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h i g h l i g h t s

� A viscoelastic–plastic creep model for early age concrete creep prediction was established.
� The acoustic emission test was conducted to identify any damage that might have occurred during creep.
� Experiment on the nonlinear creep of early-age concrete was carried out.
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a b s t r a c t

Creep of early age concrete is more significant than that of hardened concrete, and it is possible that early
age concrete creep presents nonlinearly because of high stresses imposed during construction. In this
paper, a viscoelastic–plastic model was proposed to simulate early age concrete creep. Experiments of
early age creep of concrete under different stresses, have revealed the nonlinear features of specimens
under high stresses. Acoustic emission (AE) technology was applied to collect damage information of
early age concrete during creep, and the relationship between the degree of damage and increments of
nonlinear creep was deduced according to test data. The parameters involved in the model were
regressed. Also, a modified B3 model was proposed to consider nonlinear creep increments of concrete.
It can be conclude that the item concerning concrete damage in the proposed model is important for pre-
dict the nonlinearity of early-age concrete creep, and it can be used to modify existing models.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Creep is an important time-dependent behavior of concrete and
can result in adverse effects, such as increasing deformation, redis-
tributing stress and internal force, and even structural failure [1,2],
on structures. To most concrete structures, creep effects caused by
early age loading are universal, and early age creep is more signif-
icant than creep in hardened concrete [3–5]. Because early age
concrete is immature, and with rather low strength, relatively high
stress levels would be imposed on the concrete, and early age creep
would present nonlinear features [6,7], which would not adhere to
the Boltzmann superposition principle.

Existing research on early age concrete creep has focused more
on issues concerning concrete under tensile stress caused by
shrinkage and temperature rather than concrete under compres-
sive stress. In practice, cases of concrete subjected to compressive

stress at early ages are common, e.g., concrete dams, continuous
beams constructed by cantilever methods, high-rise piers, and
concrete-filled steel tubular arch bridges constructed by non-
bracket methods. It should be noticed that different developing
rules were found between the tensile and compressive creep of
early age concrete [8].

Under high stress levels, creep sourcing from micro-cracks in
concrete should be recognized as nonlinear [9]. In early age con-
crete, the volume of cement hydration products increases sharply
with time, and porous structures in cement gel change violently.
Mechanisms of nonlinear creep in early age concrete require addi-
tional study [10]. Another important topic is whether existing
macroscopic creep models (fib 2010 [11], B3 [12], ACI 209 [13],
GL2000 [14]) and mesoscopic models [15–17] suitable for predic-
tion of creep can be used to describe nonlinear features. Models
formed on the basis of the superposition principal do not meet
the requirement.

If the nonlinearity of creep from damages in concrete is sub-
stantiated, the difficulty lies in how to quantify the damage during
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creep. In the past 30 years, acoustic emission (AE) technology has
been widely used to detect damages in structures [18–24]. Its
operating principle is that, once damage occurs in the concrete,
elastic waves are produced concomitantly and can be detected
by acoustic receiving sensors. After which, real-time corresponding
relations between the damage and the sound signals received can
be determined. Some studies have focused on the use of AE tech-
nology testing on concrete creep [9,25–27]. It is possible that the
technology can be used to detect the evolution of damage during
creep.

This paper aims at discovering the developing rules of early age
creep in concrete under different stress-strength ratios. Rheologi-
cal theory was used to develop a viscoelastic–plastic model for
early age concrete creep. Based on the test data and relationship
between damage and nonlinearity of creep, a modified B3 model
was proposed. Early age concrete creep under different stresses
were tested, and AE technology was used to obtain damage infor-
mation in concrete during creep. The relationship between con-
crete damage and nonlinearity of creep was suggested, and it is
valuable to recognize the mechanism of nonlinearity of creep in
concrete under high stress.

2. Viscoelastic–plastic model for early age concrete creep

2.1. Model formation

Through the assembly of models by various rheological compo-
nents, which can characterize the basic properties of materials,
such as elasticity, viscoelasticity, viscidity, or damage, a compre-
hensive performance of materials could be depicted. At present,
these kinds of models have been widely used to simulate creeps
in rocks [28], asphalt [29], and high-polymer materials [30], as well
as concrete [31].

In general, the creep strain of concrete can be divided into three
parts: elastic strain, recoverable viscoelastic strain, and unrecover-
able viscous strain [1]. For early age concrete, unrecoverable visco–
plastic strain likely occurs from damages induced by high stress
levels. Therefore, an early age creep model can be established by
assembling the following rheological components. In the model,
the elastic- and visco strain are represented by a Maxwell model
that consists of a spring with stiffness E1 and a damper with the
rheological coefficient of g1 in a series (see ① and ②, Fig. 1); the
viscoelastic strain by Kelvin model, combined with the parallel
connection of a spring E2 and a damper g2 (see ③ and ④, Fig. 1);
and visco–plastic strain by a Bingham model combined with the
parallel connection of a damper g3 and a Saint-Venant body rvp

(see ⑤ and ⑥, Fig. 1).
As stated, concrete would be damaged under relatively high

stresses and its creep strain presents nonlinearly. In this model,
the Bingham model was included to feature the nonlinear aspect
of the early age concrete creep. If stresses exceed rvp of the
Saint-Venant body, which signifies damage, the Bingham model
takes its effect, or else its strain is zero.

2.2. Parameter determination

Herein, the strain of the Maxwell model under stress of r can be
expressed as

eM ¼ ee þ ev ¼ r
E1

þ
Z t

t0

r
g1

dt; ð1Þ

in which, eM , ee, and ev denote strains of the Maxwell model, and
spring ① and damper ② under stress r, correspondingly; ee and
ev can be determined by elastic strain and unrecoverable strain,
respectively.

Strain of the Kelvin model can be expressed as

eK ¼ r
E2

1� e�
t�t0
s

� �
; ð2Þ

in which, eK denotes strain of the Kelvin model, which can be mea-
sured by recoverable strain in experiments; t and t0 mean time and
loading age, respectively; and s is an effective time coefficient,
s ¼ g2

E2
.

The stress–strain relationship of the Bingham model depends
on whether the Saint-Venant body is triggered and can be
expressed as

eB ¼
0 r 6 rvpR t
t0

ðr�rvpÞ
g3

dt r > rvp

(
ð3Þ

in which, eB is strain of the Bingham model, related with damages
occurred during creep; rvp is critical stress to trigger the Saint-
Venant body.

In summary, the total strain of the early age creep could be
obtained by
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3. Experimental investigation

Two groups of early age concrete specimens were loaded at 2 d
of age with different initial stress-to-strength ratios in the experi-
ment. Each group was unloaded completely at different ages to
explore the time dependence of concrete viscoelasticity. AE tests
of the loaded specimens were performed to quantify damages that
occurred during creep.

3.1. Materials and specimen preparation

3.1.1. Raw materials and mix proportion
Ordinary Portland cement, 42.5 MPa strength, was used in the

experiment; its chemical components are given in Table 1. Coarse
aggregates used gravels with continuous grading from 5 to 25 mm,
and sand diameters were from 0.15 to 4.75 mm and with a fineness
modulus of 2.6. The mix proportion of the concrete is given in
Table 2.

3.1.2. Specimen description
The specimens are prism-shaped and 100 � 100 � 300 mm in

size. All of the specimens for the creep test were 2 days old when
loaded and were separated into two groups. The specimens in one
group were loaded with stresses of 18, 39, 58, and 76% of concrete
strength at 2 days old, respectively, and were unloaded on the
tenth day after loading. Those in the other group were loaded with
stresses of 38, 55, and 74%, respectively, and were unloaded on the
25th day after loading, as listed in Table 3. According to the tests onFig. 1. Formation of a viscoelastic–plastic model for early age creep of concrete.
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