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In this paper, we describe an experimental study of concrete behavior under a uniaxial tensile load by use
of the thermally-compensated Coda Wave Interferometry (CWI) analysis. Under laboratory conditions,
uniaxial tensile load cycles are imposed on a cylindrical concrete specimen, with continuous ultrasonic
measurements being recorded within the scope of bias control protocols. A thermally-compensated

CWI analysis of multiple scattering waves is performed in order to evaluate the stress-induced velocity
variation. Concrete behavior under a tensile load can then be studied, along with CWI results from both
its elastic performance (acoustoelasticity) and plastic performance (microcracking corresponding to the
Kaiser effect). This work program includes a creep test with a sustained, high tensile load; the acousto-
elastic coefficients are estimated before and after conducting the creep test and then used to demonstrate

the effect of creep load.

1. Introduction

Concrete is the most widely used man-made construction mate-
rial in the world [1]. It has been extensively used for several decades
in the field of civil engineering. For safety reasons and to ensure
optimal asset management, the demand for monitoring concrete
performance and inspecting concrete deterioration has been strong.
In order to meet such demand, considerable progress has been
achieved in the development of Non-Destructive Testing (NDT)
methods [2,3]. As one of these NDT methods and because it uses
the ultrasonic multiple scattered waves caused by high concrete
heterogeneity, Coda Wave Interferometry (CWI) shows great sensi-
tivity to perturbations in concrete structures [4,5], which makes
this method suitable for structural evaluation and monitoring.

As a viscoelastic material, concrete exhibits a nonlinear elasticity
that can be observed from the stress-dependent propagation veloc-
ity of elastic waves propagating within the material [6]. Experiments
under compressive load [7,8] demonstrate that acoustoelastic the-
ory may provide an explanation of the stress-induced velocity vari-
ation in the elastic wave propagation of concrete. Moreover,
previous studies [9,10] have also shown that the nature of concrete,
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i.e. as a quasi-fragile material, makes it easily damaged by the ap-
plied stress, which could also cause changes in propagation velocity.
This stress-induced damage is a common reason behind concrete
deterioration, and the detection of stress-induced damage is a major
problem encountered in the non-destructive testing of concrete.

The objective of this paper is to experimentally study the
behavior of concrete under direct tensile load, with two sequential
objectives: (1) first, separating the acoustoelastic effect and micro-
cracking from all stress-induced velocity variations in concrete,
and then estimating the effective acoustoelastic coefficient and
(2) based on these results, detecting and analyzing the damage
caused by a sustained high-level tensile load (creep in tension).
After introducing the theoretical background in the following sec-
tion, the measurement system, experimental set-up and loading
procedures will be described in Section 3. All of Section 4 will be
devoted to an analysis of the CWI experimental results.

2. Theoretical background

2.1. Coda Wave Interferometry

The Coda Wave Interferometry (CWI) technique introduces
the heterogeneous propagation medium, e.g. concrete, as an



interferometer in order to detect the time-scale perturbation [11].
Due to the multiple scattering effect caused by heterogeneities, the
propagation paths of acoustic coda waves (i.e. multiple scattered
waves) are long and complex. The use of multiple scattered waves
makes the CWI analysis highly sensitive to a small perturbation of
the propagation medium [12,13]. The high heterogeneity of con-
crete favors the generation of acoustic coda waves. An experimen-
tal study [7] has shown that a CWI analysis carried out on concrete
can provide a precise evaluation of the propagation velocity varia-
tion (0.001%). This result confirms the potential of CWI analysis as
a promising non-destructive method.

The signal processing approach of CWI analysis, performed as
part of this study, is called Stretching [14]; this approach relies
on the idea of stretching/compressing the time axis of an ultrasonic
record to simulate a constant decrease/increase of propagation
velocity. Two coda signals hg and hy, recorded respectively before
and after a propagation velocity perturbation, are required to eval-
uate the velocity variation. By compressing/stretching the coda re-
cord hg from hg[t] to ho[t(1 + )], a velocity variation from z, to
vo(1 + 7) can be simulated. This stretched signal ho[t(1 + 7)] is then
compared to h;[t], which has been recorded with a perturbed prop-
agation velocity vq; next, their similarity is evaluated using the
normalized cross-correlation CC(7):

Cc(;:lﬁ) (t) = fttlz ho(t(1 + 1)) - hy(t)dt 0
m VIR + )t [ B (t)de

[t1,t;] indicates the studied time window, which for the present re-
search has been set at [300 ps,500 ps]. The value of t that maxi-
mizes C((t) is denoted o, in indicating the velocity variation
between two records in relative terms as: « = (7; — %)/ .

Due to the scattering effect, acoustic energy is converted be-
tween different types of waves during the propagation. As a super-
position of all multiple scattered waves, coda signals contain
energy contributions from all types of waves. Consequently, the
value of o extracted via CWI, represents the relative variation of
an average propagation velocity of the coda signal. This variation
results from all the changes in propagation velocities of the differ-
ent modes contributing to the coda signal.

2.2. Acoustoelastic theory

Given an infinitesimal deformation, the classical linear theory of
elasticity is limited to a perfectly elastic material, in which the
elastic modulus remains constant with the static stress level. When
the material is nonlinearly elastic, the stress-strain relationship
derived from the classical nonlinear elasticity becomes nonlinear,
with quadratic terms in strain. In this case, instead of being con-
stant, the elastic modulus varies with the static stress level, as well
as the wave propagation velocity. To describe this nonlinear elas-
ticity, the third-order elastic constants are introduced into the
expression of elastic modulus, which extends the expression of
stress—strain relationships from a linear approximation to a qua-
dratic one [15]. One version of these third-order elastic constants
has been developed by Murnaghan and are denoted (m,n,l) [16].

In combination with the motion equation, Murnaghan’s con-
stants were used by Hughes and Kelly [17] to express the stress-
dependent propagation velocity in an acoustoelastic effect for
Lagrangian coordinates. The propagation medium is here assumed
to be isotropic, in which a triaxial stress field (whose axes are de-
noted 1, 2 and 3) is considered homogeneous. In the case of a uni-
axial load along direction 1, the stress components can be
described as: y; =0 and 7y, =3 = —vo, where v is Poisson’s ratio.
Under the stress field (y4,72 and y3) created by the uniaxial load,
velocity may be generalized as a function of stress level ¢ as:

vij = v)(1+ B - 0), where f; is the acoustoelastic coefficient, )
is the initial propagation velocity corresponding to the initial stress
state, and i, j represent respectively the wave propagation direction
and the particle polarization direction [8]. As an intrinsic nonlinear
parameter, ;; depends solely on the second- and third-order elastic
constants [18] and indicates the level of nonlinearity in material
elasticity. The stress-induced velocity variations ;o) described
by acoustoelastic theory can be expressed as follows:

(vij(o") - 1/3)
%j(0) =~—f5—==f;- 0 (2)
Yi

Since CWI analysis provides the modifications of the average
propagation velocity (o) rather than velocity variation of each spe-
cific type of waves (a;;), acoustoelastic coefficients f; cannot be ac-
quired individually. As an alternative, an effective value of
acoustoelastic coefficient p can be estimated from CWTI's result
(x)as p= “TF where the stress level is associated to the load magni-
tude F. This effective acoustoelastic coefficient can be considered as
a weighted average value of all acoustoelastic coefficients
B =>"ej;- By, where the weight coefficients e; depend on the en-
ergy distribution ratio of each type of waves. This linear relation-
ship has been confirmed experimentally on concrete by Larose
and Hall [7], and the dependency between its slope and concrete’s
damage level has been recently exhibited [19].

According to the results of previous studies in which concrete
undergoes a uniaxial compressive stress, within its elastic regime,
the propagation velocities increase for P-waves, S-waves [6,8,20],
surface waves [9] and multiple scattered waves [7,10]. For the re-
search presented herein, instead of introducing a compressive load,
the concrete specimen has been subjected to a direct uniaxial ten-
sile force, leading to the expectation of a decrease in propagation
velocity with tensile load magnitude.

2.3. Other causes of stress-induced velocity variation

Acoustoelastic theory explains the velocity variation due to
elastic deformation of the material while undergoing an applied
stress, yet this is not the only contribution of stress-induced veloc-
ity variation.

Concrete is a consolidated heterogeneous material made of
water, cement and aggregates. Its behavior depends on the magni-
tude of the applied stress. For a low level stress (typically lower
than 30% of the ultimate strength), concrete stays in its elastic re-
gime, where concrete exhibits an elastic behavior in common
mechanical (macro) tests (laser displacement sensors or extensom-
eter gauges). However, from a microscopic point of view, micro-
cracking exists in this regime even before any loading, but its influ-
ence on macroscopic elasticity remains unnoticed with conven-
tional measurements. With increasing stress magnitude (>30% of
the ultimate strength), concrete enters in its quasi-brittle regime,
where bond cracks increase rapidly in length, width and numbers
[21], and eventually become large defect that can alter elasticity of
concrete. Comparing to the common mechanical measurement de-
vices, which do not detect any damage until the maximum load is
reached, some nondestructive methods are sensitive to the micro-
cracking process and capable to measure an irreversible process
[9,10]. In addition, an intermediate regime is reported to exist be-
tween the elastic and brittle regimes as a time-based slow dynamic
effect. This effect has been studied by implementing a CWI analysis
[22].

Microcracks are believed to be a cause of propagation velocity
reduction, and this can be observed as of the early phase of mate-
rial deterioration or structural damage [23,24], which makes this
observation critical to structural health monitoring. By measuring
the surface wave velocity variation, Shokouhi et al. [9] revealed



that the initiation of microcracking, caused by a uniaxial compres-
sive load, follows the Kaiser effect, which explains the capability of
concrete to “remember” the previous maximum stress level ever
experienced. Once the current stress level exceeds the previous
maximum value, modification of the microstructure begins, result-
ing in the initiation of new microcracks. The Kaiser effect on con-
crete has also been observed by use of the acoustic emission
method [24].

3. Experimental configuration

The GeM Institute (Ecole Centrale de Nantes) has been studying
the influence of basic creep in the residual capacity of concrete for
many years [25,26]. To assess damage evolution in concrete under
a tensile load, a new experimental device has been developed. De-
tails on this effort are provided in. An experimental procedure calls
for coupling with the CWI analysis in order to monitor damage
evolution in concrete under a sustained load.

3.1. Materials

The concrete specimens were mixed with Portland cement CPA-
CEMII 42.5 and crushed limestone aggregate distributed in fine
sand, with a maximum size of 5 mm and density of 2570 kg/m>,
in addition to crushed gravel with a size of 5-12.5 mm and a den-
sity of 2620 kg/m?>. A superplasticizer agent (Glenium 21) has been
added for workability. Table 1 lists the mix quantities of all constit-
uent materials. This mixture is characterized by a water-to-cement
(W/C) ratio of 0.56 and a slump of 70 mm.

3.2. The direct tensile test device

This study involved the design and development of two frames
of creep [27]. The specimens were fitted with two rings attached to
the concrete using three set screws. Three LVDT displacement sen-
sors, with a precision of 3 um, were positioned between the two
crowns and then placed on three generators at 120°. The relative
displacement of the two sections was thus measured by following
specimen elongation over a length equal to approximately half the
specimen length (in our case 28 cm) in the central area of the spec-
imen to overcome edge effects.

The concrete loading step is accomplished by an electrome-
chanical press. The force sensor has a capacity of 100 kN, which
is sufficient for tensile testing on concrete and mortar specimens
with lower tensile strength. The test can be controlled by either
force or cylindrical motion, with speeds of between 10~® and
10~ mm/s. The specimen is fastened to the frame through steel
helmets attached to the frame on one side and glued to the speci-
men on the other. The development of specimen bonding through
the helmets is critical to test success. To improve the cohesion be-
tween headset and specimen, the specimens were subjected to a
slight compressive force (0.2 kN) through the cylinder before
applying the glue. Bonding took place 24 h before the tensile test,
at which time the glue was fully dry.

Table 1
Concrete mix composition.

Constituents Dosage (kg/m?)

Gravel: G5/12.5 mm 936.0
Sand: 0/5 mm 780.0
Cement: CEMII 42.5 350.0
Water 219.5
Superplasticizer 1.9

3.3. Thermally-compensated CWI measurement system

Similarly to other ultrasonic techniques, the CWI analysis of
velocity evolution is subjected to thermal bias due to ambient tem-
perature fluctuations [28-30]. An alternative bias control tech-
nique for CWI analysis has been applied in this research in order
to reduce bias originating from temperature, experimental condi-
tions and signal processing. This technique involves the use of
two identical concrete specimens: the first one called “test speci-
men" is subjected to tensile load, and the second one, called the
“reference specimen*, stays load-free and is placed nearby the test
specimen to experience the same temperature fluctuations. The
coda measurements are recorded simultaneously on both speci-
mens sharing the same acquisition system (Fig. 1).

Two ultrasound transducers (containing source and receiver)
were glued on opposite sides in the middle of each specimen. A
200-ps chirp signal with central frequency of 500 kHz was ampli-
fied to 200 V (peak-to-peak) and then sent into the concrete spec-
imens. The wavelengths around this frequency were comparable to
the aggregate sizes, thus ensuring the generation of multiple scat-
tered waves. The received signal was recorded by a 16-bit data
acquisition system with sampling frequency of 5 MHz; the acquisi-
tions were synchronized with the excitation signals by 10-MHz
reference clock signals. To improve the signal-to-noise ratio, each
record was the average of 16 consecutive acquisitions with a 30-
Hz repeat frequency. Since each record required less than 1 s, the
propagation velocity can be considered constant during the record-
ing procedure.

The recorded coda signals from both specimens are analyzed by
following the exact same signal processing procedures. The CWI
results o5 and o, are then obtained as the velocity variation in
both specimens. Since o, contains contribution from both bias
and stress-induced velocity variation, and o originates from bias
(thermal and experimental) only, the difference otese — otre coOITE-
sponds to the pure stress-induced velocity variation o As demon-
strated in the experimental results [30], this easy-implemented
technique can effectively compensates for the thermally-induced
velocity variation and reduces experimental bias, thereby improv-
ing both the accuracy and reliability of CWI results. The notation o
will be used in this paper to denote the velocity variation caused by
the applied tensile load only (after bias control).

3.4. Experimental procedure

Cylindrical specimens (11 x 45 cm®) were cast in molds and
then vibrated into three layers. The specimens were maintained
in a humid room at 20 °C and 100% relative humidity. At the age
of two months, they were removed from the molds and corrected
in order to produce two very smooth and parallel surfaces. The
specimens were then wrapped in a double layer of self-adhesive
aluminum paper to prevent drying. The specimen to be submitted
to creep is then placed into the two steel helmets attached to the
frames. All tests were performed in a climate-controlled room at
a temperature of 20 °C (2 °C) and relative humidity of 50% (£5%).

The entire experimental procedure comprised two sets of load-
ing tests and a creep test of tensile load (Fig. 2a). The two sets of
loading tests were identical and followed the same protocol, with
each set including three loading tests (Fig. 2b); subscripts s and ¢t
represent respectively the set number and loading test number.
The first two loading tests (i.e. t = 1,2) in each set contained a load-
ing phase [As; — Bs], an unloading phase [Bs; — C] and a 1-h relax-
ation [Cs — Ag+1)] SO as to suppress any residual influence from
the loading test (slow dynamic effect), whereas the third loading
test (t = 3) contained only a loading phase.

The three loading tests in each set had three increasing target
loads, respectively 8 kN, 12 kN and 18 kN. With an ultimate tensile
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Fig. 2. Description and notations for the tensile load control: (a) designed loading
procedure for the entire experiment, which comprises two sets of loading tests and
one creep test and (b) detailed load control for a single set of loading tests, where A,
B and C designate the key points of each test (A is the start of the loading phase, B is
the end of the loading phase/start of the unloading phase, and C is the end of the
unloading phase).

strength pre-measured at 22 £ 1 kN, these three targets were asso-
ciated with respectively 36%, 55% and 82% of the ultimate tensile
strength of the concrete. All loading and unloading steps were per-
formed at a speed of 32 kN/min.

After the loading procedure [A;3 — B3] (Fig. 2), the applied ten-
sile force was held at a constant 18 kN for 20 h as a creep test in
tension. The specimen was then left stress-free for another 18 h,
which served as a long relaxation period. This creep test was de-
signed to generate microcracks, and the experimental results from
acoustic emission testing has confirmed the damage created by
this type of creep test [31].

4. Experimental results
4.1. General presentation of CWI results

The bias-controlled CWI result, o, presents the stress-induced
velocity variation (solely) in relative percentage (%) terms as:
ar = Av[yp, where 7 is the propagation velocity in the initial state
when the concrete is intact and stress-free, and Av refers to veloc-
ity changes from 7. This reference velocity ¢, remains unchanged
for all CWI results o obtained throughout the experiment, which
makes all results of ar or Aoy proportional to an absolute velocity
variation (m/s). The o values obtained in both sets are illustrated
as a function of time in Fig. 3, along with the corresponding load
levels. All o values at the key points (A, Bs and Cs; in Fig. 2b) from
both sets of loading tests are detailed in Table 2.

An initial observation from Fig. 3 is that o follows the load le-
vel, i.e. it decreases as the tensile force is increasing. This general
observation is consistent with acoustoelastic theory, though cer-
tain detailed observations cannot be fully explained by this theory
alone. The applied force returns to zero after the unloading proce-
dure and remains there throughout the relaxation period; mean-
while, the propagation velocity slowly increases without any
change in applied force. This observation may be correlated with
the slow dynamic effect, which has previously been studied [22]
and will not be discussed any further in this paper.

A number of differences have been observed between the two
sets of loading tests. In referring to both Fig. 3 and Table 2, it can
be seen that a portion of the velocity reduction remains within
the concrete body and accumulates after each loading test during
the first set (s=1), which causes a lower initial velocity at the
beginning of the subsequent loading test, as aq(A11) > a{A12) > &
(A13). On the other hand, all initial velocities in the second set of
loading tests of{Ay:) (s=2;t=1, 2 and 3) are similar. In addition,
the maximum velocity decreases during the first set (s = 1), reach-
ing 0.248% (0% — —0.248%); by following the exact same protocol,
the maximum velocity decrease is only 0.169% (-—0.055% —
—0.224%) in the second set (s = 2).

Acoustoelasticity cannot fully explain all stress-induced velocity
variations since over the entire load range, irreversible strains take
place in the concrete. These strains may be interpreted as the dete-
rioration or damage to concrete structure, initiated through the
form of distributed microscopic damage (i.e. microcracks). With
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Table 2

Velocity variation o at key points (A, B and C) of each loading test, subscripts s and ¢
are used to represent respectively the set number and loading test number (related to
Fig. 2).

s t Target load (kN) Velocity variation (%)
“F(Ast) O‘F(Bst) af(cst)

1 1 8 0 -0.111 —0.052
2 12 —0.029 -0.165 -0.075
3 18 —0.045 —0.248 N/A

2 1 8 —-0.055 -0.144 —0.086
2 12 —0.060 -0.177 —0.086
3 18 —-0.062 -0.224 N/A

an increase in load level, these microcracks might become con-
nected and gradually develop into large defects [24,9,23].

4.2. Kaiser effect

The Kaiser effect is a “stress memory” effect observed in many
materials; according to this effect, microcracking occurs in a mate-
rial only if the load level exceeds its historical maximum ever
experienced. Otherwise, no significant modification in microstruc-
ture will take place, hence no additional creation of microcracks.
This effect was originally observed with an acoustic emission test
conducted on rock material as well as on concrete [32]; it has also
been noticed with the velocity variation of surface waves in con-
crete under compressive load [9]. In this paper, through the use
of bias-controlled CWI analysis [30], the Kaiser effect is clearly ob-
served via the velocity variation of multiple scattered waves of
concrete under direct uniaxial tensile load.

The velocity variations obtained from the three loading phases
in the first set (s = 1) are illustrated as a function of applied tensile
force in Fig. 4a. The first observation is that the starting point (at
0 kN) of each curve becomes increasingly lower. The concrete is
initially intact, with its historical maximum load level initially
being zero. With an increasing target load (8 kN ,~ 12 kKN ~ 18 kN),
the historical maximum has been exceeded in every loading test of
the first set (s=1;t=1, 2 and 3); new microcracks are thus formed
during every test of this first set. In considering that microcracking
is irreversible and reduces propagation velocity, the creation and
accumulation of microcracks may explain the decreasing initial
velocity during the first set (oq(A11) > HA12) > «{A13)). Another
observation is that the curves of later loading tests intersect the
previous test curves at their maximum load levels. For example,
the curve of test 2 (s=1;t=2) crosses the test 1 curve (s=1;t=1
with a target load of 8 kN) when the applied force returns to the
8-kN level. The velocity variations for these two loading phases
[A11 = B11] and [Aq — Byo] are illustrated individually in Fig. 5 in
order to further explain this phenomenon.

During the first loading phase of the first set (s=1;t=1)
[A1 —» B11] (Fig. 5a), the historical maximum load (OKkN) is
exceeded from the very beginning and microcracking takes place
throughout the load range. The velocity decrease is thus caused
by the combined influence of the acoustoelastic effect and micro-
cracking. At the end of this loading test (s=1;t=1), since the ap-
plied force has returned to O kN and the slow dynamic effect is
considered suppressed after the 1-h relaxation, the remaining
velocity reduction (agA12) = —0.029%) is believed to be caused by
the creation of irreversible microcracks. By applying linear regres-
sion, a slope of —0.01438%/kN is obtained for this loading phase,
which indicates the rate of velocity decrease in response to the ap-
plied tensile force.

During the second loading phase of the first set (s=1;t=2)
[A12 — B12] (Fig. 5b), the concrete exhibits two distinct behaviors.
The first behavior appears within the 0 to 8-kN load range; given
that the previous maximum load has not been exceeded, no new
microcrack is formed and the velocity decrease is solely due to
the acoustoelastic effect. The second behavior appears within the
8 to 12-kN load range, over which the load level exceeds the pre-
vious maximum (8 kN) and microcracking occurs. Similar to load-
ing phase [A1; — B11] (s = 1;t = 1), the velocity decrease within this
load range is due to the combined influence of acoustoelastic and
microcracking effects. Instead of processing a single slope for entire
load range, two slopes are individually calculated for the two dis-
tinct load ranges associated with the two concrete behaviors. The
loading phase slope of Aog/AF will be denoted hereafter Sfr, with
subscript st used to identify the loading phase (s stands for the
set number and t the loading test number, as in Fig. 2), while
superscript b refers to the concrete behavior (b=1,2). The two
loading phases slopes [Ai» — Biz] are thus equal to:
S}, = —0.00979%/kN (behavior 1) and S?, = —0.01389%/kN
(behavior 2).

Since the velocity variation in loading phase [A{; — Bq1]
(s=1;t=1) is correlated with the second concrete behavior (see
the previous section), the calculated slope can be expressed as:
S?, = —0.01438%/kN. Due to the difference in concrete behavior,
the slopes obtained over the load range [0 kN — 8 kN] from both
loading tests (s =1;t=1,2) also differ, i.e. S}, = —0.00979%/kN is
greater than S3, = —0.01438%/kN, which means that in the load
range from O to 8 kN, the velocity decrease is less in the second
loading phase (s=1;t=2) than in the first (s=1;t=1). As shown
in Fig. 4a, however, the two curves (for tests 1 and 2) intersect
when the load level reaches 8 kN, meaning that at this load level
(8 kN), the propagation velocity is nearly the same in both loading
tests (s=1;t=1,2).
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The reason for this finding is that since microcracking occurs
during the first loading test (s=1;t=1), it causes a continuous

decrease in propagation velocity throughout the loading phase.
During the second loading test (s=1;t=2) however, no velocity
reduction is caused by microcracking within this range
[0 kN — 8 kN], which explains why the velocity decreases more
slowly in this second loading test than in the first. Yet the micro-
cracks previously created (during the first loading test) remain in
the body of the concrete and cause a lower initial velocity at the
beginning of the second test, as «{A12) = —0.029% (Table 1). When
the load level reaches 8 kN in the second loading phase
(s=1;t=1,2),it can be concluded that: (1) the acoustoelastic effect
is causing the same velocity variation in both loading tests and (2)
since no new microcracking is occurring during the second loading
test, these same microcracks are causing the same velocity reduc-
tion. Eventually, the propagation velocity will be reduced to the
same level in both loading tests, and the two curves will intersect.

A similar observation can be made when examining the third
loading test (s = 1;t = 3), as the curve crosses the test 2 curve when
the load level reaches 12 kN (Fig. 4a). This same process has been
adopted to calculate S}; and S3,; all slopes are listed in Table 3.
The slopes corresponding to the second concrete behavior (com-
bined influence of acoustoelastic effect and microcracking)
S, S}, and S3; indicate a very similar value, ie. around
—0.0144%/kN. The slopes corresponding to the first concrete
behavior (influence from the acoustoelastic effect alone), as S,
and S},, show values around —0.0097%/kN. This result is consistent
with the fact that microcracks slow propagation velocity.

The identical loading tests were then conducted in the second
set of loading tests. According to the Kaiser effect, since the histor-
ical maximum load level (18 kN at B;3) had never been exceeded,
the concrete performance during the entire second set of tests
(s =2) can be identified as the influence of the acoustoelastic effect
only (i.e. the second behavior). Since no new microcracks had
formed, velocity variations are due solely to the acoustoelastic ef-
fect; therefore, all processes should be elastic and reversible. The
experimental results presented in Fig. 4b display a fair level of
agreement, as velocity variations in all three loading phases
[Az; = By (t=1, 2 or 3) follow the same path. Despite the differ-
ence in load ranges, the three curves nearly overlap (Fig. 4b). More-
over, the reproducibility of our experiment and reliability of
thermally-compensated CWI analysis have been confirmed.

4.3. Effective acoustoelastic coefficient under direct tensile load

The classical theory of acoustoelasticity is suitable for homoge-
neous materials with a classical nonlinear elastic behavior. The
first nonlinear terms in the stress-strain relationship are quadratic
in strain, which provides a linear velocity-stress relation at the
first order. In concrete, a linear velocity-stress relation has been
experimentally observed under uniaxial compressive load
[6,7,9,10,20], when the load level is typically limited within 30%
of its ultimate strength (6.6 kN in our case). We observe also, for
tensile load, a linear velocity-stress relation (Fig. 3). In the applied
load range, concrete’s behavior is in agreement with the classical
theory of acoustoelasticity.

Table 3
Linear slopes of Aog/AF for two behaviors of concrete obtained in the first set of
loading tests.

Loading test number (t) Loading phase slope (%/kN)

S}, (behavior 1) 52, (behavior 2)

1 —0.01438 + 0.00003
2 —0.00978 + 0.00002 —0.01389 £+ 0.00005
3 —0.00971 + 0.00002 —0.01485 £ 0.00024




However, due to the observed Kaiser effect, velocity variations
are interpreted to originate not only from the acoustoelastic effect,
but also from processes such as micro-cracking, which manifest in
the Kaiser effect. In order to extract the velocity variations originat-
ing only from the acoustoelastic effect, data from the first behavior
of concrete are used (Fig. 6a). In this case, the previous maximum
applied load has not been reached again and no new micro-crack-
ing (or other processes leading to the Kaiser effect) is activated. The
extracted velocity variation provides an effective acoustoelastic
coefficient.

In order to evaluate velocity changes during each loading phase,
Ao (in %) serves as the velocity variation indicator for the varia-
tion in o during the loading procedure from 0 kN to 6.6 kN. In each
0.1-kN force increment, the average values A« are derived from all
Ao obtained from a given set of loading tests. For example, the
first value of Ao, (Fig. 6b) is the average value of A«,, obtained
from the two usable loading procedures (Fig. 6a) of the first set
(s =1;t=2,3) with tensile force F increasing from 0 to 0.1 kN. The
average load level F is then calculated according to the same pro-
cedure as the stress level indicator.

Ultimately, the average velocity variation Ag; is illustrated in
terms of average load level F in Fig. 6b and ¢ as empty circles (with
error bars for the standard deviation). A strong linear dependence
between velocity variation and applied force level is evident in
both images. The straight lines represent the fitting approxima-
tions estimated by linear regression, with the slopes of the two fit-
ting lines being assigned as the effective acoustoelastic coefficients
Bs,  whose values are p;=-0.00979 +0.00006%/kN and
B2 =—0.01116 £ 0.00011%/kN. As is readily observed, the linearity
between velocity variation and tensile load level is clear for both
sets, a finding that is consistent with acoustoelastic theory. The
absolute values of the acoustoelastic coefficients found in the re-
search are similar to values obtained in a similar study under com-
pressive load [7,10].

4.4. Damage of creep in tension

After a creep test and 18-h relaxation (Fig. 2), the propagation
velocity slightly decreased, by 0.01% (o(Az1) = —0.055%), compared
to a(A13) = —0.045% obtained before the creep test (Table 1). Micro-
cracking occurred during the third loading procedure in set 1
[A13 — Bi3]. The microcracks formed before the creep test re-
mained as is, causing a permanent decrease in propagation veloc-
ity; this decrease of —0.01% is of the same order of magnitude as
the velocity decrease caused by microcracking during the first
two loading procedures in the first set of loading tests
(s =1;t=1,2). The conclusion can thus be drawn that the creep test
has not caused any significant velocity decrease.

From another perspective, by comparing the effective acousto-
elastic coefficients obtained from the two sets of loading tests
(s=1,2), it is found that g has dropped by 0.00137%/kN, from
p1=—0.00979%/kN (before the creep test) to f,=—-0.01116%/kN
(after the creep test). Since the estimated uncertainty of acousto-
elastic coefficients equal one order of magnitude less than this
reduction, we are of the opinion that this reduction in effective
acoustoelastic coefficient offers a convincing observation of the
damage created by creep testing. With the concrete being con-
stantly subjected to a high-level tensile load (82% of ultimate
strength) for more than 20 h, microcracks are continuously formed
and possibly joined between themselves, such that the diffused
microcracks may become localized macro-faults and eventually
cause changes in the mechanical properties of concrete.

Two different conclusions have been derived thus far, namely:
(1) the creep test causes no significant velocity decrease, which
usually further implies no significant microcracking and (2) the
concrete is clearly damaged by the creep test, with modifications
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Fig. 6. Evaluation of the effective acoustoelastic coefficient: (a) presentation of
loading procedures, in which CWI results are used for evaluation purposes, and (b
and c) Velocity variation in terms of tensile force; the circles represent the average
values of CWI results Aa; (%), while the straight lines are the linear approximations
whose slopes are assigned as the acoustoelastic coefficient.

to its mechanical properties being observed via a 14% decrease in
the effective acoustoelastic coefficient. In order to understand
and combine these two conclusions, the “self-healing” effect of
concrete must be taken into account. Recent studies have shown
a slight increase in the mechanical properties of concrete under a
sustained tensile load [31]. This phenomenon is explained by the
hydration of residual clinker of the cement in contact with water
flowing through the formed microcracks [33]. Under these condi-
tions therefore, a competition is playing out between this strength
increase and the formation of microcracks, which tend to fragilize
the material. As a result of this competition, the propagation veloc-
ity does not exhibit any significant variation. In considering that
the effective acoustoelastic coefficient is a nonlinear parameter,
we feel that its reduction (from —0.00979%/kN to —0.01116%/kN)
indicates that the creep test is more likely to exert an impact on
the concrete material’s nonlinear elastic properties.

5. Conclusion

In our study, we have evaluated the stress-induced velocity
change in a concrete structure due to the application of a direct



uniaxial tensile load. In being limited by the tensile strength of
concrete, which is 10 times less than its compressive strength,
the maximum tensile load in this study has only equaled 18 kN
(or 82% of ultimate strength). This value corresponds to an applied
stress level of 1.9 MPa. Under this level of tensile stress, propaga-
tion velocity has decreased by 0.248% (due to the combined influ-
ence of acoustoelasticity and microcracking). These results provide
satisfactory agreement with previous studies using a compressive
load [7,8,10], though with a much smaller variation scale. We must
point out the high sensitivity of CWI analyses, as thanks to this
sensitivity alone we can now precisely perform an evaluation of
velocity changes within this small range (Fig. 3a).

Moreover, by relying on loading test cycles that follow incre-
mental target loads, we have experimentally illustrated the Kaiser
effect on concrete. By distinguishing reversible velocity variations
due to elastic deformation from irreversible ones caused by micro-
cracking, we could then illustrate the acoustoelastic effect with a
linear relationship between velocity variation and tensile load level
(within concrete’s elastic regime), before subsequently estimating
an effective acoustoelastic coefficients by means of linear regres-
sion. In this part, we must not overlook the contribution of the
thermal compensation technique: without its efficient perfor-
mance, a 1 °C air temperature fluctuation might be sufficient to al-
ter the estimation result [30]. Only a test repeatability this
acceptable (see Fig. 4b) can lead to a reliable and accurate estima-
tion of the effective acoustoelastic coefficient. Due to the sustained
tensile load in the creep test, this effective acoustoelastic coeffi-
cient has decreased by 14%, whereas no significant reduction in
propagation velocity has been observed. By taking into account
the self-healing effect of concrete, we are able to deduce that the
creep test is more likely to exert an impact on the nonlinear
mechanical properties of concrete. By estimating an effective acou-
stoelastic coefficient, the monitoring of concrete’s damage level
can be achieved.
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