated here to match the identi	ed
modal frequencies as this is not the objective of the present
study. It is focused on the variation percentage of modal
frequencies to verify the accuracy of theoretical analysis. �e
variation percentages of modal frequencies with respect to
themodal frequencies at temperature 0∘Care listed inTable 4.
It indicates that modal frequencies of FEmodel are decreased
by 0.226% per degree Celsius, which shows a good agreement
with theoretical results (0.215%). �e numerical calculation
results of modal frequencies demonstrate the accuracy of
theoretical analysis.

4.2. Correlation between Modal Frequency and Temperature.
In vibration-based structural damage identi	cation, tem-
perature in�uence on modal frequencies is necessary to
be eliminated through parametric approaches. A model of
relationship between modal frequencies and temperature
must be developed in the 	rst step. In this paper, corre-
lations between modal frequencies and temperatures (air
temperature, surface temperature, and mean temperature)
are analyzed. Air temperature is the temperature measured
by digital temperature and humidity sensor in ambient
environment.�e surface temperature is decided as themean
value of temperaturesmeasured by thermocouples (SH1, SH7,
SW1, and SW17) for the slab and (BH1, BH7, BW1, and BW7)
for the beam. Mean temperature is obtained by averaging
the temperatures from all the thermocouples in the cross
section at mid-span. �e correlations between the 	rst four
modal frequencies and temperatures are illustrated in Figures
13 and 14. �e obvious negative correlations between modal
frequencies and temperatures can be shown. And one can
also observe that dispersion degrees of samples are di
erent
among three correlationmodels. To quantitatively analyze the
correlations between modal frequencies and temperatures,
coe�cients of determination (�2), as the square of coe�cient
of correlation, are calculated and listed in Table 5. It is found
that �2 between modal frequencies and mean temperatures

Table 5: �2 between modal frequencies and temperatures.

Structure Temperature
Mode

1 2 3 4

Slab

Air temperature 0.778 0.715 0.804 0.702

Surface temperature 0.874 0.856 0.901 0.863

Mean temperature 0.911 0.903 0.925 0.915

Beam

Air temperature 0.784 0.679 0.820 0.667

Surface temperature 0.886 0.801 0.855 0.752

Mean temperature 0.913 0.853 0.909 0.834

Table 6: Regression coe�cient and variation percentage of SLRM.

Structure Mode 	0 (Hz) 	
mean

(Hz/∘C) 	
mean
/	0 (%)

Slab

1 19.50 −0.038 −0.195
2 85.41 −0.184 −0.215
3 188.6 −0.358 −0.190
4 325.8 −0.528 −0.162

Beam

1 52.63 −0.091 −0.173
2 149.8 −0.502 −0.335
3 515.3 −1.197 −0.232
4 751.4 −0.867 −0.115

are obviously larger than air temperature and surface tem-
perature, which indicates the more signi	cant correlations
between modal frequencies and mean temperatures for slab
and beam. �erefore, the relationship between modal fre-
quencies and temperature cannot be su�ciently captured
using air temperature or surface temperature. Comprehen-
sive consideration of temperature distribution throughout
the slab and beam will improve the correlation.

4.3. Simple Linear Regression Model. �e higher correlation
between modal frequencies and mean temperature demon-
strates that the SLRM possesses favorable 	tting perfor-
mance. �e SLRM between modal frequency and mean
temperatures is established as

�� = 	0 + 	mean�mean, (8)

where �� is the modal frequency 	tted by SLRM, �mean is
mean temperature, and 	0 and 	mean are the undetermined
regression coe�cients. For comparing the variation percent-
age of modal frequencies versus mean temperature, the slope
(	mean) is normalized to the intercept (	0). �e regression
coe�cients and variation percentages are listed in Table 6.

As can be seen from Table 6, modal frequencies are
decreased by 0.12%–0.33% per degree Celsius corresponding
to modal frequencies at temperature 0∘C, which agrees with
the results (0.215%) from theoretical analysis. It demonstrates
that the variation percentage ofmodal frequency is a function
of thermal coe�cient of concrete elasticity modulus. As
for the beam, the relative variation percentages of modal
frequencies in modes 2 and 4 signi	cantly diverge from the

theoretical value. In addition, �2 between modal frequencies
in modes 2 and 4 and mean temperatures are smaller than
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Figure 12: Modal frequencies of FE model under di
erent temperature.

others. �is indicates that the SLRM could not accurately
quantify the temperature in�uence on modal frequencies
due to the nonuniform and time-dependent properties of
temperature distribution in the RC beam.

4.4. Multiple Linear Regression Model. Mean temperature is
employed in the construction of SLRM. As the tempera-
ture distribution of bridge is signi	cantly nonuniform and
time-dependent, the unsatisfactory quantitative results are
obtained by usingmean temperature, especially for the beam.
�erefore, the nonuniform temperature distribution in RC
beam is important to be considered for accurately quantifying
temperature e
ect on modal frequencies. MLRM is devel-
oped considering nonuniform temperature distribution and
expressed as

�� = �0 + �1�0 + �2�1 + �3�2 + �4�3 + �5�4, (9)

where �� is modal frequency predicted byMLRM, �0–�5 are
regression coe�cients, and �0–�4 are explanatory variables.
Temperature at the center and corresponding temperature
di
erences are used to describe the nonuniform temperature
distribution. �0 is the temperature measured from thermo-
couple BH4. �1, �2, �3, and �4 represent the temperature
di
erences between �0 and the temperatures at BH1, BH7,
BW1, and BW7. Speci	c explanations are shown in Figure 15.

A total of 112 samples are obtained during the monitoring
period. �e samples measured on 1 November 2015 are
chosen as testing samples to verify the prediction perfor-
mances of quantitative models, and other 104 samples are
used as training samples to construct quantitative models.
�e MLRM between modal frequencies and temperature
variables (�0, �1, �2, �3, and �4) constructed by 104 training
samples are listed as follows:

�1 = 52.6471 − 0.0932�0 − 0.0311�1 + 0.0466�2
+ 0.0088�3 + 0.0235�4 (�2 = 0.958) ,

�2 = 149.8887 − 0.5108�0 + 0.0608�1 − 0.2534�2
+ 0.0575�3 + 7.613�−4�4 (�2 = 0.929) ,

�3 = 515.0595 − 1.2248�0 + 0.2817�1 − 0.8516�2
− 0.0884�3 + 0.4007�4 (�2 = 0.935) ,

�4 = 752.1630 − 0.8867�0 + 0.1816�1 − 0.9993�2
+ 0.3344�3 − 0.4321�4 (�2 = 0.910) .

(10)

�e statistics of �2 for 104 training samples are calculated
as 0.958, 0.929, 0.935, and 0.910, which are much higher
than SLRM. �is indicates that MLRM can achieve a more
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Figure 13: Correlations between modal frequencies and temperatures for the slab.

favorable quanti	cation for temperature in�uence on modal
frequencies.

4.5. Performance Validation. �equantitativemodels includ-
ing SLRM and MLRM are constructed by use of the 104
training samples. SLRM adopts mean temperature as input
variable, and the MLRM takes account of temperature vari-
ables�0,�1,�2,�3, and�4 along both width and height direc-
tions. �e reproduction capability of the quantitative models
is examined using the training samples. By feeding tem-
perature variables in training samples into the constructed
quantitative models, the reproduced modal frequencies are
obtained. Figure 16 shows the reproduced and identi	ed
modal frequencies for the 104 training samples. In trend, the
modal frequencies reproduced by SLRM and MLRM vary
in step with the identi	ed modal frequencies, whereas some
discrepancies exist in magnitude. It can be seen that modal
frequencies reproduced by MLRM agree with the identi	ed
modal frequencies in both trend andmagnitude, which verify
the better reproduction capability of MLRM. In order to

quantify and rank the reproduction capability of quantitative
models, root mean squared error (RMSE) is adopted and
expressed as follows:

RMSE = √∑��=1 (�� − �̂�)2� , (11)

where � is the number of samples, � and �̂ represent the
identi	ed and reproduced modal frequencies, respectively.
RMSE values between identi	ed and reproduced modal
frequencies for the 	rst four modes are illustrated in Table 7.
It is observed that MLRM generates a lower RMSE, which
reveals that MLRM has a higher accuracy in reproducing the
training samples. In addition, it also demonstrates that the
nonuniform temperature distribution should be taken into
account in the construction of quantitative models.

Quantifying the temperature in�uence on modal fre-
quencies is essential in vibration-based damage detection.
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Figure 14: Correlations between modal frequencies and temperatures for the beam.
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�erefore, corresponding prediction capabilities of quantita-
tive models are of the most concern. Testing samples mea-
sured on 1 November 2015 are used to verify the prediction

Table 7: RMSE of reproduced modal frequencies.

Model
Mode

1 2 3 4

SLRM 0.6284 2.5759 7.0974 7.0601

MLRM 0.5051 2.1832 5.4944 5.1593

capabilities of quantitative models. �e temperature data in
testing samples are presented into quantitative models for
obtaining the predicted modal frequencies. Figure 17 illus-
trates the comparison between the predicted and identi	ed
modal frequencies. Similar to the reproduction phase, the
predicted modal frequencies by SLRM and MLRM vary in
step with the identi	ed modal frequencies but deviate from
the identi	ed modal frequencies in magnitude. �e statistics
of RMSE are summarized in Table 8. MLRM achieve lower
RMSE, which indicates that MLRM possess better prediction
capability for testing samples.
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Figure 16: Comparison between the reproduced and identi	ed modal frequencies for training samples.

Table 8: RMSE of predicted modal frequencies.

Model
Mode

1 2 3 4

SLRM 0.6300 2.6074 7.1337 7.1117

MLRM 0.5120 2.2273 5.5846 5.2544

According to the reproduction and prediction results of
SLRM and MLRM, MLRM possesses a better generalization
performance for reproducing and predicting the modal
frequencies induced by temperature change. It also reveals
that nonuniform temperature distribution throughout the
bridge must be considered to obtain the accurate and reliable
quantitative models for estimating temperature e
ect on
modal frequencies.

5. Conclusion

In this paper, RC slab and beam were constructed and placed
outside the laboratory to periodically measure the modal

frequencies and temperatures. �e correlations between
modal frequencies and air temperature, surface temperature,
and mean temperature are comparatively analyzed. A new
approach is proposed to quantify the temperature e
ect on
modal frequencies considering nonuniform temperature dis-
tribution in RC structure. Some conclusions can be obtained
as follows:

(1) Temperature distributions are nonuniform not only
along height direction but also along width direction,
which is more obvious in the beam than in slab. �e
reasons mainly lie in the fact that the sizes of height
and width for the beam are close to each other and
thermal transmissions occur at two dimensions with
similar levels.

(2) During monitoring period, the 	rst four modal fre-
quencies vary by 5%–12%, while air temperature
changes from −14.1∘C to 22.8∘C, which is su�cient
to mask the change of modal frequencies caused
by structural damage. Moreover, modal frequencies
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Figure 17: Comparison between the predicted and identi	ed modal frequencies for testing samples.

decrease with the increasing of temperature, which
exhibit a clear negative correlation.

(3) Coe�cients of determination between modal
frequencies and mean temperature are obviously
larger than air temperature and surface temperature,
which show a more signi	cant correlation between
modal frequencies and mean temperature. �erefore,
nonuniform temperature distribution is necessary to
be considered in correlation analysis between modal
frequencies and temperature.

(4) For RC slab and beam, modal frequencies decrease
by 0.12%–0.33% per degree Celsius corresponding to
the modal frequencies at temperature 0∘C, which is
consistent with the theoretical value (0.215%). It indi-
cates that the variation of concrete elasticity modulus
with temperature is the main reason resulting in the
changes of modal frequencies.

(5) MLRM is developed to formulate the relationship
between modal frequencies and nonuniform temper-
ature distribution. �e reproduction and prediction

performances are examined and compared with
SLRM. RMSE between the identi	ed and pre-
dicted modal frequencies indicates that the proposed
MLRM achieves more favorable prediction accuracy.
Meanwhile, comprehensive consideration of temper-
ature variables along height and width directions is
able to obtain better correlations.
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