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Abstract

The embedded water pipe system is often used as a standard cooling technique during the construction of large-scale mass concrete
hydrostructures. The prediction of the temperature distribution considering the cooling effects of embedded pipes plays an essential role in the
design of the structure and its cooling system. In this study, the singular boundary method, a semi-analytical meshless technique, was employed
to analyze the temperature distribution. A numerical algorithm solved the transient temperature field with consideration of the effects of cooling
pipe specification, isolation of heat of hydration, and ambient temperature. Numerical results are verified through comparison with those of the
finite element method, demonstrating that the proposed approach is accurate in the simulation of the thermal field in concrete structures with a
water cooling pipe.
© 2017 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Concrete hydrostructures such as dams, foundations, and
pumping stations suffer from crack problems due to the hy-
dration heat, especially at the early stages of concrete solidi-
fication (Kogan, 1980). A water pipe cooling system is
considered an efficient technology for cooling the interior
temperature in mass concrete and consequently mitigating
thermal stress cracks and resultant structural weakness (Qiang
et al., 2015). As stated in Hauser et al. (2000), the flowing
water along the pipe not only absorbs the heat from the con-
crete, but also upgrades the thermal storage capacity and de-
creases hydration heat (Kim et al., 2001), furnishing a strategy
for better thermal removal.

Since the first successful application of the cooling pipe
system in the Hoover Dam (Kwak et al., 2014), the prediction
of the temperature history and distribution in massive concrete
structures with a pipe cooling system has attracted much
attention from engineering and science communities. Several
major factors affecting cracks, such as the temperature (Ding
and Chen, 2013), the thermal gradient (Sato et al., 2005),
the structure restraint, and the material thermal stability
(Zhang et al., 2004), have been taken into account. The
equivalent equation of heat conduction in a concrete structure
with a cooling pipe, proposed by Zhu (1991) without
consideration of the thermal gradient, describes the average
temperature:

vT

vt
¼ aV2T þ ðT0 � TwÞvf

vt
þ vq

vt
ð1Þ

where T is the temperature of concrete, T0 is the initial tem-
perature of concrete close to the water pipe, Tw is the cooling
water temperature, f is a given function associated with the
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heat flux from concrete to water, a is the thermal diffusivity of
concrete, and q is the adiabatic temperature raise of concrete at
a certain time instance t. Three boundary conditions for
measuring the thermal gradient on the boundary (Zhu, 1999)
are as follows:

T ¼ TðtÞ ð2Þ

h
vT

vn
¼ bðTw � TÞ ð3Þ

vT

vn
¼ 0 ð4Þ

where TðtÞ is a prescribed temperature process, h represents
the coefficient of heat convection, n is the unit outward normal
vector on the boundary of the computational domain, and b is
a rational number. This system of equations can also be well
utilized in the formulation of casting processes of mass con-
crete containing double-layer staggered heterogeneous cooling
pipes, as reported in Yang et al. (2012).

As mentioned above, the equivalent equation of heat con-
duction in the concrete-pipe system has been studied using the
finite element method (FEM) (Chen et al., 2011). In the FEM,
the structures are discretized into small elements, and a final
system of equations is made up of approximations in each sub-
element, which can be arduous, time consuming, and
computationally expensive, especially due to the fact that a
considerable number of elements are needed to model the
small pipes of a cooling system (Sasaki et al., 2014). In order
to tackle this bottleneck, one alternative method is to neglect
the practical sectional shape and size of cooling pipes for
simulations (Liu et al., 2015). Although it can be used to
approximate the equivalent temperature of the target structure
efficiently, this method still lacks the capacity to model the
thermal field surrounding the inner water pipes.

Instead of the FEM, the singular boundary method (SBM)
was introduced in this study to solve the heat conduction
problem with a water pipe. The SBM is a newly developed
meshless method proposed by Chen (2009) for the simulation
of boundary value problems (Chen and Gu, 2012). This
method falls into the category of the boundary-type method
with integration-free attributes, which can also be considered
one type of ameliorative algorithm of the method of funda-
mental solutions (MFS) (�Sarler, 2009). The SBM uses the
fundamental solutions of the governing equations as the basis
functions. To avoid the singularity of the fundamental solu-
tions, the origin intensity factors are introduced (Li et al.,
2016; Wei et al., 2015). Therefore, the SBM is a truly semi-
analytical boundary-type meshless method.

TheSBMhas beenwidely used to dealwithmanyengineering
problems, such as wave propagation problems (Lin et al., 2014),
steady-state heat conduction problems (Wei et al., 2016),
and time-dependent problems (Wang and Chen, 2016). More-
over, the SBM, combined with the dual reciprocity method and
inverse interpolation, is effective in solving non-homogeneous
problems (Chen et al., 2014). For the problems considered in
this study, only the information on the surface of the structure

and pipe was required. Due to the use of the fundamental solu-
tion, the SBM is a semi-analytical technique and has great po-
tential for the simulation of time-dependent problems.

This paper is organized as follows: in Section 2, the
mathematical formulation of the SBM for the thermal field in a
concrete structure with a water pipe cooling system is intro-
duced; in Section 3, three benchmark examples are examined
to show the effectiveness of the presented method; and, finally,
some conclusions and remarks are provided in Section 4.

2. Numerical formulation of pipe water cooling system

In order to apply the SBM, the time-dependent problems
can be transformed into a system of steady-state problems
using the time difference method. In this study, the implicit
Euler scheme was employed to discretize the time derivatives
in Eq. (1) and transform the considered problems into a system
of Helmholtz equations. The SBM could then be used to carry
out the spatial discretization in the domain U of interest.

2.1. Time discretization

To begin with, the time interval ½0; t� is divided equally into
M sub-intervals. Then, the time step is dt ¼ t=M, and tn ¼ ndt,
where n ¼ 0; 1; /; M. The implicit Euler scheme is used to
discretize Eq. (1) as follows:�
V2� 1

adt

�
Tnþ1ðxÞ¼� 1

adt
TnðxÞ�1

a

�
ðT0�TwÞvfnþ1

vt
þvqnþ1

vt

�
ð5Þ

where Tn is the temperature of concrete at time tn, fnþ1 is f at
time tnþ1, qnþ1 is q at time tnþ1, and x ¼ ðx; yÞ for a two-

dimensional problem. Using the notation 1=ðadtÞ ¼ m2, we
come to the following system of Helmholtz equations, which
can be solved by the proposed SBM:�
V2 � m2

�
Tnþ1ðxÞ ¼ gnþ1ðxÞ ð6Þ

where
gnþ1ðxÞ ¼ �m2TnðxÞ � ðT0 � TwÞvfnþ1=ðavtÞ � vqnþ1=ðavtÞ.

2.2. Singular boundary method

At first, using the dual reciprocity method (Chen and Gu,
2012), the solution to the non-homogeneous Helmholtz
equation (Eq. (6)) can be approximated by the summation of

T
p
nþ1ðxÞ and Th

nþ1ðxÞ, as follows:

Tnþ1ðxÞ ¼ Tp
nþ1ðxÞ þ Th

nþ1ðxÞ ð7Þ

where Tp
nþ1ðxÞ represents the particular solution and Th

nþ1ðxÞ
represents the homogeneous solution. The particular solution

Tp
nþ1ðxÞ satisfies the non-homogeneous equation (Eq. (8)), but

does not necessarily satisfy the boundary conditions, and

Th
nþ1ðxÞ satisfies the homogeneous equation as follows:
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