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Understanding the time-dependent brittle deformation behavior of concrete as a main building material is fundamental for the
lifetime prediction and engineering design. Herein, we present the experimental measures of brittle creep failure, critical behavior,
and the dependence of time-to-failure, on the secondary creep rate of concrete under sustained uniaxial compression. A complete
evolution process of creep failure is achieved. Three typical creep stages are observed, including the primary (decelerating),
secondary (steady state creep regime), and tertiary creep (accelerating creep) stages. The time-to-failure shows sample-specificity
although all samples exhibit a similar creep process. All specimens exhibit a critical power-law behavior with an exponent of —0.51 +
0.06, approximately equal to the theoretical value of —1/2. All samples have a long-term secondary stage characterized by a constant
strain rate that dominates the lifetime of a sample. The average creep rate expressed by the total creep strain over the lifetime (t ,—t,)
for each specimen shows a power-law dependence on the secondary creep rate with an exponent of —1. This could provide a clue
to the prediction of the time-to-failure of concrete, based on the monitoring of the creep behavior at the steady stage.

1. Introduction

When concrete is subjected to sustained loading, it exhibits
the phenomenon of creep. This phenomenon has been
recognized long time ago by both structural and mate-
rial engineers. Creep behavior of concrete is an important
phenomenon to be taken into account for evaluating and
analyzing the behavior of concrete structures [1, 2]. General
creep trends of concrete have been established and are well
known [1, 3], and models have been proposed to predict creep
in the design of concrete structures [2]. However, despite
major successes, the phenomenon of creep is still far from
being fully understood, even though it has occupied some of
the best minds in the field of cement and concrete research
and materials science [3]. Particularly, most of the work that
has been pursued in the area of creep behavior was conducted
at low levels of stress [4-6] and early-age creep [7], and the
brittle creep behavior of concrete under sustained load levels
that are close to its short-term strength is not well known.

Concrete is brittle and under high-sustained loading,
creep failure can occur after a certain time [8, 9]. This
behavior is referred to as static fatigue in materials, and it
is thus important to understand the behavior of materials.
However, whilst this phenomenon has been studied exten-
sively in metals [10], polymer plastic materials, and rocks [11],
the time-dependent failure of concrete has been investigated
only to a very limited extent. Because of the extensive range
of the variety of constituents entering a concrete mix, it is
often difficult to make definite comparisons. Efforts have
been made in micromechanics of the effect of concrete
composition on creep [12]. Viscoelasticity and crack growth
govern the long-term deformability of concrete and thus its
service behavior and durability [13]. For low-load levels, the
viscoelastic behavior appears quasi-linear, and crack growth
is inactive. On the other hand, for high-load levels, cracks
grow and interact with viscoelasticity [13]. Nevertheless, as
noted by researchers the best way to achieve good long-time
predictions is to conduct short-time tests on the concrete and
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FIGURE 1: The test set-up.

then extrapolate them on the basis of a good prediction model
incorporating as much as possible of the physics of creep
[3, 14]. Macroscopic scaling laws are necessary if we wish to
extrapolate the laboratory results in an attempt to understand
the process of brittle creep in concrete at the time-scales and
strain rates in practical engineering. The critical behavior of
the signals could be a basis for forecasting the time-to-failure
of materials [15].

The time-dependent brittle deformation of concrete usu-
ally causes concrete to fail under constant stress that is
well below its short-term strength over an extended period
of time, a process known as brittle creep. The process of
creep failure in other brittle materials, such as rock, is
typically classified by the following three consecutive stages:
primary creep, secondary creep, and accelerating tertiary
creep, which is a precursor to failure [16, 17]. The available
literatures [18-21] on creep failure of concrete focus mainly
on tensile and flexural creep failure. The creep curves for
concrete from tensile and flexural creep tests [8, 22] also
display a three-stage process, corresponding to the change in
creep rate. The current knowledge of the brittle creep failure
behavior of concrete under compression is comparatively
not well defined, and it lacks complete experimental results.
Nevertheless, it is particularly important for the design and
safety assessment of large concrete dams, concrete works in
underground engineering, and so on. In these engineering
applications, concrete materials are always loaded under
long-term compression. It has been shown that basic creep in
compression is significantly more important than basic creep
in tension [23].

In this paper, through constant uniaxial compression tests
for concrete, we discuss three regimes of concrete under
constant load and introduce the simple rule between the axial
deformation rate of the concrete and the rupture time. This
law has an important theoretical and practical significance for
predicting concrete creep damage.

2. Materials and Specimen Preparation

Each concrete specimen used was a rectangular block,
160 mm high, 40mm X 40mm in cross section. Each
specimen was cast in an accurately machined steel mold.
The components of the concrete were silicate cement (28-
day strength of 42.5 MPa), natural river sand (fine aggre-
gate), and limestone coarse aggregate (4.75-16 mm in size).
The mixture proportion by weight of cement: water : fine

aggregate : coarse aggregate was 1:0.58: 2.13: 3.80. The speci-
mens were cured for 28 days in a fog room at 20 + 2°C and at
a relative humidity (RH) >95%. The age of loading concrete
is about half a year.

3. Experimental Methodology

All specimens were uniaxially compressed in the vertical
direction (along the 160 mm axis) at room temperature using
a universal electromechanical testing machine, equipped
with a load cell with a load step of 1kN. The deformation u
of the tested specimens was measured using an extensometer
with a resolution of 1m located on the sides of the speci-
mens. The test set-up is shown in Figure 1.

Before brittle creep experiments, a series of monotoni-
cally increasing load experiments was conducted by control-
ling the monotonic increase of the crosshead displacement of
the testing machine in order to obtain the short-term failure
characteristics of the concrete. In these experiments, the
displacement of the crosshead was the governing displace-
ment that combined the deformation of the loading apparatus
and the deformed concrete specimen. The displacement of
the crosshead was measured continuously using the linear
variable differential transformer (LVDT).

The stress used for the creep tests is determined to be
equal to approximately 90% of the peak stress of the short-
term failure tests. A series of conventional brittle creep
experiments were then performed at a predetermined stress.
Figure 2 shows the detailed loading process of a sample as
an example. We designed the procedure for the brittle creep
tests according to the definition of creep. During the tests, all
specimens were rapidly loaded to the predetermined stress
state with a rate of 5 MPa/s, which is shown in the initial
loading phase in Figure 2(a), for the subsequent creep test.
The loading was then stopped and the samples were allowed
to deform under constant stress (the parts of the creep phases
where forces were kept constant in Figure 2(a) until failure).
It is shown in Figure 2 that the strain of the samples increased
rapidly during the phase of the application of the initial stress.
It is clearly indicated that the force is kept constant during the
creep phase of the experiment.

4. Results and Discussions

4.1. Monotonically Increasing Displacement Experiments. The
initial calibration experiments were conducted in order to
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FIGURE 2: Force-time and strain-time plots of a typical creep experiment on concrete as an example of demonstration of the loading process.
(a) The curve of axial force versus time and (b) the curve of the axial strain versus time. It is clear that the load is kept constant during the
creep phase. The strain of the sample increases with time at an applied constant force and eventually leads to a sudden macroscopic failure.
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FIGURE 3: Dynamic rupture in concrete (samples are labeled as
MS1, MS2, MS3, and MS4) under monotonic loading at a constant
displacement rate (0.05 mm/min). The specimens fail suddenly in
the postfailure stage after the peak force is reached. Concrete exhibits
some scatter in the attained peak force and failure strain. In these
monotonic tests, the displacements in the brittle creep tests are
selected to be the same as those corresponding to the 80-90% peak
forces.

obtain the short-term failure characteristics of the tested
concrete materials, using 12 specimens that were compressed
by controlling the crosshead displacement, monotonically
increasing at a rate of 0.1 mm/min until failure (i.e., no-hold
step). The sizes and shapes of specimens were the same as
those chosen for the creep experiments. Figure 3 shows the
representative displacement-stress curves for four concrete
specimens as examples.

It can be seen that the concrete specimens exhibit typical
stress-strain curves of brittle heterogeneous material like
concrete and rock. At a very early stage of the compres-
sion test, the stress-displacement curve was slightly convex
upwards. Later, an almost linear stress-displacement relation
was elicited. The slope of the stress-displacement curve then
decreased and after some time it reached the peak stress.
Eventually, the specimens failed suddenly at some point
in the postfailure stage, after the peak stress. The failure
could be attributed to the accumulation and coalescence of
microcracks and microdefects. The average peak stress of
the 12 specimens was 52.67 + 5.51 MPa, with a coefficient of
variation of 0.10.

4.2. Brittle Creep Experiments. Brittle creep failure experi-
ments were performed on concrete specimens in order to
yield times-to-failure and creep strain rates. The applied
stresses in the brittle creep tests were selected to be between
80% and 90% of the peak stress in the monotonic tests
(Figure 3). As noted above, the detailed loading process of the
specimens is shown in Figure 1 as an example.

In brittle creep tests, 11 samples were loaded with different
initial stresses during the brittle creep tests. Some samples
failed immediately upon the application of the initial stress
(these experiments were discarded as they produced no data;
some samples did not fail during the available time window of
4 days) and these experiments were also discarded. Following
this calibration for the distribution of sample strengths, we
conducted four tests with prescribed initial stresses of about
90% of the peak stress. In order to show the load process and
the level of the predetermined stresses for each experiment,
curves of the axial stress against time for four samples are
shown in Figure 4. It is indicated that all samples failed
abruptly after the process of constant stress maintenance. The
photographs of failed samples shown in Figure 5 indicate that
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FIGURE 4: Axial stress versus time curves of four concrete samples
(labeled as CS1, CS2, CS3, and CS4) during the total loading process,
including the initial loading phases and the following creep phases.

FIGURE 5: Photos of failed samples in brittle creep experiments.

localization occurred when samples evolved to macroscopic
failure.

During the phase where the samples were maintained
at a constant stress, concrete exhibited an obvious creep
behavior. Figure 4 shows the curves of strain against time
for all four samples during the creep phase. It is clear that
all curves exhibited the three typical stages of creep that
characterize brittle creep deformation. The strain-time curves
are characterized by the first stage of primary (transient)
creep, followed by the secondary creep and by a stage of
tertiary creep.

Each primary creep stage is characterized by an initially
high strain rate that decreased with time to reach an almost
constant, secondary stage strain rate that is often interpreted
as steady creep. Finally, samples entered a tertiary phase
that is characterized by an accelerated increase of strain.

Advances in Materials Science and Engineering

This eventually resulted in macroscopic failure of the samples.
From Figures 6-7, it is clear that the secondary stage domi-
nated the lifetime of samples.

Further investigation is needed to assess whether a
specimen developing steady state creep may fail if the load
is sustained for a sufficiently long time. Accelerated strain
rate in the tertiary stage can be attributed to the fact that the
concrete became weaker and increasingly fractured. In many
tests of brittle concrete, the tertiary stage creep was missed
owing to the rapid brittle failure of samples at this stage.

In order to further characterize the three stages of the
evolution of the properties of concrete’s creep failure, the first
derivatives of the strain-time curves, that is, the strain rate
against time, are calculated and shown in Figure 7. The plots
in Figure 7 demonstrate that there is a long and an almost
constant strain rate portion of the curves, as indicated by the
horizontal parts of the curves. The steady state creep strain
rate can be subsequently calculated within this portion of the
creep curve.

4.3. Power-Law Critical Behavior. The acceleration properties
that were considered could be used to obtain a short-term
prediction for the time-to-failure. Many material failure
phenomena, such as volcanoes [24, 25], landslides [26], and
laboratory samples [27-29], are preceded by clear accelerat-
ing rates of strain [30]. It has been widely suggested [30] that
these precursory signals could be the basis for forecasting the
time of failure.

The theoretical analysis [31] has shown that the accelera-
tion behavior of the strain rate near failure can be described
as a power-law behavior de/dt =~ A(1 - t/t f)_“ with an
exponent &« = 1/2. In this paper, the log-log plots of the
axial strain rate versus [1 — (f — to)/(tf — ty)] for the four
specimens are shown in Figure 8, in order to show the critical
power-law behavior near failure. The symbol £ ; represents the
failure time, and as noted above, ¢, is the start time of the
creep phase. Consequently, ¢ — t, is the entire creep time
for each concrete specimen. The fitted results (see the red
lines in Figures 8(a)-8(b) and the solid blue lines in Figures
6(c)-6(d)) of the data near failure for each specimen are also
shown in Figure 8. It is shown that the creep strain rates near
failure for each specimen can be described well by a power-
law relation; namely, strain rate = A[1 - (t —t,)/(t; - to)] ™%
The mean power-law exponent was —a = —0.51 + 0.06, which
is almost equal to the theoretical value of —1/2 [31].

4.4. Dependence of Time-to-Failure on the Secondary Creep
Rate. In the brittle creep process, the secondary stage of
deformation dominates the entire lifetime of the specimen.
In the experiments, a steep creep slope in the secondary stage
implies a short lifetime with the lifetime represented by a
power-law relationship. The dependence of the lifetime on the
creep slope A of the secondary stage is shown in Figure 9. It is
indicated that has exhibited an almost linear relationship with
a secondary creep rate A,. So, the lifetime (¢; — £,) for each
specimen shows a power-law dependence on the secondary
creep rate with an exponent of —1.
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FIGURE 8: Log-log plots of axial strain rate against time for four specimens. The power-law fits (see the solid red lines in (a) and (b), and the
solid blue lines in (¢) and (d)) to the experimental data near failure are indicated in the figures. The power-law exponent is equal to —0.51+0.06
and it is approximately equal to the theoretical value of —1/2 quoted in [31].

4.5. Discussions. Brittle failure in concrete is driven by micro-
crack growth. For low-load levels, crack growth would not
occur. However, for high-load levels, crack growth is active
and, coupled with viscoelasticity, governs the deformability of
concrete and thus its durability. It has been shown [13, 32] that
models taking crack evolution and the viscoelastic behavior
of concrete into consideration can reproduce the experimen-
tally observed trends and explain the effects observed in creep
failure tests.

In essence, the evolution of the macroscopic response
depends on the microphysical properties and microdamage
process of the sample, which induces sample-specificity
of time-to-failure. The time-to-failure of concrete samples
depends on the sample’s microstructure evolution. Variabil-
ity in the initial microstructures (such as crack density,

porosity, and their heterogeneous distribution) could lead
to diversification in both creep patterns and time-to-failure
among samples deformed under the same loading conditions.
Consequently, for a given concrete composition and loading
conditions, time-to-failure and creep curves can be highly
variable from one sample to another, because of the intrinsic
variability of concrete microstructures.

In the present experiments, the difference in the imposed
creep stresses was so small that it could not eliminate the
effect of sample variability on time-to-failure. Thus, the data
from the present creep experiments do not show a strong,
direct dependence of time-to-failure on the stress level. In
order to fully describe the differences in time-to-failure for
various samples as a function of applied stress, it is necessary
to perform a series of creep failure experiments over a wider
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range of imposed creep stresses for which brittle creep failure
occurs that are different percentages of the peak stress of
the monotonic tests, yielding a range of different times-to-
failure. Their eventual macroscopic failure patterns are also
different from each other, as shown in Figure 5.

However, the responses obtained do present scaling law
patterns, which allow the possibility of extrapolating the
laboratory results to understand the processes occurring
in actual structures. The reason that the concrete samples
exhibit the scaling law is that the sizes of the microdamage
events are usually much smaller than those of the eventual
macroscopic failure events.

5. Conclusions

The experimental data presented in this paper demonstrated
that the creep failure of concrete under compression exhibits
the three typical evolutionary stages that lead to an eventual
macroscopic failure. Samples exhibited sample specificities
of the time-to-failure and macroscopic failure patterns but
showed similarities in creep process and macroscopic scaling
laws.

Concrete specimens tested in the present experiments
showed an obvious tertiary stage before the macroscopic
failure. The strain rates in the tertiary creep stage of the
concrete increased rapidly and led to an acceleration creep.
The acceleration creep near failure exhibited a critical power-
law behavior with an exponent of —0.51 + 0.06 that was
approximately equal to the theoretical value of —1/2.

The curve of the strain rate against time indicated that
there existed a long-term stage where the strain rate sustained
a constant value. This implied that the secondary stage with
a constant strain rate dominated the lifetime of concrete.

The average creep rate expressed by the total creep strain over
the lifetime (t; — £,) for each specimen showed a power-law
dependence on the secondary creep rate with an exponent of
—1. This could provide a clue to the prediction of the time-
to-failure of concrete, based on the monitoring of the creep
behavior in the steady stage. Also, we can estimate the onset of
the third stage based on when the strain rate begins to deviate
from the fitted slope of the secondary stage.
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