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Energy-based nonlinear damage
creep model considering the
influence of the concrete creep
rate
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School of Civil Engineering, Liaodong University, Dandong, China

In order to study the influence of confining pressure on the deformation
of concrete, triaxial compression and creep tests under different confining
pressures are carried out using a combination of laboratory tests and theoretical
analysis. Based on the whole creep process curve of concrete and the
energy conservation theorem, viscoplastic and accelerated creep models are
established by introducing loading rate equations at different stages. Taking time
and stress as the triggering conditions of the creep model, the model parameters
are identified by fitting the test curve, and a nonlinear creep damage model is
established, which can better reflect the creep development characteristics of
concrete. The results showed that the fitting curves closely matched the test
results. The newly established damage creep model can better describe the
deformation characteristics of the creep failure stage under different confining
pressures and stress levels. It can effectively describe the nonlinear creep
development trend of concrete during the accelerated creep stage. In general,
the creep model has a high degree of accuracy in capturing the damage
description of concrete.

energy conservation theorem, concrete, confining pressure, viscoplastic, accelerated
creep

1 Introduction

With the improvement in China’s economic construction level and the increasing social
demand, infrastructure construction is developing rapidly (Zhong, 2006; Wang and Liew,
2016; Yun et al., 2024). Concrete materials play an irreplaceable role in various engineering
construction projects. Concrete materials have many advantages such as strong adaptability,
low cost, high compressive strength, and simple construction. It is widely used in major
construction projects such as high-rise buildings, tunnel linings, roads, and bridges (Roeder
and Brown, 1999). It has become the main component of building structures in today’s era,
and it is one of the building materials with the largest application range and amount in
civil engineering. According to the statistics of the concrete industry, China’s commercial
concrete production has reached 3.293 billion square meters in 2022, an increase of 15.83%
year-on-year. Nowadays, China is in a high-speed period of infrastructure construction
and development (Pignatelli et al., 2016). Concrete still occupies an important position in
the field of engineering construction. However, compared with the rapid development of
concrete engineering construction projects year by year, the research on concrete mechanics
is relatively lagging (Cascardi et al., 2024). In particular, it is still a challenging problem to
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study the mechanical properties and damage of concrete under
complex stresses such as dynamic loads (Zhang et al., 2017).

Concrete material is a composite material composed of cement,
sand, water, and other materials. Due to the complexity and diversity
of the material structure, the analysis of its mechanical properties
and failure deformation has always been the focus of many
scholars. Any material in nature has certain rheological properties.
In construction projects, most material failures do not occur
instantaneously but rather evolve gradually over time (Bary et al.,
2013). Concrete materials are no exception. Under a long-term load,
the deformation of concrete structures will gradually accumulate
and increase with time. This phenomenon is called concrete creep,
also known as concrete creep deformation (Zhang et al., 2014;
ACI, 2019; Bazant and Jirdsek, 2018). Creep deformation has a
great influence on the safety of its structure. In many concrete
projects, the creep deformation of concrete structures is observed
to increase gradually with time. In severe cases, it is several times
higher than the instantaneous strain value. For concrete materials,
creep deformation will cause cracks in the concrete structure. Cracks
will continue to develop over time. The long-term action will cause
damage to the concrete structure. In construction engineering,
damages such as concrete dam cracks and shaft wall concrete
rupture, etc., are related to the creep characteristics of concrete.
At the same time, concrete has a complex internal structure, and
a large number of microcracks and small voids are distributed in
the early stage of formation (Huang and Hamed, 2013; Zhang et al.,
2013). Under the long-term external stress of concrete, the cracks
inside the structure will gradually develop and eventually form
macroscopic cracks. This leads to a decrease in the strength and
stiffness of concrete, thus affecting the stability and durability of the
structure. Therefore, it is of great engineering value to study the creep
deformation and failure of concrete. It can provide a theoretical basis
and reference for the safety and stability of concrete engineering
(Charpin et al., 2018). A full understanding of creep properties is
also crucial for the mechanical behavior and long-term stability of
concrete structures (Wendner et al., 2013).

The relationship between stress, strain, and time can be obtained
by the creep test. The creep constitutive relationship is derived
from the establishment of the rheological model. As early as the
last century, Kelvin and Bergs et al. found that the deformation of
the material is closely related to the load time through relevant
tests. Based on the test, the use of elasticity, plasticity, viscosity,
or a combination of the three has been proposed to represent the
rheological properties of the material. Studies have shown that
when concrete is subjected to large stress loads for a long time,
the linear creep of concrete will evolve into nonlinear creep. How
to describe the creep characteristics of concrete materials in the
three stages of primary, steady-state, and accelerated creep has
become the focus of many scholars. Liu et al. (2021) analyzed the
creep characteristics of concrete under water-rock coupling and the
relationship between the water content and creep deformation of
concrete. Considering the damage caused by water-rock coupling
and stress, a time-varying creep model of concrete with different
water contents was established. This model not only accurately
reflected the creep characteristics of the primary and steady-state
creep stages but also overcame the shortcomings of the traditional
Nishihara model. Zhang et al. (2022) conducted a 710-day creep
test on high-performance concrete (HPC) with a loading period
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of 45-260 days. A creep model based on concrete was established
and verified by experimental results. This study could provide a
basis for the establishment of a creep model of high-performance
concrete. Wang et al. (2019) proposed a nonlinear creep model
for circular CFST columns. The model was benchmarked based
on available experimental data. Extensive parametric studies were
conducted to investigate the effect of nonlinear creep on the
static response of circular CFST columns. Finally, the applicability
of different algebraic methods in calculating the nonlinear creep
response of circular CFST columns was evaluated based on the
results obtained by the detailed analysis program. Zheng et al. (2022)
characterized the weakening effect of water and overstress as a
time-independent damage function and a time-dependent damage
function, respectively. These were then combined and applied to a
modified creep model that could represent the elastic-viscoplastic
creep deformation of concrete. A damage creep model was proposed
to describe the creep behavior of water-bearing concrete. Meng
(2022) introduced the variable order fractional operator to capture
the high-temperature creep behavior of concrete by assuming that
the variable order function was a linear function over time. The
proposed model benefited from a simple form and incorporated
the physical significance of macroscopic intermediate materials.
The validity of the model was proved by fitting the data with the
experimental results of high-temperature creep of two representative
concretes. Bu et al. (2023) introduced the damage variable into
the creep constitutive equation and established a new creep
damage coupling model. The model used the statistical damage
theory framework and assumed that the damage variables follow
the random distribution described by the Weibull function. The
accuracy and applicability of the creep damage coupling model
were verified.

Traditional studies on concrete creep predominantly rely on
phenomenological models that describe material behavior through
stress—strain—time relationships. Although these models can capture
macroscopic deformation characteristics, they often fail to reveal the
underlying physical mechanisms of internal damage evolution. In
contrast, the modeling approach based on the energy conservation
theorem offers distinct advantages: first, the energy method
quantifies energy dissipation and release during deformation,
directly linking the initiation and propagation of microcracks
within concrete to macroscopic nonlinear creep behavior. This is
particularly effective in characterizing the abrupt energy changes
during the accelerated creep stage caused by cumulative damage.
Second, the principle of energy conservation provides a unified
framework for multiscale analysis, integrating energy dissipation
mechanisms at the microstructural level (e.g., viscoplastic strain
energy) while coupling macroscopic stress states with damage
evolution. This enables a more comprehensive representation of
the time-dependent behavior of concrete under complex stress
conditions.

In this study, by introducing the energy dissipation coefficient
N\ and strain-rate-dependent functions, we explicitly express
the differences in energy conversion between steady-state and
accelerated creep stages, addressing the limitations of traditional
models in describing nonlinear damage processes. The rationality
and accuracy of the model are further validated through
comparisons between experimental and theoretical curves. This
energy-driven approach not only improves the fitting accuracy of
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TABLE 1 Mechanical properties of cement.

Density (g/cm?®) Setting time/h

Initial setting time

2.53 3.33 5.01

Final setting time ‘

10.3389/fmats.2025.1592952

Compressive

(MPa) strength (MPa)

Break-off strength

3 days 28 days 3 days 28 days

4.98 8.12 29.78 47.66

TABLE 2 Concrete specimens with a strength grade of C30.

Component Water ‘ Cement Sand Fly ash Water-reducing agent
Dosage (kg/m®) 170 295 750 115 750 6.3
Ratio (cement = 1) 0.58 1 2.54 0.39 2.54 0.021

the full-stage creep curve but also provides a more reliable physical
basis for predicting the long-term stability of concrete in engineering
applications.

2 Creep characteristics test of
concrete under different temperatures

2.1 Preparation and processing of concrete
samples

The concrete sample is composed of ordinary Portland cement,
natural river sand, coarse aggregate, fly ash, a high-performance
water reducing agent, and other such materials. The cement is
P-042.5 Portland cement, and the mechanical properties of the
cement are shown in Table 1.

The fine aggregate is natural river sand and machine-made sand.
The fineness modulus of fine aggregate is 2.8, the apparent density is
2.60 g/cm?, and the mud content is not more than 2.0%. The coarse
aggregate is local gravel, with a particle size gradation ranging from
5 mm to 25 mm, and the maximum particle size is 25 mm. F-grade-
11 fly ash was selected as the admixture. The water used is laboratory
tap water. The water reducing agent is a polycarboxylate high-
performance water reducing agent. The mix ratio of the C30 concrete
sample used in this test is determined based on the concrete pile
foundation ratio used at the actual construction site. The concrete
specimens with a strength grade of C30 are shown in Table 2.

The sample preparation process is as follows
(Wu et al., 2021; Dusseault et al., 1993).

(1) The concrete test block is placed in a concrete curing box with
a curing temperature of 20°C + 2°C and humidity of 95%. After
28 days of curing, the concrete test block is taken out and then
placed in an indoor ventilation shade.

(2) The drilling sampling equipment is used to sample the
prepared concrete block.

(3) After the concrete coring is completed, the surface is polished
and smoothed using the grinding machine. The diameter of the
cylindrical concrete standard sample is 0 mm, and the height
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FIGURE 1
Some standard samples of concrete.

is 100 mm. The error of sample diameter and height is less
than 0.3 mm.

(4) In order to reduce the influence of the friction effect at the end
of the sample during the testing process, the vertical deviation
angle error between the upper and lower ends of the sample
and the axis of the sample is controlled to be less than 0.25.
The non-parallelism error of the cylinder concrete end face is
+0.05 mm. These measurements meet the requirements of the
testing specifications for the accuracy of the sample.

Some standard samples of concrete are processed
as shown in Figure 1.

Figure 2 shows the fully automatic triaxial compression system,
which was jointly developed by the Guilin University of Technology
and the Institute of Rock and Soil Mechanics, Chinese Academy
of Sciences. This equipment is capable of conducting triaxial

compression and triaxial creep tests on both rocks and concrete.

2.2 Experiment on the mechanical
properties of concrete

During the actual service of the concrete material, its structure
is not a simple one-way or two-axis force. It is often in a
complex triaxial stress state for a long time. The effect of confining
pressure on the mechanical deformation characteristics of concrete
materials is significant. Therefore, this experiment designed a
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FIGURE 2
Fully automatic triaxial compression system.
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FIGURE 3
Stress—strain curves of concrete under different confining pressures.

triaxial compression failure test under different confining pressure
conditions to study the mechanical properties of concrete. In this
paper, the confining pressure is selected as 2 and 4 MPa. The
stress—strain curves of concrete under different confining pressures
are shown in Figure 3.

Figure 3 shows that an increase in confining pressure also
increases the peak strength and peak strain of concrete materials
accordingly. The smaller the bending degree of the axial stress—strain
curve, the smaller the decrease in stress.

2.3 Concrete creep test

Concrete creep test steps are as follows (Oggeri et al.,, 2022;
Zhao et al., 2023; Wang X. K. et al., 2021).
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1) The concrete specimen was installed on the test loading
platform. The loading chamber must be lowered slowly and
filled with hydraulic oil.

2) A loading speed of 0.1 MPa/s gradually loads the confining
pressure to the experimental design value, and then the axial
loading is carried out after the confining pressure is stable.

3) The axial load is loaded to a predetermined value at a loading
speed of 0.5 kN/s, and the sampling interval is set to 1 s. Under
the constant load, the stable creep stage is reached, and the next
load test is entered.

4) When the concrete strain enters the stable creep stage, the next
load is applied.

5) After the test is completed, the sample is taken off the oil. The
damaged concrete sample is numbered and saved, the relevant
test data are saved and processed, and the creep test of the next
sample is carried out.

The specific creep curves under different confining pressures
are shown in Figure 4.

Figure 4 shows that when the load reaches the predetermined
value of the test, the axial deformation of the concrete material under
various loads will gradually accumulate with an increase in time.
Concrete shows obvious creep characteristics. The axial strain of
the specimen is composed of instantaneous deformation and creep
deformation. After the specimen is deformed at the moment of
loading, it enters the creep stage. Creep deformation tends to be
stable with the accumulation of time. The creep strain value of the
specimen also increases with an increase in the axial load stress
level. Under the same stress level, the creep strain also increases
slightly with an increase in confining pressure. When the specimen is
subjected to a lower load, the axial strain reaches stability in a short
time; the strain is mainly due to instantaneous deformation, with
minimal creep deformation.

According to the data in Figure 4, the isochronous stress—strain
curves of concrete under different confining pressures are drawn,
as shown in Figure 5.

Figure 5 shows that the isochronous stress-strain curve is
a cluster of divergent curves. Before the divergence point, the
rock exhibits linear characteristics. After the divergence point,
the rock exhibits nonlinear characteristics. Therefore, the stress
corresponding to the divergence point is taken as the long-term
strength of concrete. When the confining pressure is 2 MPa, the
long-term strength of concrete is 30 MPa. When the confining
pressure is 4 MPa, the long-term strength of concrete is 35 MPa.

3 Nonlinear creep damage model of
concrete

3.1 Viscoelastic—plastic creep model based
on the energy principle

According to Wang X. et al. (2021), in the viscoelastic—plastic
creep stage, the creep process of concrete and rock satisfies the

principle of energy conservation.

oSLAe,, = %AM(Av)z, 1
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FIGURE 4
Specific creep curves under different confining pressures. (a) 2 MPa.
(b) 4 MPa.

where S is the end face area, L is the height, M is the mass,
Ag,, is the microvolume viscoplasticity strain, A is the energy
dissipation coefficient, and Av is the microvolume viscoplasticity
strain rate.

When t < t;, concrete creep is in the stage of steady-state
creep deformation. The creep deformation can be expressed as
follows:

Av=a(o)t, (2)
where a is a test variable related to stress.
By substituting Equation 2 into Equation 1, we obtain
1
0SLAe,,, = EAIM(at)Z. (3)
Frontiers in Materials
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FIGURE 5
Isochronous stress—strain curves of concrete under different
confining pressures. (a) 2 MPa. (b) 4 MPa.
The initial conditions are ¢ = 0 and e, 0. By
integrating Equation 3, we obtain
- A, Ma(o)? @
vl 60SL

When t > t,, concrete creep is in the stage of accelerated
creep deformation. The creep deformation can be expressed as
follows:

Av = b(0)t®, 5)
where b and c are test variables related to stress.
By substituting Equation 5 into Equation 1, we obtain
b(o)?
0SLAe,,, = (2) A, M£), (6)
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TABLE 3 Parameter identification results of the creep test.

G,(GPa) | 0.05567 | 0.09113  0.10955 0.03759 0.06914
K,(GPa) = 170876 | 0.03614 | 0.02593 1.70631 0.02431
G, (GPa) | 0.18617 | 020457 | 0.21143 0.17399 0.57438
H, 7.68897 | 523571 4.1837 3.46828 0.82117
(GPa-h)
a - - 2.48644E- 2.48743 1.57469E-
7 4
A - - 0.00867 5.30216E- 0.0232
6
b - - - - 1E-18
c - - - - 1.41368E16
A - - - - 9.4546E-
11
R 090062 | 0.98843 |  0.98993 0.99267 0.94468
The initial conditions are ¢ = 0 and ¢, = 0. By
integrating Equation 6, we obtain
b(o)®
Eypp = — A, MO, (7)
20SL[2¢(0) + 1]
In general, the instantaneous strain ¢, is
4
€= = (8)
e Ee’

where E, is the instantaneous elastic modulus.

3.2 Creep model of concrete under the
one-dimensional stress state

The viscoelastic strain is

E
€ = i[l—exp<—lt>:|,
EV@ nve

where E,, is the viscoelastic modulus and 7, refers to viscosity

)

coeflicients.
The total strain can be expressed as follows (Wang et al., 2020):
=g, te,tE, +E (10)

vp vp2>

where ¢, is the elastic strain, ¢,, is the viscoelastic strain, is the
viscoplastic strain, and ¢, is the accelerated creep.

By substituting Equations 4, 7-9 into Equation 10, we obtain the

following.
E
[1 —exp(——vet>].
ve 111/8

8vp1

When t < t; and o<0,,

|=

£=—+ (11)

T

o
Ee
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3.3 Creep model of concrete under the

0.7 three-dimensional stress state
test data
L = fitting curve In practical engineering, concrete structures are rarely subjected
Nishihara model curve to a one-dimensional stress state; instead, they are often subjected

to two-dimensional or three-dimensional complex stress conditions
(Bérest et al., 2019). For example, structures such as frame
columns of high-rise buildings, bridge piers, and dams in hydraulic
structures, not only bear vertical pressure but also bear the

Strain (%)

combination of horizontal shear force, bending moment, and
other forces in the process of use, and their internal stress
state is three-dimensional. If only the creep model under the

one-dimensional stress state is used to evaluate the long-term
deformation and performance of these structures, there will be a
. ] large deviation from the actual situation, and the creep behavior of

25 the structure under the complex stress state cannot be accurately
Time (h) predicted, thus affecting the safety and durability evaluation of the
structure (Hou et al., 2019).

(a) The stress tensor o;;
tensor ¢, and deviatoric stress tensor S;. Similarly, strain tensor ¢

can be decomposed into spherical stress

i
can be decomposed into spherical strain tensor ¢,, and deviatoric

test data strain tensor e;; (Sun et al., 2019).

= fitting curve

Nishihara model curve 0 =S+ 6,0,

08

, (14)

g;=e;+ Sijsm

where 81-]- is the Kronecker function, the spherical stress tensor
0,, = (0, + 2053)/3, the spherical strain tensor ¢,, = (& + 2¢5)/3, and
Sj=04-0p (Sha et al., 2018).

Strain (%)

Sij = 2Ge1j (15)
0, =3Ke,, )

where G is the initial shear modulus and K is the initial
bulk modulus.
According to Equations 8, 14, 15, we obtain

0,—03 0+203

& = +—, (16)
3G, 9K,
FIGURE 8 . . . .
Comparison between the Nishihara model and the model in this where is G, is the shear modulus, K, is the bulk modulus, and e, is
paper. (a) 2 MPa. (b) 4 MPa. the instantaneous strain.
According to Equations 9, 14, 15, we obtain
0,0 G
& = 3{1—exp<— Vet)], (17)
3GV€ HVE

where ¢, is the viscoelastic strain, G, is the shear modulus of

When ¢ < t, and 0>0,,
’ the viscoelastic strain, and H,, is the viscosity coefficient of the

1. Ma(o)? viscoelastic strain.

= Ty T e Ly )| MO sy The yield functi ke the following form (Zhao etal

E E, p .. 6oSL eyield function can take the following form (Zhao et al., 2017):
g, 0,—03—0
F= R i B 18
When ¢ > t, and 0>0,, Vi V3 V3 (18)
5 where /, is the second invariant of the stress tensor. In this paper, the
=2, 9 [ 1-exp <_ ]2 t) ] + M 2 concrete is a cylinder. The relationship between the various stresses is
E, e Mye 60SL (13)
2 =

. b(o) AthZC(“)“. 0, >0, = 03. (19)

208L{2¢(0) +1] Therefore, the yield function can be expressed as follows:
Equations 11-13 isa creep damage model of concrete under one- F=+],- 9 _ 0170370 (20)

=], = ,
dimensional stress state. V3 V3
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where J, is the second invariant of the stress tensor.

When t < t,, the creep deformation ¢,"”' can be
expressed as follows:
V31, Ma(F)*
Ep1 = ———————— (21)
6(a, — 03— 0,)SL
When t > t,, the creep deformation &;,"”* can be
expressed as follows:
: V3b(F)?
& ) LMEEA (2

2(0y — 05— 0, )SL[2c(F) + 1]

The total strain € under the three-dimensional stress state can be
expressed as follows:

vpl vp2

_ e ve
e =&l te e tey s (23)

where ¢, is the instantaneous strain under the three-dimensional

¢ is the viscoelastic strain under the three-

stress state, &;;"
dimensional stress state, ,,"”" is the viscoplastic strain under the
three-dimensional stress state, and &,,""! is the accelerated creep
under the three-dimensional stress state.

When ¢ < t; and <0,

By substituting Equations 16-22 into Equation 23, we obtain

0,—-03 0,+203 0,-0 G
£ = —— + - 34 L 3[1—exp<— vet)]. (24)
3G, 9K, 3G,, H,,
When t < t; and 0>0,,
0,—-03 0,+205 0,—-0 G
€, = 1 3+ 1 3+ 1 3[1—exp<— vet)]
3G, 9K, 3G, H,,
25
V3L Ma(F)* | (25)
—_—1t.
6(0, — 05— 0,)SL
When t > t, and 6>0,,
e 0,—03 . 0, +203 . 0,—03 |:1—exp<—Gvet>]
EYe) 9K, 3G,, H,
V31, Ma(F)?
— oo 26
6(0, — 03— 0,)SL (26)
V3b(F)*

th(F)+1

" 2(0, -0, - 0,)SL[2c(F) +1]

Equations 24-26 is the creep damage model of concrete under
three-dimensional stress state.

4 Model parameter identification and
model validation

The nonlinear least squares method is used to fit the creep
test data and identify the parameters (Yang et al, 2017). The
parameter identification results of the creep test are shown in
Table 3.

The creep test data and creep model fitting curve of concrete
under different levels of stress are compared and analyzed,
as shown in Figure 6.

Figure 6 shows that the fitting curves closely match the test
results. The newly established damage creep model can better
describe the deformation characteristics of the creep failure stage
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under different confining pressures and different stress levels. It
can effectively describe the nonlinear creep development trend of
concrete during the accelerated creep stage. In general, the creep
model has a high degree of fitting for the damage description
of concrete, and it has certain theoretical guidance for practical
projects, such as predicting the creep development of concrete and
preventing the damage of creep failure.

As shown in Figure 7, the Nishihara model is a classical
rheological model for describing the creep behavior of rocks and
concrete. Its conventional nature is primarily reflected in its use
of simple combinations of springs, dampers, and sliders to linearly
simulate the material’s creep process. The model divides creep into
three stages—deceleration, steady-state, and acceleration—through
predefined mechanical components. Although it can preliminarily
reflect the time-dependent characteristics of materials, its linear
assumptions and lack of consideration for internal damage-energy
mechanisms make it difficult to accurately describe the nonlinear
damage evolution process under high stress, particularly in
explaining the energy mutation phenomenon during the accelerated
creep stage.

To further demonstrate the superiority of the established model,
a comparison between the Nishihara model and the model proposed
in this study is presented in Figure 8.

Figure 8 shows that based on the principle of energy
conservation, the whole process of concrete creep can be described
more accurately, including the initial creep, steady-state creep,
and accelerated creep stages. At different stages, the mechanism
of energy conversion and dissipation in concrete is different. The
model can reflect these changes through the corresponding energy
equation. It provides a more accurate to fit to the test curve,
especially for the prediction of the accelerated creep stage. Because
accelerated creep is often accompanied by the aggravation of internal
damage and the rapid release of energy in concrete, the description
of the accelerated creep stage is relatively not ideal.

5 Conclusion

(1) The creep model of concrete is established based on the law of
conservation of energy. The one-dimensional creep model is
extended to three dimensions to better reflect the actual stress
state. The model parameters are obtained by fitting, and the
rationality of the model is verified by comparing the theoretical
curve with the experimental results.

(2) The fitting curve and the test results are ideal. The newly
established damage creep model can better describe the
deformation characteristics of the creep failure stage under
different confining pressures and different stress levels. It can
effectively describe the nonlinear creep development trend of
concrete during the accelerated creep stage. In general, the
creep model provides a high degree of accuracy for the damage
description of concrete.

The axial strain of the specimen is composed of instantaneous

deformation and creep deformation. After the specimen is

deformed at the moment of loading, it enters the creep stage.

Creep deformation tends to be stable with the accumulation of

time. The creep strain value of the specimen also increases with

the increase in the axial load stress level. Under the same stress
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level, the creep strain also increases slightly with an increase
in confining pressure. When the specimen is subjected to a
lower load, the axial strain reaches stability in a short time;
the strain is mainly due to instantaneous deformation, with
minimal creep deformation.
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