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Abstract: Semimassive tanks must satisfy the requirement of watertightness, so all attempts to reduce early-age imposed strains lead to
considerable financial savings. The impact of a cooling pipe system (CPS) on a reinforced concrete (RC) tank wall where early-age cracks
developed during construction has been analyzed. It has been proven that for RC tanks, the factor that contributes most to tensile stresses in
the semimassive walls is the mean temperature of the maturing concrete. The second most influential factor is derived from self-stresses, and
the least influential factor is the stress gradient. The calculations of self-stresses indicate that the use of a CPS leads to the formation of
favorable compressive rather than tensile stresses in the central part of the wall. Most importantly, a CPS in RC tank walls significantly
reduces the width of cracks that result from the cumulative effect of early-age and long-term imposed strains. The performed analysis provides
a basis for the effective design of a CPS in RC tank semimassive walls. DOI: 10.1061/(ASCE)CF.1943-5509.0001585. © 2021 American
Society of Civil Engineers.
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Introduction

Due to the periodic but significant accumulation of the heat of hy-
dration, semimassive and massive reinforced-concrete (RC) struc-
tures are subject to significant temperature changes in the most
intense cement hydration period. A practical way to determine the
degree of the massiveness of a structural element is based on de-
termining the surface-area-to-volume ratio (subsequently referred
to as surface moduli). According to the definition, the surface
moduli mc ¼ uc=vc (Flaga 2004), where uc is the surface area of
an element that is exposed to air and vc is the volume of the
element. The semimassive elements are defined as those for which
2 m−1 <mc < 15 m−1. The restrained parts of imposed strains gen-
erate both self-stresses (the influence of internal restraints) and
stresses that result from the occurrence of external restraints
(Knoppik-Wróbel 2015). This phenomenon results in tensile
stresses, which often cause the formation of through-cracks. For
some structures, these cracks are of key importance in satisfying
the serviceability limit state and durability of the structure. A typ-
ical example of such structures is RC tanks, which must be water-
tight, i.e., the width of the cracks must be limited to 0.1 mm. The
state-of-the-art knowledge of thermal cracking of massive struc-
tures was presented in a collective work published under the
auspices of Rilem by Fairbairn and Azenha (2019).

For massive structures, one of the most effective methods to re-
duce unwanted strains of curing concrete is to use internal cooling.

As described by Nguyen et al. (2019), its main task is to reduce the
temperature differences between the interior of the member and its
outer surface. In massive concrete structures, such as dams and
bridge foundations, thermal cracks are often observed during hy-
dration, especially in the early stages of strength formation (Kogan
1980). When a cooling pipe system (CPS) is used, the water flow
absorbs heat from the concrete and removes heat to the outside dur-
ing hydration, as presented by Hauser et al. (2000). In this method,
the maximum temperature in concrete blocks and the temperature
difference between the core and surface of the concrete block are
reduced. The risk of crack formation is also greatly reduced. The
cooling pipe system was first employed in the construction of
the Hoover Dam in 1933 (Chen et al. (2011). Other examples of
the application of a pipe cooling system include the Xiang Hong
Dian Dam in China in 1955, the Bureyskaya hydroelectric power
plant in Russia in 1978, the Seo-He Bridge in Korea in 2000, the
Tuyen Quang Dam in Vietnam in 2002, and the Dagangshan Dam
in China in 2013, as quoted by Nguyen and Aniskin (2019), Li and
Li (2017), and Liu et al. (2015).

The main objective of using a CPS in massive structures is to
lower the maximum temperature inside the structure to reduce the
temperature difference between the interior and the surface layers
(Bofang 2014). The application of the internal cooling technology
has proven effective in massive structures (i.e., structures that sat-
isfy the condition, 2 m−1 ≥ mc), but its employment in the walls
of semimassive tanks (i.e., structures that satisfy the condition,
2 m−1 < mc < 15 m−1) has not been analyzed. The first part of
the presented analysis exemplified by a semimassive structure pro-
vides information on the beneficial effect of CPS and the scope
of this effect on changes in individual temperature components,
i.e., average temperature, temperature gradient, and temperature
causing self-stresses. The specificity of semimassive structures
(Jędrzejewska et al. 2020), as opposed to massive structures
(Kanavaris et al. 2021), is a different way of cracking, which re-
sults, for example, from the different domination of external and
internal restraints (Bamforth 2018) and thus from the different
weight of the importance of the aforementioned individual temper-
ature components. Early-age cracking models dedicated to semi-
massive structures [i.e., the restraint of a member at its ends or
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the restraint along with one-edge models in Eurocode 2 (CEN
2006)] cannot be used in the analysis of massive structures. There-
fore, together with the second part of the analysis, which consists of
assessing the influence of the CPS on avoiding early-age cracking
or reducing it, this paper presents a new practical tool for the design
of semimassive structures, such as tank walls, bridge abutments, or
tunnel walls (Jędrzejewska et al. 2020). Therefore, the proposed
solution for a semimassive structure is innovative, and all results
presented in this paper in relation to this structure constitute a nov-
elty in the current state of knowledge. The present paper aims to
perform an analysis of the impact of this technology in a semimas-
sive RC tank wall (mc ¼ 2; 7), where early-age cracking developed
during its construction. A question arises: what is the effectiveness
of this solution, and what effects of internal cooling should be ex-
pected? In the paper, based on the numerical model (Nguyen and
Aniskin 2019) for massive structures, the internal cooling technol-
ogy to minimize imposed strains generated by the development of
the heat of hydration was analyzed by using a semimassive tank
wall as an example.

Structure Geometry and Materials Properties

A computational analysis was performed on a wall of a rectangular
reinforced concrete tank with a nominal unit capacity of 30,000 m3.
The walls were sequentially concreted and monolithically joined to

the bottom slab, which is the basic member that restrains the imposed
strains in successively concreted walls. According to the classification
of massiveness of the structure (Flaga 2004), the walls of this tank
were classified as semimassive.

An external wall denoted as SW1a was selected for the analysis.
This wall was analyzed using FEM by Zych (2008) with regard
only to its early-age cracking without internal cooling. The SW1a
wall was constructed in stages, i.e., by executing subsequent seg-
ments (Fig. 1). The basic mechanical properties of concrete were
tested (Table 1). Thermophysical properties, i.e., the coefficients of
thermal conductivity and specific heat capacity, were determined
based on the composition of the concrete mix, as proposed by
Rostásy and Krauß (2003), Aleksandrovski (1966), Van Breugel
(1996), and Hamfler (1988). The thermophysical properties of

(a)

(b)

Fig. 1. Layout of cracks and their widths on the (a) outside; and (b) inside wall surfaces. (Adapted from Zych 2008.)

Table 1. Tested mechanical concrete properties

Concrete age
(days) fcm (MPa) Ecm0;4 (GPa) fctm (MPa)

2 10.10 14.10 1.12
3 14.86 17.29 1.32
4 19.06 17.82 —
7 22.24 19.91 1.54
28 30.89 22.53 1.86

Source: Data from Seruga and Zych (2015).
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the soil were determined as proposed by Voigt (1994). The thermo-
physical properties of the concrete wall, slab foundation, and soil
used in the analysis are presented in Table 2.

Numerical Model

The temperature field in a mass concrete structure with the CPS is
determined by solving two differential Fourier equations by following
the principle of energy balance and is described by Myers et al.
(2009), Hong et al. (2017), and Qiu and Zhang (2017). One differ-
ential Fourier equation is the basic equation of the theory of thermal
conductivity considering the release of heat due to cement hydration

kc∇2Tc þQh ¼ ρccc
∂Tc

∂t ð1Þ

where Tc = temperature of concrete at age t days (°C); kc = thermal
conductivity of concrete (W=m · °C); Qh = heat of hydration
(W=m3); cc = specific heat of concrete (kJ=kg · °C); ρc = mass den-
sity of concrete (kg=m3); and t = time (day).

The other equation includes the heat exchange between the pipe
cooling system and concrete

ρwcw

�∂Tw

∂t þ ~u∇Tw

�
¼ kw∇2Tw ð2Þ

where Tw = temperature of water at age t days (°C); kw = thermal
conductivity of water, (W=m · °C); cw = specific heat of water
(kJ=kg · °C); ρw = mass density of water (kg=m3); and ~u = vector
of the water flow in the pipe.

Fourier Eqs. (1) and (2) can be solved using the initial boundary
conditions and a given graph of the cement heat release during the
hydration of cement (Myers et al. 2009)

Tiniðx; y; z; 0Þ ¼ T0ðx; y; zÞ ¼ const: ð3Þ
where Tiniðx; y; z; 0Þ = initial temperature of the concrete.

The temperature change in concrete due to the heat released dur-
ing the hydration process largely depends on the environment and
boundary conditions. Furthermore, phenomena such as conduction,
convection, solar radiation, and radiation simultaneously occur and
increase the analysis complexity.

Convection is expressed by Newton’s law of cooling, which
states that the rate of heat loss of a body is proportional to the differ-
ence between its own temperature and its surroundings. The con-
vection boundary condition is expressed as Eq. (4), as presented by
Nguyen and Aniskin (2019)

qconv ¼ hcðTc − TambÞ ð4Þ
where Tc = temperature of a body; hc = convection coefficient (also
called the film coefficient), which mainly depends on the surface

texture and velocity of the ambient air; and Tamb = ambient
temperature.

The principle of heat transfer through the cooling tube is that the
heat is transferred from concrete to the cooling pipe through the
pipe wall and mainly within the cooling pipe. To determine the pipe
temperature, the pipe arrangement is assumed to consist of several
pipe parts connected with one another. Each pipe is assumed to
have a length perpendicular to the calculation plane. The inlet tem-
perature of each tube is T inlet, and either the outlet temperature
Toutlet or pipe flow q must be specified. The approximate heat is
removed from the concrete using CPS, as shown by Eq. (5)

Qp ¼
Xn
i¼1

qil ð5Þ

where qi = heat energy transferred through pipe part i.
Using thermal equilibrium, if the pipe outlet temperature is

specified, the energy required to arrange the cooling pipe system
is determined as Eq. (6)

q ¼ Qp

cwðToutlet − T inletÞ
ð6Þ

If the heat energy that must be removed from concrete is speci-
fied, the outlet temperature is determined by Eq. (7)

Toutlet ¼ T inlet þ
Qp

cwq
ð7Þ

A finite-element two-dimensional (2D) model to determine the
temperature field in concrete blocks, including the cooling pipe sys-
tem, was used. Segment No. 2 has the size of 0.75 × 1.4 (thickness
by height). The type and dimensions of the investigated concrete wall
are shown in Fig. 1. The pipe distance relative to the height of the
concrete wall is 0.47 m, as shown in Fig. 2. The following parameters

Table 2. Thermophysical characteristics of the concrete mass and soil

Thermophysical characteristics

Concrete Soil

Segment wall no. 2
(young concrete)

Foundation slab
(old concrete)

Gravel ground
(natural humidity)

Thermal conductivity (W=m · °C) 2.59 2.16 1.3
Specific heat capacity (J=kg · °C) 965 772 800
Density (kg=m3) 2,240 2,240 1,800
Surface heat transfer coefficient (W=m2 · °C)
Boundary 1 (free contact with air) 21.60 21.60 —
Boundary 2 (formwork) 5.20 — —
Thermal expansion coefficient (1=°C) 1.1 × 10−5 1.1 × 10−5 1.0 × 10−5

Fig. 2. Model geometry (meter).
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of the CPS were assumed to perform the calculations: a heat trans-
fer coefficient on the border with concrete of 381.20 W=ðm2 · °CÞ,
a specific heat of 4,200 J=ðkg · °CÞ, a coefficient of thermal con-
ductivity of 0.64 W=ðm · °CÞ, a water velocity in the pipe of
0.6 m=s, a water temperature in a pipe of 15°C, and a pipe diameter
of 0.025 m.

The ambient temperature is assumed as follows:

Tenv ¼ 5°C sin

�
π × tday

12

�
þ 15°C ð8Þ

The temperature of the foundation slab under the concrete wall
is assumed to be 15°C, and the initial temperature of the concrete
mix when poured is assumed constant at 20°C. The mix proportion
for segment No. 2 cement, CEM III A/42.5, was used.

The numerical model includes the equations in the advanced
calculations of temperature changes of maturing concrete consid-
ering the effect of CPS. A similar approach but for a massive wall
was validated, for example, by Azenha et al. (2014). However, the
accuracy of a specific model mainly depends on the accuracy of the
input data, which primarily relates to the thermomechanical proper-
ties of concrete in the considered case. The results of the material
tests of concrete in this analysis and the construction of this struc-
ture were described by Zych (2015). The second important group of
input data is external conditions, which are different for virtually
every object in the crack analysis of maturing concrete due to the
fluctuating ambient temperatures. In the comparative analysis of
the variants without and with the CPS, Eq. (8) was used, which
describes the change in ambient temperature. In the conditions of
cyclically changing ambient temperature, Eq. (8) enables us to as-
sess the effect of CPS on the analyzed structure. The actual temper-
ature changes obtained from the analyses described by Zych (2008,
2011) were used to calculate the crack width according to Bamforth
(2018), which enabled one to estimate the effect of CPS on the
decrease in concrete cracking during its maturation. However, there
is no experimental comparison of two identical structures simulta-
neously made with and without CPS, which would form the basis
for inference based on the results of the in situ tests.

Mean Temperature Variations in Wall Section

To globally assess the effect of internal cooling, i.e., how it affects
the entire section of the wall, temperature mean changes were
determined for the entire section of the wall (Fig. 3). Fig. 3(a)
shows the changes of the mean temperature relative to ΔT init,
while Fig. 3(b) shows those relative to Tmax. The latter approach

is commonly employed in engineering calculations [Eurocode 2
(CEN 2006)]. As follows from Fig. 3(a), in the variant with no in-
ternal cooling, the temperature decreases with a time delay, which
will induce a higher increment of tensile stresses in the concrete
with a slightly higher modulus of elasticity. Fig. 3(b) shows that
the internal cooling presented in this form decreases the wall mean
temperature change by as little as 2.36°C, but for the maximum
value of−13.2°C, it increases by 18%. Consequently, internal cool-
ing moderately reduces the mean temperature in the analyzed sec-
tion of the wall. This effectiveness can be increased by designing a
system of three cooling pipes. The mean temperature decrease in
the wall section in the period of up to three days of concrete matur-
ing with internal cooling is larger [Fig. 3(b)] than that with no in-
ternal cooling, which may result in the premature generation of
tensile stresses in the young concrete in the case of more intensive
cooling with the pipes.

Temperature Gradient

In the analysis of wall structures, the gradient along the wall height
ΔTgrad y is mainly considered. However, when the thermal boun-
dary conditions on the wall vertical edges are highly diversified
(e.g., the impact of solar radiation), it is reasonable to include
the effect of the temperature gradient along the wall thickness
ΔTgrad z. The calculation of the temperature gradient ΔTgrad y
was based on the temperature changes in particular nodes of the
wall and Eq. (9)

ΔTgrad y ¼
y
I

Z þH=2

−H=2
b ×ΔTmean y × y × dy ð9Þ

where y = wall ordinate; ΔTmean y = mean temperature change in
nodes at distance y away from neutral axis; and I = moment of
inertia of the field temperature.

Detailed results are available in Appendix 1. Consequently, sim-
ilar to the case of mean temperature variations ΔTmeanðtÞ, internal
cooling favorably affects the decrease in temperature gradient
ΔTgrad y along the vertical wall, which is important regarding
the criterion of the cracking of walls in their lower parts. Moreover,
similar to the distribution of the internal restraint rate, the temper-
ature gradient ΔTgrad y frequently determines the cracking range.
Contributing to tensile strains on one of the edges, the temperature
gradient induces opposite strains on an opposite edge. In practice,
the temperature gradient ΔTgrad y may determine the range of the
zone in tension that requires more intensive reinforcement.

(a) (b)

Fig. 3. Mean temperature differences ΔTmeanðtÞ for variants without and with CPS versus: (a) T init; and (b) Tmax.
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Self-Equilibrating Temperature

The component of the temperature field, which is explicitly the
least frequently included in engineering calculations and standard
models, is temperature change ΔTeqðy; z; tÞ, which generates self-
stresses (detailed results are available in Appendix 2). Appendix 2
clearly indicates that the employment of the CPS contributes to the
overall decrease in a positive temperature difference in the areas of
cooling pipes and their immediate vicinity. However, in these areas,
negative temperature differences occur in the first four stages of
concrete maturing, which generate compression-inducing strains in
this part of the section. The positive temperature difference means
that the difference between the temperature of the concrete (at the
considered point of time) and the initial temperature of the concrete
is positive. The negative temperature difference means that the
aforementioned difference is negative. An unquestionable advan-
tage of internal cooling is also a reduction of extreme values,
i.e., positive values in the wall interior and negative ones in its
corners. The comparison of the two last presented stages in the
period of temperature stabilization, i.e., for t ¼ 3.83 and 8.83 days
[Figs. 8(i–l)], does not indicate any significant differences be-
tween them.

Self-Stresses

The application of the CPM after JSCE (2011) requires calculations
that assume the average temperature variations along the wall thick-
ness. In most cases, such calculations are sufficient for design

purposes. However, to more precisely assess the quantitative im-
pact of internal cooling in a semimassive wall while concrete is
maturing, the self-stresses and their variations along both the
height and thickness of the wall segment were also calculated
(Appendix 3).

Total Self-Stresses

The self-stresses calculated in the presented method were summed
with the stresses induced by the determined mean temperature var-
iations and stress gradient. Fig. 4 illustrates the total stresses for the
variant without the CPS on the outer wall edge, i.e., z ¼ −h=2, and
in the wall axis, i.e., z ¼ 0. The diagrams show that the extreme
compressive stresses of 2.0 MPa in the period of temperature in-
crease occur in the midwall (i.e., for y ¼ 0.7 m and z ¼ 0), while
near the wall surface (i.e., y ¼ 0.7 m and z ¼ −h=2), they are
1.26 MPa. The stresses that initiate cracking occur within four
days of concrete maturing near the wall surface at half its height
[Fig. 4(a)]. Cracking in the wall axis appears 24 h later and also
at its half-height [Fig. 4(b)].

The comparison of the total stress variations without the CPS
(Fig. 4) and those with the CPS (Fig. 5) shows that all values
of stresses with the CPS are definitely lower. The tensile stresses
exceed the tensile strength only in the midwall at its surface and in
the wall axis only at 0.7 m. Therefore, the discontinuance of cool-
ing after two days of concrete maturing and covering the wall with
mats to protect it from fast heat transfer to the surroundings will
probably prevent cracking.

(a) (b)

Fig. 4. Variations of total stresses for individual ordinates of segment No. 2 as a function of time for the variant without CPS: (a) on the outer edge;
and (b) in the wall axis.

(a) (b)

Fig. 5. Variations of total stresses for individual ordinates of segment No. 2 as a function of time for the variant with CPS: (a) on the outer edge; and
(b) in the wall axis.
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Table 3 shows detailed data on the cracking risk defined as the
σtotðtÞ=fctmðtÞ ratio for time t ¼ 5.75 days, i.e., when it has been
exceeded in both solution variants. The risk values refer to both the
outer edge and axis of the wall. In the last column, the differences in
the percentage between the two variants are included. Due to the
internal cooling, a decrease in the cracking risk is recorded in
nearly the entire wall section, except the lower edge, where the risk
slightly increases near the wall surface and its axis by 3% and
2%, respectively. The most effective decrease in a cracking risk of
61% was observed in the wall axis for ordinates y ϵ < 0.467 m−
0.933m >. Because the cracking risk in the variant without CPS is
among the highest risks in this area, the intelligent use of internal
cooling is an effective solution to prevent cracking in certain areas
of a section. However, cracking first forms near the wall surface,
where the cracking risk is reduced for y ¼ 0.7 m, e.g., by only 8%.
To better reduce the risk in the wall near-surface areas, cladding is
recommended to insulate the wall surface against fast heat transfer
to the surroundings.

The analysis of the cracking risk has shown that cracking also
occurs in the variant with CPS. Moreover, it assesses and provides
valuable information on the impact of internal cooling on the de-
crease in stresses and the cracking risk of maturing concrete in a
semimassive wall.

Early Age and Long-Time Cracking According to
CIRIA C766

The analysis of a semimassive structure in the period of concrete
maturing contains the evaluation of its cracking risk and the prog-
nosis of the possibility of limiting the crack width to the allowable
value wlim. The Bamforth (2018) guidelines define a method to cal-
culate the width of cracks subjected to early-age and long-term im-
posed strains. The present analysis of cracking aims to compare the
calculated crack widths with the values measured on a building site
and evaluate the impact of internal cooling on limiting crack widths
during concrete maturing and when long-term imposed strains are
formed. Moreover, the analysis will help estimate the impact of

internal cooling on the implementation of more economical solu-
tions to reduce the necessary reinforcement amount to limit crack
widths.

In the calculations of early-age cracking, the following quan-
tities were adopted:
• Maximum temperature drop at an early age within a member

ΔT1 ¼ 20.8°C and 11.2°C for the variants without and with
CPS, respectively;

• Autogenous shrinkage according to Eurocode 2 (CEN 2004),
which is εca ¼ 7 με for t ¼ 3 days;

• Maximum temperature difference between the wall interior and
wall surface ΔTmax ¼ 6.1°C and 4.3°C for the variants without
and with CPS, respectively; and

• A restraint coefficient of imposed strains at the maximal crack
width for an early age according to Bamforth (2018), which is
Rax ¼ 0.70.
In the calculations of cracking for long-term imposed strains, the

following quantities were adopted:
• Maximum temperature drop at an early age within a member

ΔT1 ¼ 20.8°C and 11.2°C for the variants without and with
CPS, respectively;

• Autogenous shrinkage according to Eurocode 2 (CEN 2004),
which is εca ¼ 16 με for t ¼ 28 days;

• Drying shrinkage according to Eurocode 2 (CEN 2004), assum-
ing completion of concrete curing after 2 days and shrinkage at
50 years (εcd ¼ 203 με);

• Long-term temperature change ΔT2 ¼ 25°C (Zych 2011); and
• Restraint coefficient of imposed strains at maximum crack

widths for long term according to Bamforth (2018), which is
Rax ¼ 0.65.
Tables 4 and 5 show the values of restrained strains and cracking

risks for early-age strains, early-age self-strains, and long-term
strains, which are determined according to Bamforth (2018). The
cracking risk at an early age induced by external restraints is not
exceeded in the variant with the CPS and is 0.98. In the variant
without the CPS, it is as high as 1.77. The cracking risk from
early-age self-strains (0.30 and 0.21 in the variants without and
with the CPS) should be summed up with the cracking risk that

Table 4. Restrained strains, cracking risks, and crack widths for early-age cracking

Cases

External restrained strains (με) Self-strains (με) Calculated crack width (mm)

Restrained
strains εer e-a

Risk of
cracking

εr e-a=εctu e-a
a

Internal
restrained

strains εir e-a

Risk of
cracking

εr e-a=εctu e-a
a

For outer
surface of
wall we-a;ext

For inner
surface of
wall we-a;int

Without CPS 98 1.77 17 0.30 0.03 0.04
With CPS 54 0.98 12 0.21 0.00 0.00
aεctue-a = early-age tensile strain capacity ¼ 55 με.

Table 3. Risk of early-age cracking of concrete

Ordinate y (m)

Cracking risk rðtÞ ¼ σtotðtÞ=fctmðtÞ, for t ¼ 5.75 days Difference referring to variant
without CPS (%)Variant without CPS Variant with CPS

Wall edge
(z ¼ −h=2)

Wall axis
(z ¼ 0)

Wall edge
(z ¼ −h=2)

Wall axis
(z ¼ 0)

Wall edge
(z ¼ −h=2)

Wall axis
(z ¼ 0)

0.000 0.62 0.59 0.64 0.60 þ3 þ2

0.233 1.24 0.98 1.18 0.86 −5 −12
0.467 1.34 1.11 1.22 0.43 −9 −61
0.700 1.35 1.14 1.24 0.87 −8 −24
0.933 1.30 1.08 1.19 0.47 −8 −56
1.167 1.19 0.96 1.13 0.83 −5 −14
1.400 1.03 0.91 1.02 0.88 −1 −3
Note: Bolded values indicate the most effective decrease in cracking risk.
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results from external restraints, i.e., the axial restraint of strains and
restraint of the wall rotation. However, the analysis of stresses in-
dicates that the maximum components of stresses and the level of
cracking risk occur at different times. Therefore, it is reasonable to
use cladding to help eliminate the extreme values of self-stresses.
In the long-term case, the cracking risk is substantially higher for
both variants and results from equally unfavorable external condi-
tions. Hence, for the variants without and with CPS, it is 2.65 and
2.22, respectively. The calculated widths of the cracks at an early
age for the variant without CPS for the outer and inner surfaces are
0.03 and 0.04 mm, respectively. The internal cooling eliminates the
formation of cracks induced by external restraints.

After the period of concrete curing, semimassive walls of RC
tanks are subject to further strains from ambient temperature var-
iations and concrete shrinkage. In practice, it makes new cracks
develop or widens the existing ones (Zych 2019). The calculated
crack widths (Table 5) in long-term variants without the CPS on the
inner and outer surfaces of a segment are 0.10 and 0.14 mm, re-
spectively. The calculated crack widths on the wall surface that
reached 0.2 mm should be compared with the long-term calculation
results because the ambient temperature was merely −15°C at
13 days after wall concretion, as shown by Zych (2008). The cal-
culated crack widths should be considerably underestimated due to
the following:
• Extreme conditions due to ambient temperature variations when

the given wall segment was executed; even before the concrete
reached the 28-day strength, i.e., on the 13th day of concrete
curing, the segment temperature dropped to 10°C (Zych 2008);

• Disregard of the impact of self-stresses on the surface cracks
widths in the Bamforth (2018) model; and

• Locations of the measurements of crack widths 53 mm away
from the reinforcement axis, while the calculations represent
the crack mean width for the concrete effective zone in tension.
In the variant with the CPS, the widths of the calculated cracks

on the segment outer and inner surfaces are 0.06 and 0.08 mm,

respectively. All calculations were performed assuming that the
coefficient of thermal expansion of concrete is αT ¼ 1.0×
10−5 1=°C, i.e., the value recommended by Eurocode 2 (CEN
2004). In the absence of more precise data on the used concrete,
Bamforth (2018) recommends a value higher by 20%: αT ¼
1.2 × 10−5 1=°C.

These calculations show that internal cooling effectively helps
to avoid cracking in the period of early-age concrete curing and
limits the crack width in the long term. Due to internal cooling,
the expected crack widths on both outer and inner surfaces of the
wall are reduced by 40%.

Conclusions

The authors of the present paper did not participate in the con-
struction of the structure in question. The proposed analytical
study has resulted from their interests and experience, which
were the basis for the proposal of a much more favorable struc-
tural solution to address the issue of early-age cracking in a new
light. Based on the analysis of the impact of CPS on the changes
in temperature, stresses, and crack width in an RC tank semimas-
sive wall, both scientific conclusions that specify the directions of
further research and practical conclusions for design engineers
were formulated:
• Because the current state of knowledge concerns the use of a

CPS in massive structures, the presented analysis of semimas-
sive walls of RC tanks is an innovative approach to reduce or
completely eliminate their early cracking. Therefore, further de-
tailed conclusions are a novelty in semimassive structures.

• In RC semimassive tank walls, internal cooling reduces the
changes in mean temperature, temperature gradient, and self-
stress-inducing temperature. It also decreases the imposed strain
restrained part, which causes tensile stresses and affects the
watertightness of RC tank walls.

• In RC semimassive tank walls, the highest component of tensile
stresses results from mean temperature variations of maturing
concrete. The second highest is the component from self-
stresses, while the lowest one is the stress gradient.

• It was demonstrated that internal cooling contributes to the de-
crease in the cracking risk of RC semimassive tank walls. Fur-
ther research will enable one to determine the recommended
period and rate of internal cooling to prevent cracking induced
by excessive cooling, as shown in the analyzed example.

• The calculations of self-stresses for varying temperatures along
the wall thickness show that internal cooling effectively de-
creases tensile stresses in the central part of the semimassive
wall, particularly near the piping. Internal cooling is conducive

Table 5. Restrained strains, cracking risk, and crack widths in long-term
cracking

Cases

External restrained
strains (με)

Calculated crack
width (mm)

Restrained
strains
εer e-a

Risk of
cracking

εr e-a=εctu l-t
a

For outer
surface of
wall wl-t;ext

For inner
surface of
wall wl-t;int

Without CPS 273 2.65 0.10 0.14
With CPS 230 2.22 0.06 0.08
aεctul-t = early-age tensile strain capacity ¼ 103 με.

(a) (b)

Fig. 6. Temperature gradients ΔTgrad y at selected time points: (a) without CPS; and (b) with CPS (Appendix 1).
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to the generation of favorable compressive stresses instead of
tensile stresses.

• In RC semimassive tank walls, internal cooling moderately re-
duces the self-stresses in the near-surface areas, where cracking
is usually initiated. Therefore, the cracking risks in these areas

should be additionally reduced by the use of external cladding to
prevent excessive heat transfer to the surroundings and more
effectively reduce self-stresses.

• Following the current guidelines to calculate the crack width, it
was demonstrated that the implementation of internal cooling in

(a) (b)

Fig. 7. Changes in temperature gradient ΔTgrad y in the vertical section of the wall: (a) without CPS; and (b) with CPS (Appendix 1).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 8. Changes of temperature ΔTeqðy; zÞ generating self-stresses for variants without and with CPS at subsequent points of time: (a) 1 day
without CPS; (b) 1 day with CPS; (c) 1.58 days without CPS; (d) 1.58 days with CPS; (e) 2.5 days without CPS; (f) 2.5 days with CPS; (g) 3 days
without CPS; (h) 3 days with CPS; (i) 3.83 days without CPS; (j) 3.83 days with CPS; (k) 8.83 days without CPS; and (l) 8.83 days with CPS
(Appendix 2).
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RC semimassive tank walls considerably reduces crack widths
due to the cumulative impact of early-age and long-term im-
posed strains.

• The use of internal cooling in RC semimassive tank walls helps
to economize on the necessary reinforcement quantity to reduce
the imposed strain-induced crack widths.

Appendix 1. Temperature Gradient

Fig. 6 illustrates the temperature gradient ΔTgrad y at selected time
points for both calculation variants (i.e., without and with CPS).

In both cases, in the initial period of concrete maturing
(i.e., temperature rise), the gradient will initiate minor tensile
strains (due to lower temperature) on the wall upper edge and
compressive strains (due to higher temperature) on the bottom
edge of the wall [Figs. 7(a and b)].

In general, it can be stated that in neither calculation variant is
the temperature gradient high, but owing to internal cooling, for
instance, t ¼ 3 days, ΔTgrad y is lower by 35%. The favorable

effect of internal cooling on temperature gradient reduction can be
accounted for by the location of cooling pipes, which reduces the
temperature within the wall more effectively than near its surface,
also contributing to the mitigation of temperature differences at the
opposite edges of the wall.

Appendix 2. Self-Equilibrating Temperature

In Fig. 8, temperature changesΔTeqðy; z; tÞ are presented (descrip-
tion in the paper).

Appendix 3. Self-Stresses

Fig. 9 illustrates self-stresses variations for selected time steps in
the variants without and with CPS. What is notable is that initially,
i.e., until t ¼ 1.58 days, internal cooling reduces both the compres-
sive stresses in the midwall and the tensile stresses in the wall
corners very effectively [cross reference Figs. 9(a) with 9(b) and

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 9. Self-stresses σeqðy; zÞ for variants without and with CPS for subsequent points in time: (a) 1 day without CPS; (b) 1 day with CPS; (c) 1.58 days
without CPS; (d) 1.58 days with CPS; (e) 2.5 days without CPS; (f) 2.5 days with CPS; (g) 3 days without CPS; (h) 3 days with CPS; (i) 3.83 days
without CPS; (j) 3.83 days with CPS; (k) 8.83 days without CPS; and (l) 8.83 days with CPS. (Appendix 3).
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Figs. 9(c) with 9(d)]. In the subsequent time steps, i.e., t ¼ 2.5 and
3 days [cross reference Figs. 9(e) with 9(f) and Figs. 9(g) with 9(h)],
the distribution of extreme values of self-stresses in the entire section
is comparable. In the variant with CPS, on the other hand, in the final
cooling stage, i.e., for t > 3.83 days [Figs. 9(j and l)], definitely
greater compressive stresses prevail in the midwall (over 0.5 MPa)
compared with variants without the CPS [Figs. 9(i and k)] in which
the stresses are tensile and are up to −0.5 MPa.

Data Availability Statement

All data, models, and code generated or used during the study ap-
pear in the published article.
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