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ABSTRACT

Due to the nature of underground structures, detecting defects in pile foundations
is very difficult. Many methods for detecting such defects are currently in use, with
various advantages and disadvantages. A new defect detection method has been
proposed—thermal integrity detection. When an abnormal concrete temperature
occurs, this abnormality is attributed to a defect within the concrete. When the
temperature is elevated, it is attributed to bulging; when the temperature is
depressed, it is attributed to necking, mud entrapment, or hollowing. Using finite
element analysis can make the identification of defects quantifiable, but the study
of concrete defects in pile foundations becomes complicated due to undesirable
choice of temperature measurement point locations, reducing the efficiency and
accuracy of finite element inverse analysis. Based on previous research, the location
of temperature measurement points is optimized in this work. First, the effect of
the change of reinforcement position on the concrete temperature field is studied,
and it is confirmed that the change of reinforcement position affects only the location
of the measurement points, not the concrete temperature field itself. Then
measurement points on the concrete surface are selected for finite element inverse
analysis of the pile temperature field and the results are compared with
measurements in the field. The new measurement points can avoid irrelevant
factors in the finite element inverse analysis of the pile foundation temperature
field. The complexity of the finite element inverse analysis is greatly reduced, and
the accuracy of defect location and size identification is improved.

Keywords: Thermal Integrity Testing, Pile Foundation Defect Detection,
Temperature Measurement Points, Finite Element, Heat Transfer

1. Introduction

With the rapid development of China’s economy, more and more pile foundations
will be used in bridges and high-rise buildings. As the span of bridges and the
height of buildings increase, the use of larger-diameter and longer pile foundations
will become the norm. At present, most pile foundations use bored piles,
whose integrity and quality are critical to the safety of the structures.
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Quality inspection of pile foundations is therefore particularly important. However, the nature
of the underground hidden structure itself (e.g., limited accessibility, low visibility, and
considerable depth) makes the inspection of pile foundations exceptionally difficult [1-2].

The traditional methods for detecting defects of grouted piles include low-strain, high-strain,
borehole-coring, and acoustic-projection methods. These traditional defect detection methods
have problems that are difficult to overcome in practice. First, high (low) strain detection is
easily affected by the surrounding environment, which is not sensitive to small defects and
cannot obtain information on the horizontal location of defects. Second, high (low) strain de-
tection for grouted piles makes it difficult to calculate the elastic modulus, leading to inaccu-
rate calculation of pile length and defect depth. The borehole-coring method is limited by a
hole, which is sometimes not accurate enough to determine local defects or horizontal cracks
in the pile foundation. It may also cause some damage to the pile foundation. When using the
acoustic transmission method of detection, the pile to be tested needs to be accompanied by a
pre-buried acoustic tube, increasing the cost of the pile foundation. This method can only
detect defects in the contact tube, causing a certain detection blind area. This makes it difficult
to detect small horizontal cracks. Also, this method cannot be applied to uncured concrete
piles.

In recent years, the use of thermal integrity to determine pile foundation defects has emerged.
The principle of this method is as follows: If there are no defects in the concrete in the same
soil layer, the temperature at different sections of the concrete will be the same. If there is an
abnormality in the temperature at a particular cross-section, it indicates the presence of defects
and attributes an increase in temperature to bulging and a decrease in temperature to necking,
mud trapping, or cavitation [3]. Two main ways to use thermal integrity to determine pile
defects are the distributed temperature sensor (DTS) detection method and the thermal integrity
profiler (TIP) detection method. The DTS method targets mainly piles that have been cast and
formed. Its principle is to insert a distributed fiber-optic sensor into the formed pile foundation
and then heat the fiber to form a temperature field inside the concrete. The distributed fiber-
optic sensor also comes with a temperature measurement function, and the specific location
of pile foundation defects can be determined by the data read by the sensor [4-6]. In addition,
some researchers have combined finite element simulation with the DTS detection method in
order to investigate the thermal integrity of the formed pile foundation [7].

However, the DTS detection method is applied less often during pile-foundation construction,
when it is more common to use the TIP detection method. Unlike the DTS detection method,
the TIP detection method involves attaching the temperature-measuring instrument to the
reinforcement cage before the concrete is placed. The temperature of the concrete can then
be measured while the concrete is being placed. Additional heating of the measuring instru-
ment is not needed due to the heat of hydration of the concrete [8-11]. The TIP detection
method can detect defects at an earlier stage of concrete hydration than the DTS detection
method, and avoid remediation after the pile foundation is formed. Thus, the TIP detection
method is now primarily used in pile construction. On this basis, Sun et al. [10] combined the
finite element method with the inverse analysis of the pile foundation defects and improved
the existing TIP detection method.

However, there is an obvious problem with the existing TIP detection method. As the temperature
measurement device is tied directly to the reinforcement cage, the position of the cage may
be altered during the lowering process. And the concrete’s own temperature field will change
after the cage is moved. In addition, the position of the measurement point will also change.
So, the displacement of the cage must be considered when using the TIP detection method to
find concrete defects. The direction of the cage displacement is random, which also makes it
more difficult to find the defects. In addition, the displacement of the cage needs to be considered
when using finite elements for inverse analysis of defects, which leads to a rapid increase in
the number of finite element inverse analyses. Also, the results of the inverse analyses can
differ greatly from the actual values. It is therefore necessary to further optimize the existing
TIP inspection method, and then improve its application.

In this work, the existing TIP inspection method is improved based on an actual highway bridge
pile foundation project. A sandbag was used to simulate the mud trapping defect, and
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the location and size of the defect were initially determined by the field measurement results.
A numerical model was used to investigate the influence of the location of the reinforcement
cage on the concrete temperature field, so as to have a preliminary determination of the
location of the temperature measurement point. Next, the selected measurement point was
used to carry out finite element inverse analysis of the defect, and the results of the inverse
analysis were compared with the actual measurement results. The results illustrate the
superiority of the improved TIP inspection method.

2. Experimental Site and Instruments

The experiment was located at the construction site of a particular highway bridge pile founda-
tion. The stratigraphic condition of the site is shown in Table 1. The depth of the groundwater
level is 12.6m, but it was pumped completely dry after drilling. A bored pile with a design
length of 70m was used in the experiment. The diameter of the upper 25m of the pile is 2.8m
and the diameter of its reinforcement cage is 2.67m. The diameter of the lower 45m of the
pile is 2.2m and the diameter of its reinforcement cage is 2.07m. At depths of 10, 20, 25, 30,
40, 45, 50, and 60m, four temperature measurement points were evenly arranged along the
circumference of the pile. In addition, four temperature sensors were evenly arranged along
the wall of each section at depths of 40 and 45m. The geometric structure of the pile founda-
tion and the distribution of the temperature sensors are shown in Figure 1, Figure 2 and Figure
3 show the temperature measuring device and the field experimental device respectively.

The temperature sensors were fixed by means of a rebar cage, while the outer temperature
sensors at 40 and 45m were fixed at designated locations on the shaft wall by a special set of
devices. During the lowering of the reinforcement cage, the cable connected to the temperature
sensor was run upwards. Then, when the cage was lowered into place, the cable was connected
to the data-acquisition instrument, and data acquisition started on May 27, 2022. Concrete
pouring started at 4:50 a.m. on May 28, 2022 and was completed at 10:16 a.m. on the same
day the data were collected by the collection instrument every hour for 100 hours after the
completion of the pour and were then collected every 8 hours for a total of 360 hours.

In this experiment, there was an inclusion located at 40 m, as shown in Figure 4. The inclusions
were sand bags of 0.2-m thickness filled with sandy soil, which surrounded the reinforcement
cage for one week.

The temperature sensor at the wall Temperature sensor at the rebar

Figure 1. Pile geometry and arrangement of temperature-measurement points (a) in the direction of pile
length and (b) at 40 and 45m sections
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Depth range (m)

0~9.4

9.4~70

Stratigraphic lithology

Pebbles

Fully weathered conglomerate

Table 1. Stratigraphic lithology

Figure  2. Temperature measuring equipment

Figure 3. Reinforcement cage
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3. Analysis of Measured Data

If the test pile is intact and free of defects, if the reinforcement cage is centrally located, and
if the soil properties are consistent, the temperature measured by different temperature sensors
in the same soil layer should be the same. The variation of soil thermal properties between
different strata affects the rate of heat dissipation from the concrete body to the surrounding
ground. Where the soil thermal conductivity is high and the heat transfer rate is rapid, the
temperature of the corresponding strata is lower in the longitudinal (pile length direction)
temperature profile. In addition, the infill piles used in this study were not of equal diameter
and had abrupt changes in diameter at 25m, leading to a change in the axial temperature field
of the pile foundations. This needs to be taken into account in the data analysis.

Given that the hydration rate of concrete varies with time, the best moments to determine the
defects of concrete have been proposed in some papers [9,12,13]. First is the moment with
the fastest rate of change of temperature; second is the moment with the highest temperature.
In this study, the moment with the fastest rate of temperature rise was 10h after casting, and
the moment with the highest temperature was 66h after casting. The heat of hydration of
concrete decreased significantly at 200h after casting. Accordingly, the concrete temperatures
at these three time points were chosen for analysis. The temperature variation curves along
the longitudinal direction of the experimental pile base measured at three different stages are
shown in Figure 5.

Figure 4. Engineering inclusions in field experiments

Figure 5. In this figure the letters N, E, S, and W are used to indicate measurement points at
the north, east, south, and west sides, respectively, of each section at different depths. In
addition to the measured data at each measurement point, the graph also includes the tem-
perature variation curve along the longitudinal direction of the experimental pile base in the
absence of defects.

It can be seen from Figure 3 that whether it is 10, 66, or 200h after the completion of pouring,
the temperatures measured at the reinforcement located in the depth range of 30-45m is
significantly less than the theoretical value. This indicates that there must be defects in this
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(a) 10 h after pouring completed

range, which is within the range of the set mud trapping defects (39.5-40.5m). The
temperatures measured at the four measurement points at a depth of 20m were slightly
higher than the theoretical value, which indicates that the defect of bulging may exist here,
but to only a slight degree. Temperatures at a depth of 25m were slightly below the theoretical
value, indicating a possible defect. But it is not yet possible to determine what type (or types)
of defect may have been causing the measured temperature to be below the theoretical value
- necking, mud trapping, and cavities can all cause a drop in concrete temperature.

(b) 66 h after pouring completed
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Figure 5. Longitudinal temperature variation profiles of pile concrete at different moments

Some of the measured points at 10m were slightly above and someslightly below the theoretical
values. In the absence of pre-determined defects in this section, it is believed that a slight
deflection of the reinforcement cage in this section may have occurred, although the presence
of some defects cannot be ruled out.

The above analysis shows that the experimental results can only qualitatively determine the
presence or absence of defects and their types. In order to quantitatively determine the
defects, it is necessary to further establish a finite element model for pile foundation temperature
field analysis, conduct a series of finite element analyses, and inverse analyze the effect of
these defects on the temperature field.

4. Numerical Analysis

4.1. Finite Element Model
In this work, a finite element model was established to simulate the hydration and heat-
transfer processes of concrete. The concrete temperature field can be calculated by using the
heat-transfer equation and specific boundary conditions with initial conditions to solve the
heat transfer equation [14].

 where λ is the thermal conductivity of concrete (kJ•(m•h•C)-1), c is the specific heat capacity
of concrete (kJ•(kg•C)-1). τ is time (h), ρ is the density of concrete (kg/m3), and è is the adiabatic
temperature rise of concrete (°C).

There are four types of boundary conditions for the temperature field. In this work, the con-
crete at the top surface of the pile foundation is in contact with the air and the heat transfer
between them satisfies the third type of boundary condition. An expression of the third type of
boundary condition is

T



c

2T
x

2T
y

2T
z 

= + + + (1)
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T

c 
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where h is the convective heat transfer coefficient of the concrete surface(W•(m2•K)-1), Te is
the ambient temperature (°C), and Tc is the concrete surface temperature (°C). The value of
h is determined by [15]

 h = 3.06 + 4.11 (3)

where v is wind speed (m/s). According to the actual wind speed measured on site, v is taken
as 2.5m/s.

The heat transfer between concrete and rock, inclusions and reinforcement, satisfies the Type
4 boundary condition. There are two forms for this type of boundary condition, which are
applicable to the cases of complete and incomplete contact between the two solids. Here, we
consider the case where the concrete is in complete contact with the rock and reinforcement.
Expressions for the fourth type of boundary conditions are given by


1

T
1

n
= 

2

T
2

n

T
1
 = T

2

(4)

(5)

The initial temperature of the rock, inclusions, and reinforcement was taken from the tempera-
ture sensor attached to the steel cage before the concrete was placed. It was 14 °C. The initial
temperature of the concrete placement was 21°C.

Figure 6. Finite element mesh for pile foundation detection

Using the equations described previously, a finite element model was established using ABAQUS
software, as shown in Figure 4. According to an existing study [16], the maximum distance of
heat of hydration transfer in the rock body along the horizontal direction within 48h after the
completion of concrete placement is 3m. Therefore, the radius of the rock body analysis of the
layer where the pile foundation is located was set to 6m. The length and radius of the pile
concrete were established according to the values marked on the construction drawings. The
number of reinforcement bars was taken as the number of bars used in the actual construction,
and it was assumed that all the bars were placed at the predetermined positions without
deflection.
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Table 2. Thermal parameters of related materials

         (a) 20-m position  (b) 60-m position

Figure 7. Comparison of results of finite element calculations and field measurements

The specific heat capacity and thermal conductivity of concrete are usually measured by a
concrete thermal performance test. However, a concrete thermal performance test was not
conducted in this work due to the limited field test conditions. Thus, the calculation of specific
heat capacity and thermal conductivity of concrete was carried out with reference to the
estimation method proposed by Zhu Bofang[14]. The density of concrete was obtained from
field measurements as 2410kg/m3. The density, specific heat capacity, and thermal conductivity
of rebar, pebble, weathered conglomerate, and inclusions were obtained from field thermal
performance tests. The thermal parameters of various materials are shown in Table 2.

The accuracy of the heat of hydration model of concrete directly affects the accuracy of the
finite element calculation results. Many researchers have studied the heat of hydration model
for concrete over the years. De-Schutter [17] established a classical hydration model based

Fully weathered
conglomerate

1700

720

8.96

Concrete

2410

933

10.71

Occluded
foreign

substance

2700

1300

7.2

Rebar

7850

460

260

Material
Property

Density/(kg/m3)

Specific heat capacity/
[J•(kg• C)-1]

Thermal conductivity /
[kJ/(m•h•C)]

Pebble

2610

780

7.92

The shape of the defect was assumed to be a cylindrical ring. In the simulation analysis,
DC3D8 eight-node linear heat transfer hexahedron element was used for thecalculation of
concrete, defects and rocks, and DC1D2 two-node heat transfer connection element was used
for the calculation of reinforcement. Thus, 17,200 units were considered in this model.
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on the results of isothermal and adiabatic cement calorimetric tests, and improved the model
by another series of tests at a later stage. Zhu Bofang[14,18] established three models of the
time-dependence of the heat of hydration of concrete under adiabatic conditions: exponential,
double exponential, and hyperbolic. But none of the three models considered the slow induction
period in the early stage of the concrete hydration reaction. Schindler and Folliard[19] proposed
a hydration model based on the maturity of concrete. The equivalent age of concrete and the
Arrhenius rate theory were used to represent the heat production rate. Then the model was
optimized by regressing the data from many cement experiments to express explicitly some
material parameters. On this basis, an S-type formula that  is more consistent with the hydration
reaction rate was proposed by Sudo Xue et al. [20]. The heat of hydration model of concrete
proposed by these researchers was used in this study. It has a clear and relatively simple
formula.

(t) = 
0
 me  n

 (6)

Where 0 is the final adiabatic temperature rise of concrete (C°), m and n are constants to be
determined, and (t) is the adiabatic temperature rise of concrete at time t (C°).

The final adiabatic temperature rise of concrete can be calculated using the equation [21]


0
 =

Q
0
W

C
c (7)

where WC is the converted cement mass per unit volume (kg/m3). According to this equation,
the final adiabatic temperature rise of concrete can be calculated to be 45.95°C.

The two parameters m and n in Equation (6) can be obtained by fitting a curve to the experimental
concrete adiabatic temperature rise. They are found to be m = 1.3 and n = 5.

Using the above parameters, the average values of concrete section temperature measurements
at depths of 20 and 60 m were selected for verification. They are shown in Figure 5. From this
figure, it can be seen that the results calculated by using the finite element software match
well the field-measured results, which supports the correctness of the finite element model.

4.2. Effect of Reinforcement Displacement on the Concrete Temperature field
In addition to the soil layer and defects, the offset of the reinforcement may also affect the
measured temperature distribution. As mentioned in the Introduction, the effect of reinforcement
displacement on the concrete temperature field may result from two things. First, the difference
in the position of the reinforcement will have an effect on the concrete temperature field itself.
Second, when the position of the reinforcement changes, the position of the temperature
sensor will also change since the temperature sensor is tied to the reinforcement, the measured
temperature is not the temperature at the corresponding measurement point. It is therefore
necessary to analyze the effect of the position of the reinforcement on the concrete temperature
field when constructing the finite element model.

The cross section of the studied bored pile is circular with a perfect symmetry. Thus, it is only
necessary to translate the surrounding reinforcement by a distance in the same direction when
exploring the effect of reinforcement position on the concrete temperature field. The specific
translation method and range are shown in Figure 6. According to the different positions of the
reinforcement bars, the temperature dependence on time at typical measurement points at
25-m depth after the concrete placement was completed is shown in Figure 7.

As can be seen from this figure, when the reinforcement bars were located at different positions,
both at the point in the center of the concrete and at the point at the edge of the concrete, their
temperature curves with time coincide almost exactly. And the  maximum temperature
difference was less than 0.1C°. Considering the accuracy of the temperature sensor, it can be
assumed that the rebar position has no effect on the concrete temperature field itself. It
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affects only the position of the temperature sensor tied to the reinforcement. Therefore, the
position of the reinforcement can be considered as if no displacement occurred in the process
of finite element modeling. But it is necessary to pay attention to the position of the
reinforcement in the cross-section when dividing the mesh.

Figure 8. Schematic diagrams of rebar displacement method

(a) Center point
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(b) Point located on the north side of the concrete edge

(c) Point located on the east (west) side of the concrete edge

4.3. Selection of temperature measurement points at defects
In the study of defects using the finite element method, the displacement of the reinforcement
only leads to the displacement of the temperature sensor position, according to the conclusion
in Section 4.2. However, this also leads to the necessity of considering the change of the
temperature sensor position in the finite element inverse analysis, which is reflected mainly in
the division of the mesh at the cross section. In the existing analysis of defects using the finite
element method, the  displacement of the defect and the position of the reinforcement are
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(d) Point located on the south side of the concrete edge.

Figure 9. Temperature variation curves with time at different points at 25-m cross section

considered at the same time. This also leads to too many finite element inverse analyses, so
that the results of the analysis do not reflect the actual situation. Therefore, it is necessary to
find new measurement points to improve the efficiency and accuracy of the finite element
inverse analysis.

(a) Top view
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(b) Side view

Figure 10. Finite element model defect configuration

The method of inverse analysis is consistent with the method used by Sun et al. [10]. First, the
possible locations of the defects can be determined based on the temperatures measured at
each measurement point. Then the shape of the defect can be assumed and the search area
can be delineated. Next, the defect locations and the step size of the search can be set, and
the simulation can be performed step by step for the chosen step size. After each simulation,
the calculated and measured temperatures of each measurement point on the concrete sur-
face should be compared. And the “cost minimization function” should be calculated. It can
replace the defect location and size corresponding to the minimum value of the cost minimiza-
tion function for the final defect location and size. As shown in Figure 10, in this study the area
at depths of 40-45m was analyzed, and the corresponding cross sections were located at
depths of 40 and 45m. The searched grid (0.05 × 0.05 ×5 m) has 396 search points. The
numerical model was used to simulate a cylindrical ring anomaly centered on 250 search
points with an inner radius between 0.8 and 1 m (0.02-m step for each simulation), a width
between 0.01 and 0.1m (0.01-m step for each simulation), and a height between 0.5 and
2.5m (0.5-m step for each simulation). A total of 287,496 simulations were performed.

The location and type of defects were analyzed inversely according to the steps described in
section 4.3.1. The results of the analysis are pictured in Fig. 9 and show that there is a defect
in the shape of a cylindrical ring at (0.5cm, 0.5cm, 4m) with an inner diameter of 98cm, a
width of 9cm, and a height of 1m.

Figure 11 compares the simulated and measured results of the temperature sensor and the
finite element simulation at the well wall at depths of 40 and 45m. It can be seen that the
measured value of the temperature measurement point at 45m is in good agreement with the
calculated value. Although the measured value of the temperature section at 40m deviates
from the calculated value, the maximum difference does not exceed 3%.

There are several possible reasons for the discrepancy. First, the thermal parameters of the
fully weathered conglomerate were set to a uniform value in Section 4.1.4. However, the
thermal parameters of the fully weathered conglomerate at 40 m may actually differ from
those at other depths. Second, the measured values of the temperature at the four measure-
ment points at 40 m are less than the calculated values, which indicates that there may be
other defects in this section that contribute to temperature reduction, such as cavities or
necking.
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(a) Top view

(b) Side view

Figure 11. Defect simulation results
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(a) At 40 m

(b) At 45 m

Figure 12. Comparison of calculated and measured temperatures
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5. Conclusions

The early concrete hydration heat temperature field has been used by other researchers in a
thermal imaging profiler (TIP) to assess the integrity of various structures, including pile
foundations, diaphragm walls, and dams. The inverse analysis of pile foundation defects using
the finite element method has achieved positive results. However, the selection of temperature
measurement points increases the difficulty of the inverse analysis and also reduces the
accuracy of concrete defect identification due to the location of temperature measurement
points. In this work, we chose to arrange the measurement points at the positions of pile
foundation pit walls. The results show that the improved arrangement of temperature
measurement points eliminates the need to consider the factor of reinforcement cage
displacement in the existing method and further improves the accuracy of the finite element
inverse analysis. The following conclusions are drawn.

(1). The finite element simulation leads to the key conclusion that the displacement of the
reinforcement cage only affects the location of the temperature measurement points and
does not affect the temperature field of the concrete itself. This can not only provide a theoretical
basis for the reselection of the measurement points, but also demonstrate that the displacement
of the cage need not be considered directly in the finite element simulation, but only in the
mesh division.

(2). By arranging temperature measurement points around the hole, the temperature data of
the concrete surface was obtained. These measurement points were then used to perform
inverse analysis of concrete defects. Compared with the existing study, the relative error of
the temperature change is within 3% of its maximum value. The location and size of defects
are closer to the actual location and size. In addition, the influence of the reinforcement cage
displacement does not need to be considered during the inverse analysis, which further simplifies
the existing method.

(3). Only conventional temperature sensors were used for temperature measurement in this
study. And only concrete surface measurement points were selected for finite element inverse
analysis. The next study can use higher-density temperature measurement equipment, and
more temperature measurement points can be selected for inverse analysis to further improve
the accuracy of concrete defect identification.
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