
MaYanzhen, 2025 Page 37

Sensitivity analysis of parameters of steam curing system for
PCCP pipeline
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Abstract Prestressed concrete cylinder pipes (PCCPs), composed of concrete, a steel
cylinder, mortar, and prestressing steel wires, are widely used in water conveyance
and diversion projects. In this study, a DN3200 buried PCCP (PCCP-E) is taken as
the research object. Considering a summer construction environment, numerical
simulations are conducted for the entire life cycle of the pipe—from fabrication and
storage to buried operation—under different steam curing regimes, to investigate the
evolution of the temperature field and stress field of the core concrete. The results
indicate that: (1) when the curing duration and demolding time remain unchanged,
curing temperature has a significant influence on the temperature peak, temperature
difference, and stress peak of the core concrete; higher curing temperatures lead to
higher temperature and stress peaks and earlier peak occurrence, and compressive
stress during the heating stage is prone to exceeding concrete strength, suggesting
that the steam curing temperature should be reduced as much as possible while
satisfying the design strength; (2) the constant temperature curing duration has little
effect on the temperature peak, and a longer duration reduces the maximum inner–
outer temperature difference during the cooling stage but increases tensile stress; (3)
extending the heating and cooling durations effectively reduces the temperature peak,
temperature difference, and stress peaks; and (4) earlier demolding increases tensile
stress in the core concrete, although its overall influence is relatively limited. The
findings provide useful guidance for the design and construction of PCCP projects
and contribute to improving product quality.
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1. Introduction

With the increase of China 's population and the
continuous advancement of urbanization construction,
the problems caused by the uneven distribution of water
resources have become increasingly prominent.
Therefore, a number of major water resources allocation
projects have been started, such as the South-to-North
Water Diversion Project, the Hanjiang-to-Weihe River
Water Diversion Project and the Yangtze-to-Huaihe
River Water Diversion Project. Prestressed concrete
cylinder pipe ( PCCP ) is a composite pipe composed of
core concrete, prestressed steel wire and mortar
protective layer. As the main pipe of medium and long
distance pressure water conveyance in China, it has been
widely used in various water transfer projects (Hu. 2017).

During long-term service, PCCPs are subjected to
both internal water pressure and external loads, with the
strength of the core concrete being a critical factor
influencing structural safety and overall engineering
quality. To improve construction and production
efficiency, steam curing is commonly applied to the
PCCP core concrete (SAC/TC 197. 2017). Steam curing
significantly enhances early-age strength development
and, to some extent, improves durability and crack
control. However, existing studies have shown that
intense hydration reactions and thermal stresses during
steam curing can lead to the deterioration of the internal
pore structure, adversely affecting both strength
development and structural performance (Liu Wei. et
al.2005; Liu B. et al. 2020; Peng Bo. et al. 2007). To
address these issues, researchers have conducted
systematic studies on optimizing steam curing regimes,
indicating that proper control of pre-curing time, heating
rate, and constant temperature conditions can effectively
enhance early strength and reduce cracking risk in PCCP
core concrete (Hua Lurong. et al.2025; Zhang Xiao-
chuang. et al. 2024; Dou. 2023).

Further research reveals that steam curing parameters
significantly influence strength evaluation, temperature
field distribution, and the performance of the protective
layer in PCCP concrete (Zhou. 2022; Wang. 2021;
Zhang. 2016). Additionally, studies focused on
durability and microstructure show that the steam curing
regime plays a crucial role in regulating chloride ion
penetration, pore structure evolution, and crack self-
healing capacity (Li C. et al.2024; Xu P. et al. 2025; Hu
Y. et al. 2023). Based on these findings, pre-curing time,
heating and cooling rates, constant temperature duration,
and curing temperature are considered key process

parameters affecting both the mechanical properties and
long-term service behavior of concrete (Chen Lei. et
al.2016; Zhang Yaohuang. et al. 2015). However, while
increasing steam curing temperature or extending curing
time can improve early demolding strength, these
measures may negatively impact later strength
development and long-term performance (Huang An. et
al.2021; Shi J. et al. 2021). Furthermore, the impact of
the curing regime on pore distribution and moisture
absorption behavior should not be overlooked (Zhang
Huimei. et al.2024; Yang Wenrui. et al. 2019).

The entire steam curing process involves five key
factors that need to be controlled: constant temperature
curing temperature, constant temperature curing time,
heating curing time, cooling curing time, and demolding
time. The values of each factor significantly influence
the concrete's compressive strength. However, to date,
no scholar has systematically studied the effects of these
five factors on the compressive strength of concrete.
Therefore, this study takes a summer construction
environment as an example and performs a full lifecycle
numerical simulation under different steam curing
regimes. By analyzing the temperature field and stress
field characteristics of the core concrete, the study aims
to improve the quality of PCCP products.

2. Model and working condition design
2.1.Finite element model

This study analyzes a buried prestressed concrete
cylinder pipe (PCCP-E) from a certain engineering
project. The design strength grade of the core concrete is
selected as C55 based on the working conditions. The
design thickness of the protective mortar layer is 25 mm,
with a design strength of 36 MPa. The high-strength
cold-drawn steel wire used in the experiment has a
minimum tensile strength of 1570 MPa and a wire
wrapping stress of 1303 MPa. The inner steel cylinder of
the PCCP is made of thin steel plates with a thickness of
1.5 mm.

The PCCP has an inner diameter of 3200 mm, a
burial depth of 5 meters, and a working internal pressure
of 0.4 MPa. The core concrete thickness is selected as
230 mm, with a steel wire diameter of 7 mm and a single
layer of steel wire wrapping. According to the design
standards, including ANSI/AWWA and ASTM
standards, the core thickness is 230 mm, the outer
diameter of the steel cylinder is 3372 mm, the steel
cylinder thickness is 1.5 mm, the protective layer
thickness is 25 mm, and the steel wire diameter is 7 mm.
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The pipe uses a single-layer steel wire wrapping with a
wire pitch of 15.5 mm and an effective pipe length of
5000 mm. The design internal water pressure for the
pipeline is determined to be 0.4 MPa.

The PCCP primarily consists of four materials: C55
concrete, M45 mortar, Q235B steel cylinder, and 1570-
WCP-9 prestressed steel wire. The relevant mechanical

parameters of the materials used in the PCCP model are
shown in Table 1.

In this study, the finite element model of the PCCP is
established using finite element software. The steel
cylinder thickness is set at 1.5 mm. Considering the
actual wire pitch, the steel cylinder is equivalently
modeled as a 15 mm thick concrete model with the same
elastic modulus.

Table 1Material parameter table

Material
Density

(kg/m3)
Elastic Modulus

(MPa) Poisson’s Ratio
Compressive
strength design
value（MPa）

Tensile strength
design value
( MPa )

Yield strength
( MPa )

Concrete 2450 27860 0.2 44 3.86 \
Mortar 2350 25254 0.2 36 3.49 \

Steel cylinder 7850 206850 0.3 \ 470 310
Steel wire 7850 193060 0.3 \ 1570 1178
For modeling convenience and to better reflect the

effect of the steel wires, the steel wires and concrete are
treated as independent elements. The materials within
the PCCP structure are assumed to have no slip behavior
between them, and the elements are connected using a
common node approach. The finite element model
consists of 122,640 elements and 123,088 nodes. The
finite element model of the PCCP is shown in Fig 1.

Fig.1 PCCP finite element model

2.2. Load combination
The stress state of the PCCP throughout its entire

lifecycle is complex and varied. The loads acting on the
pipeline during different stages, including preparation,
storage, transportation, installation, and operation,
include the pipe’s own weight, prestressing force from
the steel wires, backfill pressure, water weight, internal
water pressure, and thermal loads at each corresponding

stage. In this study, the loads are calculated based on the
AWWA C304 (ANSI/AWWA C304. 2011) standard.
The values for loads such as the soil weight above the
pipe, water weight, pipe weight, and working internal
pressure are listed in Table 2:

Table 2 Design load value

Name Value
Pipe top soil weight We 374 KN/m( Covering soil 5m )
Water body weight Wf 78.81 KN/m
Pipe body weight Wp 69.92 KN/m

Working internal pressure Pw 0.4 MPa

In this study, a cooling method is used to simulate the
prestressing of the steel wires. This method can
accurately model the position of the steel wires and also
simulate prestress loss. The stress in the steel wire is
given by:

∆t = λs
fs

αsES

(1)

In the equation: Δt is the equivalent temperature drop
used to simulate prestress; �� is the coefficient of linear
thermal expansion of the prestressing wire, taken as 1 ×
10−5/℃ ; �� is the prestress relaxation factor, not
considered in this study; �� is the elastic modulus of the
prestressing wire, taken as 205 GPa; �� is the prestress
value, which is generally 70-75% of the ultimate tensile
strength of the wire, in this study, the ultimate strength
is 1570 MPa, so the applied prestress is taken as
1303 MPa.
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2.3. Design of operating conditions

To reduce temperature induced cracks in the core
concrete caused by large temperature differences, the
curing regime specially includes controlled heating and
cooling processes. In this project, the core concrete
follows a 13-hour steam curing regime, consisting of 1
hour of static holding (after the core concrete is poured,
a steam curing cover is placed, temperature sensors are
connected, and the temperature control system is
activated, which automatically enters the static holding
phase). This is followed by 3 hours of heating, 8 hours
of constant temperature curing (at 52°C), and 2 hours of
cooling. After steam curing, the concrete enters the
natural curing phase, with a curing time of 3 days.

For steam-cured concrete, the curing regime has a
significant impact on the early-stage material properties
and stress, particularly for PCCP, which is a composite
pipe with unique shape and loading characteristics. The
early stresses in the core concrete during steam curing
are easily exceeded, leading to early cracking if the
curing regime is not properly controlled. To minimize
the possibility of cracking in the core concrete, this
chapter takes a summer construction environment as an
example, and analyzes the stress characteristics of the
core concrete’s temperature field and stress field under
different conditions by varying the curing temperature,
curing time, heating rate, cooling rate, and demolding
time during the steam curing phase.

3. Results analysis
3.1. Effect of curing temperature on
temperature field and stress field

The model keeps the concrete material (C55),
demolding time (10 hours), initial mold temperature
(20°C), and curing time (heating for 2 hours, constant
temperature curing for 8 hours, and cooling for 2 hours)
unchanged. The constant temperature curing
temperature is increased from 52°C to 60°C, resulting in
a greater temperature gradient during heating and
cooling. The temperature field and stress field of the
core concrete under different steam curing temperatures
are analyzed.

As shown in Fig 2, the temperature variation
trajectories at the center of the core concrete are similar
under both curing temperatures. Higher curing
temperatures result in higher core concrete temperatures.
At 52°C, the peak temperature occurs at t = 11 hours,
with a maximum temperature of 66.42°C; at 60°C, the

peak occurs at t = 10 hours, with a maximum
temperature of 81.09°C. This indicates that both the
peak temperature and its occurrence time increase with
the rise in curing temperature.

Fig.2 Temperature-time curves at the center of the core concrete for
different curing temperatures

As shown in Fig 3, the variation trajectories of the
temperature difference between the inner and outer
surfaces of the core concrete are similar under both
curing temperatures. Higher curing temperatures result
in a larger temperature difference. At 52°C, the
maximum temperature difference occurs at t = 14 hours,
with a value of 19.61°C; at 60°C, the maximum
temperature difference is 24.57°C, also occurring at t =
14 hours. This indicates that although the time of the
maximum temperature difference is not affected by the
curing temperature, the temperature difference increases
with the curing temperature, making it more likely to
reach the most unfavorable temperature difference.

Fig.3 Temperature difference-time curves between the inner and
outer surfaces of the core concrete for different curing temperatures

As shown in Fig 4, the stress variation trends at the
characteristic points of the core concrete are similar
under both curing temperatures. Higher curing
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temperatures result in higher core concrete stresses. The
peak compressive stresses occur at t = 4 hours, and the
peak tensile stresses occur at t = 13 hours and t = 16
hours, respectively. At 52°C curing, the maximum
compressive stress at the core is 2.76 MPa, and the
maximum tensile stress is 0.61 MPa; the maximum
compressive stress at the surface is 2.17 MPa, and the
maximum tensile stress is 0.66 MPa. At 60°C curing, the
maximum compressive stress at the core is 4.16 MPa,
and the maximum tensile stress is 0.66 MPa; the
maximum compressive stress at the surface is 4.05 MPa,
and the maximum tensile stress is 0.52 MPa. This
indicates that the compressive stress of the core varies
significantly with curing temperature, while the tensile
stress changes less. Overall, higher curing temperatures
lead to higher compressive and tensile stresses at the
core, and higher surface compressive stress is associated
with lower tensile stress. Although the time of peak
stress does not change with curing temperature, as the
temperature increases, the compressive stress peak is
more likely to exceed the concrete strength, leading to
the formation of early cracks.

Fig.4 Time history curves of characteristic points of the core
concrete under different curing temperatures.

3.2. Effect of curing time on temperature
field and stress field
3.2.1 Constant temperature curing time

The model keeps the concrete material (C55),
demolding time (10 hours), initial mold temperature
(20°C), curing temperature (constant 52°C), heating
time (2 hours), and cooling time (2 hours) unchanged.
The constant curing time is reduced from 8 hours to 7
hours, while the heating and cooling gradients remain
constant. The temperature field and stress field of the
core concrete under different constant steam curing
times are analyzed.

As shown in Fig 5, the temperature variation
trajectories at the center of the core concrete are similar
for the two constant curing times, while the
temperature–time curves during the cooling stage shift
with changes in the constant curing duration. When the
constant curing time is 7 h, the peak temperature occurs
at t = 11 h, with a maximum value of 66.42°C; when the
constant curing time is 8 h, the peak temperature still
occurs at t = 11 h with the same maximum value of
66.42°C. Therefore, under a constant curing temperature,
extending the constant curing time does not affect either
the peak temperature or its occurrence time.

Fig.5 Temperature–time history curves at the center of the core
concrete under different constant curing times

Fig.6 Temperature difference–time history curves between the inner
and outer surfaces of the core concrete under different constant

curing times

As shown in Fig 6, the variation trends of the
temperature difference between the inner and outer
surfaces of the core concrete are also similar for the two
constant curing times, and the temperature-difference
curves during the cooling stage shift with the constant
curing duration. When the constant curing time is 7 h,
the maximum temperature difference occurs at t = 13 h
with a value of 19.65°C; when the constant curing time
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is 8 h, the maximum temperature difference occurs at t =
14 h with a value of 19.61°C. Thus, a longer constant
curing time slightly reduces the maximum inner–outer
temperature difference of the core concrete, although the
overall variation remains small.

As shown in Fig 7, the stress variation trends at the
characteristic points of the core concrete are similar
under the two constant curing times, while the stress–
time curves during the cooling stage shift with changes
in the constant curing duration. When the constant
curing time is 7 h, the maximum tensile stress at the core
center occurs at t = 15 h with a value of 0.47 MPa, and
the maximum tensile stress at the surface occurs at t =
12 h with a value of 0.65 MPa. When the constant
curing time is 8 h, the maximum tensile stress at the core
center occurs at t = 16 h with a value of 0.61 MPa, and
the maximum tensile stress at the surface occurs at t =
13 h with a value of 0.66 MPa. Overall, under a constant
curing temperature, a longer constant curing time leads
to higher tensile stresses in the core concrete during the
cooling stage, making the tensile stress peak more likely
to exceed the concrete strength at the corresponding
time.

Fig.7 Time history curves at the characteristic points of the core
concrete under different constant curing times

3.2.2 heating and cooling durations

The model keeps the concrete material (C55),
demolding time (10 h), initial mold temperature (20°C),
curing temperature (constant 52°C), and constant
temperature curing duration (8 h) unchanged. The
heating and cooling durations are increased from 2 h to
3 h, that is, the heating and cooling gradients are
reduced. The temperature field and stress field of the
core concrete under different heating and cooling
durations during steam curing are then analyzed.

As shown in Fig 8, the temperature variation
trajectories at the center of the core concrete are similar
under the two heating and cooling durations. A smaller
temperature gradient results in a more gradual
temperature evolution in the core concrete. When the
heating and cooling duration is 2 h, the peak temperature
occurs at t = 11 h with a maximum value of 66.42°C;
when the duration is increased to 3 h, the peak
temperature occurs at t = 12 h with a slightly lower
maximum value of 66.29°C. This indicates that a
smaller temperature gradient leads to a lower peak
temperature in the core concrete.

Fig.8 Temperature–time history curves at the center of the core
concrete under different heating and cooling durations

Fig. 9 Temperature difference–time history curves between the inner
and outer surfaces of the core concrete under different heating and

cooling durations

As shown in Fig 9, the variation trends of the
temperature difference between the inner and outer
surfaces of the core concrete are also similar under the
two heating and cooling durations. A smaller
temperature gradient results in a smaller inner–outer
temperature difference during the heating stage, while a
larger difference is observed during the cooling stage.
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When the heating and cooling duration is 2 h, the
maximum temperature difference occurs at t = 14 h with
a value of 19.61°C; when the duration is extended to 4 h,
the maximum temperature difference occurs at t = 15 h
with a value of 17.89°C. Therefore, a longer heating and
cooling duration reduces the maximum inner–outer
temperature difference of the core concrete, although the
variation in temperature difference is relatively
pronounced.

As shown in Fig 10, the stress variation trends at the
characteristic points of the core concrete are similar
under the two heating and cooling durations. When the
heating and cooling duration is 2 h, the maximum
compressive stress at the core center is 2.76 MPa and the
maximum tensile stress is 0.61 MPa; the maximum
compressive stress at the surface is 2.17 MPa and the
maximum tensile stress is 0.66 MPa. When the heating
and cooling duration is increased to 3 h, the maximum
compressive stress at the core center is 2.78 MPa and the
maximum tensile stress is 0.51 MPa; the maximum
compressive stress at the surface remains 2.17 MPa and
the maximum tensile stress remains 0.66 MPa. These
results indicate that the heating and cooling duration has
a limited effect on surface stresses but a more
pronounced influence on stresses at the core center. A
longer heating and cooling duration leads to lower stress
levels in the core concrete, thereby reducing the risk of
early-age cracking.

Fig.10 Temperature difference–time history curves between the inner
and outer surfaces of the core concrete under different heating and

cooling durations

3.3. Effect of demoulding time on
temperature field and stress field

The model keeps the concrete material (C55), initial
mold temperature (20°C), curing regime (heating for 2 h,
constant temperature curing for 8 h, and cooling for 2 h),

and curing temperature (constant 52°C) unchanged. The
demolding time is increased from 10 h to 11 h, and the
temperature field and stress field of the core concrete
under different demolding times are analyzed.

Fig.11 Time history curves of core feature points with different
demoulding time

As shown in Fig 11, the stress variation trends at the
characteristic points of the core concrete are similar for
the two demolding times, and the occurrence times of
the stress peaks remain the same. When the demolding
time is 10 h, the maximum compressive stress at the
core center is 2.76 MPa and the maximum tensile stress
is 0.61 MPa; the maximum compressive stress at the
surface is 2.17 MPa and the maximum tensile stress is
0.66 MPa. When the demolding time is extended to 11 h,
the maximum compressive stress at the core center
remains 2.76 MPa, while the maximum tensile stress
decreases to 0.52 MPa; the surface compressive and
tensile stress maxima remain unchanged at 2.17 MPa
and 0.66 MPa, respectively. These results indicate that
the demolding time has a limited effect on surface
stresses but a more pronounced influence on stresses at
the core center. Earlier demolding leads to higher tensile
stresses in the core concrete during the cooling stage,
making the tensile stress peak more likely to exceed the
tensile strength of concrete and thus increasing the risk
of cracking.

4. Conclusion

Through the parametric analysis, this study
investigates the effects of five factors—including steam
curing temperature, constant temperature curing
duration, heating and cooling durations, and demolding
time on the temperature field and stress field of PCCP
core concrete under summer construction conditions.
The following conclusions are drawn:
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(1) When the curing duration and demolding time
remain unchanged, the curing temperature has a
significant influence on the peak temperature, the
occurrence time of the peak temperature, the maximum
inner–outer temperature difference, and the peak stress
of the core concrete, while it does not affect the
occurrence times of the peak stress and the maximum
temperature difference. Higher curing temperatures
result in higher peak temperatures, peak stresses, and
inner–outer temperature differences, and lead to an
earlier occurrence of the temperature peak. In particular,
the compressive stress during the heating stage is more
likely to exceed the concrete strength. Therefore, the
steam curing temperature should be reduced as much as
possible while ensuring that the design strength of the
concrete is satisfied.

(2) When the curing temperature and demolding time
are kept constant, the constant temperature curing
duration has little effect on the peak temperature and its
occurrence time, and only a minor influence on the
maximum inner–outer temperature difference and peak
stress. A longer constant temperature curing duration
slightly reduces the maximum inner–outer temperature

difference during the cooling stage but increases the
tensile stress. Thus, the constant temperature curing
duration should be shortened as much as possible while
ensuring sufficient demolding strength.

(3) When the curing temperature and demolding time
remain unchanged, the heating and cooling durations
have little effect on the peak temperature but exert a
significant influence on the peak stress and the
maximum inner–outer temperature difference. Longer
heating and cooling durations reduce the peak
temperature, the maximum temperature difference, and
the peak tensile and compressive stresses. Therefore, the
heating and cooling durations should be extended as
much as possible without compromising construction
efficiency.

(4) When the curing temperature and curing duration
remain unchanged, earlier demolding leads to higher
tensile stresses in the core concrete, although the overall
effect of demolding time on core stress is relatively
small.

Conflict of Interest: The author confirm that there is no
conflict of interest related to the manuscript.
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