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The changes in the sonic surface wave velocity of concrete under stress were investigated in this paper. Surface wave velocities at
sonic frequency range were measured on a prismatic concrete specimen undergoing several cycles of uniaxial compression. The
loading was applied (or removed) gradually in predefined small steps (stress-controlled). The surface wave velocity was measured
at every load step during both loading and unloading phases. Acoustic Emission (AE) test was conducted simultaneously to
monitor the microcracking activities at different levels of loading. It was found that the sonic surface wave velocity is highly stress
dependent and the velocity-stress relationship follows a particular trend. The observed trend could be explained by a combination
of acoustoelasticity and microcracking theories, each valid over a certain range of applied stresses. Having measured the velocities
while unloading, when the material suffers no further damage, the effect of stress and damage could be differentiated. The slope
of the velocity-stress curves over the elastic region was calculated for different load cycles. This quantity was normalized to yield a
dimensionless nonlinear parameter. This parameter generally increases with the level of induced damage in concrete.

1. Introduction

To ensure the integrity of an existing structure, one needs
to have a reliable estimation of in-situ material properties,
the remaining strength and relevant damages in the load-
carrying components. Nondestructive testing (NDT) tech-
niques which can provide a reliable assessment of one or
more of these parameters, without harming the structure
itself, are invaluable to inspectors and engineers. Among
the applicable NDT methods, acoustic techniques have long
been used for inspection of concrete structures, both in
defect detection and material characterization applications.
When used for defect detection, acoustic techniques are
especially powerful tools for locating the defects, which
introduce an impedance discontinuity within the concrete
structure (e.g., voids, cracks, and flaws). In applications
concerning material characterization, their advantage lies in
their ability to give a direct estimation of mechanical material
properties through measuring the acoustic wave velocities.

The results of acoustic tests are usually analyzed and
interpreted based on the theory of elastic wave propagations

in linearly elastic homogenous solids. According to this
theory, the velocity of acoustic waves propagating in linear
elastic materials is a function of elastic material properties
(i.e., Lame’s or 2nd order elastic constants) and mass density.
For example, the compressional wave (P-wave) velocity in a
linear elastic rod is given by

VP =
√
√
√λ + 2μ

ρ0
. (1)

Therefore, given the mass density ρ0, by measuring the
velocity VP , one can directly obtain the elastic properties
λ,μ. In the case of a composite material such as concrete,
many of the assumptions behind this formulation cease to
be valid. Concrete is both heterogonous and anisotropic and
exhibits nonlinear stress-strain behavior. However, the use
of this formulation is still justified. The reason lies in the
particular characteristics of acoustic tests tuned to concrete
inspection applications. On one hand, (in order to avoid
scattering and attenuation) the range of test frequencies
(<50 KHz) is chosen such that the incident wave is “blind”
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to the concrete heterogeneities. On the other hand, the level
of stress during the acoustic test is too low to result in
any significant nonlinearity in material’s behavior. The latter
argument is invalid in the case of in-situ field investigation,
when the concrete structural component under investigation
is simultaneously subjected to stresses much larger than
those applied during the acoustic test. As it will be shown
here, in such cases, the velocities depend not only on
the material properties, but also on the level of stress
(and internal damage) within the component. The stress
dependency of elastic wave velocities is not currently taken
into account when concrete structures are inspected by
acoustic techniques.

It has been shown both theoretically and experimentally
that the state of stress in nonlinear materials will induce
anisotropy in their elastic properties [1]. As a result,
the propagation velocities of waves in an elastic medium
subjected to large deformation—compared to particle move-
ments in the acoustic test—are stress dependent. The
changes in the propagation velocities of ultrasonic waves due
to the state of strain (or stress) in an elastic solid are generally
referred to as acoustoelastic effects. Acoustoelastic effects
have long been investigated in numerous studies concerning
metallic substances [1–3]. Only very recently, this effect has
been measured in concrete under low levels of stress [4–6].

In a brittle crack-prone medium such as concrete,
acoustoelastic effects are not be the sole reason behind the
stress-dependent material properties (especially at higher
stress levels). In the case of rocks, it has been demonstrated
that the formation, growth, and coalescence of microcracks
at different stress levels introduce anisotropy in ultrasonic
wave velocities [7]. When the loading is anisotropic, the
changes in ultrasonic wave velocities depend not only on
the level of induced stress but also on the direction of stress
relative to the direction of propagation and/or polarization of
the ultrasonic waves. The direction-dependency of ultrasonic
wave velocities has been demonstrated for metals [1], rocks
[7] as well as concrete [4, 6].

Load-carrying concrete structural components experi-
ence different levels of stress and strain over the life span of
the structure. It is believed that acoustoelasticity and micro-
cracking theories together can explain the stress-dependency
of elastic properties of concrete, each valid over a certain
stress range. At very low stress levels when concrete is still
elastic, acoustoelasticity is the dominant effect. At high-stress
levels when concrete is not elastic anymore, microcracking is
believed to be the dominant cause. Similar arguments have
been made in describing the stress dependency of elastic wave
velocities in rocks [8].

This paper presents the partial results of an experimental
study aimed at investigating the stress and damage depen-
dency of acoustic wave velocities in concrete. In the previ-
ously reported studies of similar objectives, the ultrasonic
wave velocities of concrete specimens were measured in a
through transmission mode and the changes in the velocities
or amplitudes of transmitted wave were correlated to the
state of internal damage in the specimen. The velocities
measured perpendicular to the loading gradually decrease
but the decease is not significant until reaching critical stress

levels [9, 10]. When measured parallel to the loading, the
velocities slightly increase (not more than 1%) over the
elastic range [4–6]. Reliable measurement of such subtle
changes is not typically possible using the conventional
time-of-flight measurement techniques and was possible
employing correlation-based techniques [4–6].

The study presented here is different from those reported
in the literature in two distinct ways. First, instead of
ultrasonic wave velocities, the velocities of acoustic waves
in the sonic range (∼10 KHz) were measured. Second,
instead of measuring the velocity of body waves (i.e., shear
or compression waves), the surface wave velocities were
measured here. As will be demonstrated in this paper,
the surface wave velocities measured in the sonic range of
frequencies are a few times more sensitive to the level of
stress and damage in concrete than ultrasonic body waves.
The practical advantage of such measurements is that since
the velocities are measured on the surface, only a one-
sided access to the structure is required. Moreover, the
test setup is simple and inexpensive and the data analysis
(i.e., velocity measurement) is straightforward. Therefore,
such measurements have a great potential to be used for
estimating the in-situ state of stress or damage in concrete.

2. Theory of Acoustoelasticity

Acoustoelastic theory gives the changes in the elastic wave
velocities due to the state of stress in a material exhibiting
a nonlinear elastic behavior. For an elastic column of
nonlinear constituent material under uniaxial stress (shown
in Figure 1), the velocity of longitudinal plane waves
propagating in the direction of the applied stress (Vσ1

11 ) can
be approximated as [11]

ρ0
(

Vσ1
11

)2

= ρ0
(

V 0
11

)2 − σ̂1

E

[(

7λ + 14μ− 6l
)− 2ν(3λ− 6l − 2m)

]

,

(2)

where ρ0 is the initial density, σ1 is the applied stress, V 0
11

is the velocity in the stress-free state (= VP), λ and μ are
the second order elastic constants generally known as Lame’s
constants and finally l,m, and n are Murnaghan’s third-order
elastic constants. Therefore, acoustoelastic theory indicates
a linear relationship between the applied uniaxial stress and
the squared values of the longitudinal wave velocities. As long
as the stress-induced changes are very small, one may use

the linear approximation V
σ2

1
11 = V 02

11 + (Vσ1
11 − V 0

11)(2V 0
11).

Applying this approximation and substituting the V 0
11 =

VP on the right hand by its equivalent expression from 1,
simplifies the above equation to a linear relationship between
the relative change in velocity and applied stress;

Vσ1
11 −V 0

11

V 0
11

= −σ̂1

2E

[(

7λ + 14μ− 6l
)− 2ν(3λ− 6l − 2m)
λ + 2μ

]

,

ΔV11

V 0
11
= −σ̂1

E
β11,

(3)
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Figure 1: Ultrasonic wave propagation in the direction of loading in
a uniaxially loaded column. If the constituent material is nonlinear,
the propagation wave velocity Vσ1

11 is stress dependent.

where β11is a dimensionless nonlinear parameter. Consider-
ing the relationship between the compression and surface
wave velocities VP and VR as a function of Poisson’s ratio
ν (VR ≈ VP(

√
1− 2ν/2− 2ν/1.13 − 0.16ν)), it is reason-

able to assume that acoustoelastic theory yields a similar
relationship between surface wave velocity and the applied
stress. More rigorous equations governing the velocity of
Rayleigh waves propagating along a surface of a uniaxially
loaded column given in other references [2] confirm this
assumption.

3. Microcracking

Relying on acoustoelasticity theory, the stress dependency of
acoustic wave velocities in a preloaded elastic homogeneous
body can be quantitatively evaluated. However, this theory
can not fully explain the velocity-stress relationship for
concrete over the entire range of stresses. The discrepancy lies
in the brittle crack-prone heterogeneous nature of concrete.
At higher stress levels (typically beyond 30% of the strength),
microcracks start to develop within the concrete mass.
Since microcracking is an irreversible (plastic) process, the
material soon leaves the elastic region. Therefore, the theory
of acoustoelasticity can no longer describe the velocity-
stress relationship. The initiation, growth, and coalescence
of microcracks are believed to play an important role in
the observed stress-induced changes in the surface wave
velocities at high-stress levels.

The mechanical behavior of brittle material is greatly
influenced by the formation and development of cracks.
The interaction of elastic waves propagating in a medium
containing microcracks depends on the size of the cracks
relative to the wavelength of the propagating waves. Elastic
waves of wavelengths shorter than the size of the cracks
will be reflected from and scattered around the edges of the
cracks. On the other hand, if the cracks are comparable in
size or smaller than the incident elastic waves, their presence
influence the overall elastic properties of the medium. For
example, the presence of microcracks generally results in a
reduction in the velocities of elastic waves propagating in a
medium. The changes in wave velocities depend on the size,
orientation (relative to the direction of wave propagation),
condition (e.g., empty or filled), and volumetric distribution
of cracks. Hudson [12] derived the overall elastic parameters,
wave speeds, and attenuation of elastic waves in materials
containing circular cracks of different distribution density,
orientation (i.e., aligned along a particular direction or

randomly oriented) and condition (i.e., empty or filled with
fluids or weak materials).

It is reasonable to assume that the orientation and
distribution of microcracks are random for a medium in
its natural state or under isotropic external pressure. Under
anisotropic stress conditions, however, microcracks show
some degrees of preferred orientation which in turn, will
introduce stress-induced anisotropy in the elastic properties
of materials. Such effects have been reported in the studies
concerning stress-induced anisotropy in rocks. Sayers et
al. [7], measured ultrasonic velocities in three orthogonal
directions for a cubic sample of Berea sandstone. He used
Hudson’s [12] formulas to evaluate the distribution and ori-
entation of microcracks within the sample. The similarities
between velocity-stress relationships reported for rocks and
those obtained in our experiment suggest that microcracking
has a key role in the observed stress-dependency of wave
velocities in concrete.

4. Experimental Investigation

An experimental study was conducted to investigate the
stress and damage-dependency of acoustic wave velocities in
concrete. Another objective of this study was to investigate
whether the observed effects depend on the stress history of
the material (or show stress memory effects).

The general scheme of the experimental series can
be described as follows. Prismatic concrete specimens of
different sizes and properties (i.e., aggregate size, water to
cement ratio, with or without reinforcement, etc.) were cast.
After being hardened (at least four weeks after casting),
the specimens were instrumented. The instrumentation
included at a minimum a hammer and two sensors mounted
along a line on one side of specimen, parallel to its
largest dimension (length). This basic setup is illustrated
schematically in Figure 2.

Each instrumented specimen was placed in the loading
machine and compressed uniaxially along its length. The
load was applied in predefined small steps (stress-controlled
mode). At every load step, the load (and consequently,
the stress level) was held constant long enough to allow
the measurement of surface wave velocities. With the basic
setup of one hammer and two sensors described earlier, the
measurement involved an automatic firing of the hammer
and recording the response at the two sensors. Once the
measurement was completed, the load was raised to the next
level and the measurements were repeated at the new load
step. Some specimens (like the one discussed here) were
subjected to more than one loading cycle to allow study
of the stress memory effects. In such cases, the maximum
desirable load level at each cycle was determined and the
procedure described above was repeated at every load step
of every loading cycle. Once the desirable stress level was
reached, the specimen was stepwise unloaded. In some of the
experiments (like the one presented here), the surface wave
velocities were also measured during the unloading steps. At
the end of one full cycle, the specimen was brought to the
stress-free state. After a short break, the subsequent loading



4 Advances in Civil Engineering

Prismatic concrete
specimen

Hammer
(mechanical impact)

Loading plate

VR

Sensors mounted on the
surface of the specimen

Application of
prescribed loading

Figure 2: The schematics of the basic measurement setup.

cycle was followed. In the last load cycle, the specimen was
loaded until reaching failure. To avoid possible damages to
the instrumentation, the sensors were usually dismounted at
final load steps (close to the failure of the specimen), but the
loading was continued until the specimen broke.

One of these experiments is described in detail here.
The detailed description of this experiment, followed by the
illustration and discussion of its results are provided.

4.1. Specimen. A prismatic 0.2 × 0.2 × 0.6 m3 specimen
of plain concrete (max. aggregate size of 16 mm, water to
cement ratio (w/c)= 0.55) was used for this experiment.
The characteristics of the concrete mixture together with
some of its mechanical properties are provided in Table 1.
The concrete mix was prepared according to the C30/C37
mix design given in the European (Eurocode2) or German
guidelines (DIN 1045-1). Five identical specimens of the
same batch were cast together in wooden molds. The
specimens were stripped of the molds after 5 days and then
put in ambient conditions for 28 days before being tested.

4.2. Measurement Setup. The setup for surface wave velocity
measurements is shown in Figure 3.

The instrumentation included a small mechanical ham-
mer (from Olson Instruments Inc.) and four sensors (Sen-
sors 1 to 4), from Acsys (ACS Ltd.) all mounted along a line
on one side of the specimen. The sensors are dry contact
(i.e., they do not require application of a coupling agent)
and spring loaded. To ensure sufficient pressure between
the sensors and the surface of the specimen over the entire
duration of the test, a simple wooden “jacket” was made.
As depicted in Figure 3, the jacket consisted of two wooden
boards with holes at the designated sensor locations. The
boards were fastened together by four metal bars. As a result,
the sensors were tightly pressed against the surface of the
specimen throughout the test. One of the two boards was
cut in the middle to allow mounting of the hammer. The
hammer was glued directly on the surface of the specimen.
The distance between every two adjacent sensors and that
between the hammer and the nearest sensors on either side
was chosen as 0.1 m.

The surface wave velocity at every load step was calcu-
lated by measuring the surface wave arrival time delays for

the Sensor pair (1, 2) and (3, 4). Five additional sensors
(depicted in Figure 3(b)) were mounted on the opposite side
of the specimen, to study the stress-induced changes in the
frequency content of the body waves travelling through the
specimen. The hammer and the sensors were controlled by
a computer equipped with three built-in PXI cards from
Spectrum (GmbH, Germany). Each card could acquire up
to four channels with a sampling rate of 1 MHz and a
resolution of 16 bits in the used voltage range of±2.5 V.
Therefore, using this system up to 12 channels (e.g., 9
channels for this particular experiment) could be recorded
simultaneously.

In order to monitor the stress-induced microcracking
development, a simple Acoustic Emission (AE) test was
simultaneously conducted. A simple single-sensor AE test
setup was developed in house and used in this experiment.
A highly sensitive broad band acceleration sensor (also from
Acsys) was employed for this purpose. As seen in Figure 3(b),
the sensor was mounted close to the middle of the specimen,
opposite to the hammer. The data acquisition included
an analog digital converter from Pico with a sampling
rate of 625 kHz and a resolution of 12 bits in a range
of ±1 V. A certain threshold was set and events exceed-
ing this threshold were fully recorded. The not cracking-
related recorded signals (i.e., noise) were later excluded in
postprocessing.

4.3. Loading. The specimen was subjected to nine successive
load cycles (loading and unloading). In all the cycles,
the pressure was applied gradually, in steps of 50 KN (or
1.25 MPa) until the maximum prescribed level of load was
reached (see Table 2). The specimen was then unloaded.
The unloading was also gradual, but in larger steps of 100
KN (or 2.50 MPa). The unloading was continued until the
specimen was fully unloaded (stress-free). The measurement
setup was checked while the specimen was at rest. The new
load cycle then followed. In load cycle 9, the instrumentation
was detached after reaching 86% of the load at failure and the
loading continued until the specimen broke. The maximum
load carried by the specimen before it failed was recorded as
the load at failure.

The loading was applied using a 2-MN loading machine.
Due to a loading error (i.e., a sudden jump in the loading
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Table 1: Mixture proportions and some mechanical properties of concrete mixture.

Sample
Designation

Mixture
Proportions
C : CA : FA (w/c)∗

Aggregate Proportions Compressive
Strength
(MPa/ksi)

5/16′′

(8 mm)∗∗
No. 5 (4 mm)

No. 10
(2 mm)

No. 18
(1 mm)

No. 35
(0.5 mm)

No. 50
(0.3 mm)

Test Specimen
(C30/C37)

1 : 2.32 : 2.87 (0.55)
Coarse (CA) Fine (FA)

25% 20% 14% 10% 11% 21% 42.8/6.2
∗Fractions in weight: C: Cement (Type I), CA: Coarse Aggregates, FA: Fine Aggregates, and (w/c): water to cement ratio.
∗∗The maximum aggregate size was 5/8′′ or 16 mm.
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Figure 3: Measurement setup: (a) the sensor arrangements for surface wave velocity measurements, (b) the five extra sensors on the opposite
side of the specimen and the additional AE sensor.

instead of a stepwise increase) in the first loading cycle, the
results of the measurements made during this cycle were not
reliable and therefore, are not included in the subsequent
illustrations and discussions.

4.4. Measurement Procedure. In every load cycle, the first
measurements were taken before the application of the load,
at the stress-free state. Before raising the load to the next
designated load level, the AE test was run. This was done
mainly to record the inevitable noise from the loading
machine, so that its characteristics could be studied and
be used later in separating noise from the event signal at
later load steps. After reaching the desired load level, the
AE test was active until no more events were registered
(over a certain period of time). Then, the AE test was
“turned off” and the hammer was fired and the signals were
recorded simultaneously at all nine sensors. At every load
step, the measurements were repeated 36 times to ensure
repeatability and reliability of the collected data. Once all 36
measurements were completed, the AE test was “turned on”
again and the load was raised to the next level. The exact
same procedure was followed during both the loading and
unloading phases.

5. Experimental Results and Discussions

The results of the surface wave velocity measurements
together with those obtained from the AE test are illustrated
and discussed in this section. Although only the results of one
experiment are discussed here, in drawing the conclusions,
occasional references have been made to the outcome of our
other experiments published elsewhere [13–15].

5.1. Stress Dependency of Sonic Surface Wave Velocities.
The results of the surface wave velocities measurements
made during this experiment clearly reveal the surface wave
velocities (measured parallel to the loading axis) are stress
dependent. To demonstrate the typically obtained velocity-
stress relationship, the measurements taken during the 8th
load cycle of this test are singled out and discussed here.
During this cycle, the specimen was reloaded stepwise
from the stress-free (or zero-load) state until reaching 71
percent of the final load at failure. Only the results of the
measurement taken during the loading are discussed in this
section.

The relative changes in velocity ΔV/V0 = (V − V0)/V0

versus stress measured during the 8th loading cycle are
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Table 2: The maximum level of applied load in each cycle in terms of load, stress, and percentage of the load at failure.

Cycle 1 2 3 4 5 6 7 8 9

Load (MN) 0.15 0.30 0.50 0.30 0.60 0.80 0.55 0.95 1.15

Stress (MPa) 3.75 7.50 12.50 7.50 15.00 20.00 13.75 23.75 28.75

% Load at Failure 11 23 38 23 45 60 41 71 86
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Figure 4: Surface wave velocity versus stress in the 8th load cycle.
The velocities are normalized with respect to the velocity measured
at the stress-free state of this load cycle. The bars indicate the
percentage of load at failure at each load step.

shown in Figure 4. The velocities are normalized here with
respect to V0, the velocity obtained at the zero-load state
in the beginning of this load cycle. The circles show the
mean values obtained by averaging the arrival times of all 36
repeated measurements at every load cycle. The error bars
indicate one standard deviation of uncertainty.

The surface wave velocity-stress relationship shown in
Figure 4 is typical for this type of measurements. We have
observed the same general trend in our other experiments
on specimens of different sizes and types. The velocity-stress
curve can be broken into three phases.

(i) Phase I (at stress levels up to about 30−35% of Load
at Failure), where the velocity increase with stress. In
this phase, concrete can be still regarded as elastic
and the acoustoelastic effects largely determine the
material response. From the microscopic point of
view, we believe that this increase is a manifestation
of the closure of microcracks lying perpendicular to
the load. At this load steps, the stress is high enough
to gradually close these microcracks but not so high
to cause major damage (new microcracks) within
concrete.

(ii) Phase II is recognized by a change in the slope of
the velocity-stress curve. Where exactly this change
occurs is a signature effect of the stress history of
the material (this point will be discussed later in
this section). In general terms, the change of slope
occurs when the material leaves the elastic zone and

suffers plastic damage in the form of extended or
new microcracks. This phase ends after the velocities
reach a maximum value, after which, the velocity-
stress relationship enters Phase III.

(iii) During Phase III, the velocities start to decrease at an
increasing rate. This is when the microcracks parallel
to the loading axis gradually develop to macro- and
visible cracks and result in the ultimate failure of the
specimen.

As it can be seen in Figure 4, the relative velocity changes
are more than 5% as the stress level is raised to about 70% of
the Load at Failure. As mentioned earlier, this general trend
is typical and has been observed in our other experiments
on specimens of other sizes and mixtures. In experiments
on larger specimens, the uncertainties in measurements are
lower (i.e., smaller error bars). It should be emphasized
that the velocities here are measured parallel to the loading
axis. Other experiments have indicated that the surface wave
velocity-stress relationship is also direction dependant. The
maximum increase in velocities occur in the direction of the
loading, while the largest drop in values at later load steps
is observed in the measurements taken perpendicular to the
loading [13].

5.2. The “Stress Memory” of Wave Velocities. Having mea-
sured the velocities over 9 cycles, we could study the possible
“stress memory” effect in the measured wave velocities.
According to Kaiser Effect, new microcracks will not develop
in a (stable) medium until the stress levels reach beyond the
maximum level in the stress history of the medium. This
effect can be clearly observed in the results of our simple
AE test, depicted in Figure 5(a). The number of registered
Events (the blue line in the figure) sharply increases once
the previous maximum stress level is reached. During the
unloading phases, only a very small number of Events
have been registered. These observations are remarkable
considering the difficulty in differentiating noise (coming
mainly from the loading machine) from signal (or AE Event)
and also the fact that our AE test setup included only one
single sensor. It should be also noted that the top face of
the specimen was considerably rough. The interaction of this
roughness with the loading plate at the starting load steps
explains the irregularities (i.e., an unexpectedly high number
of events) observed in our AE test results, especially at earlier
load steps. Otherwise, the test produced satisfactory results in
close agreement with Kaiser Effect. The remaining question
is, considering the crucial role of microcracking in describing
velocity-stress relationship, whether the Kaiser Effect can be
also “seen” in surface wave velocity measurements.
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Figure 5: Stress memory effect in surface wave velocity measure-
ments: (a) AE test results and (b) surface wave velocities measured
during load cycles 2 to 9. The second axs in both (a) and (b) indicate
the level of loading in KN and as a percentage of the final load
at failure, respectively. The results of the first load cycle are not
included in these illustrations.

The surface wave velocities measured during loading
phase of load cycles 2 to 9 are plotted together in Figure 5(b).
The results of the first load cycle are not included here,
because of some measurement errors occurred during this
cycle. In calculation of the relative velocity changes ΔV/V0 =
(V − V0)/V0,V0 is the surface wave velocity measured at
the virgin state, that is before the specimen was loaded.
The dashed lines mark the load steps, where the previously
applied load level is exceeded. Wherever the maximum level
in the stress history of the specimen is exceeded, there is a
change in the slope of velocity-stress curve. In another words,
the measurements show a stress memory effect. This effect is
more obvious in the early loading cycles where the previous
loads were not high enough to induce plastic damage and
consequently a change of slope.
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Figure 6: Surface wave velocity measurements during both the
loading and unloading phases of load cycles 2 to 9. The arrows mark
the average velocity difference at the stress-free state before and after
the application of load in each cycle. The second axis indicates the
level of loading as a percentage of the final load at failure.

5.3. The Effect of Irrecoverable Damage on Velocity-Stress
Relationship. Stress-induced irrecoverable (or plastic) dam-
ages in concrete are associated with the development of
microcracks. In concrete undergoing gradually increasing
axial compression, new microcracks initiate beyond certain
stress levels. The majority of the new microcracks develop
parallel (or nearly parallel) to the direction of the loading.
Concrete containing a considerable amount of microcracks
can not be considered elastic anymore and therefore, the
theory of acoustoelasticity can no longer describe its velocity-
stress behavior.

The presence of microcracks results in a decrease in the
measured wave velocities. The amount of decrease depends
on several factors including the density and orientation of
microcracks (with respect to the measurement direction).
The effect of microcracking on the surface wave velocities
can be demonstrated by comparing the velocity-stress curves
measured over loading and unloading phases of various
laod cycles. Since no significant additional damage occurs
during the unloading phase of a load cycle (Kaiser Effect), the
changes in the measured wave velocities over the unloading
phase can be only due to the effect of stress. Therefore,
the deviation of the velocities during unloading from those
measured during the loading phase is due to load-induced
irrecoverable damages.

The velocities measured during the loading and unload-
ing phases are superimposed and shown together in Figure 6.
To increase the readability of the diagram, the error bars have
not been shown in this figure.

It can be observed that, the difference between the
measurements during the loading and unloading phases (of
one load cycle) becomes significant first in load cycle 6, where
60% of the load at failure was reached. As expected, this
difference is even larger for load cycle 8, where 72% of the
load at failure was reached.
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Another important observation in Figure 6 is the differ-
ence in the velocities measured on the stress-free specimen
before and after each load cycle. These differences are marked
with vertical arrows in this figure. With the exception of load
cycle 2, this difference is correlated to the level of induced
damage in each load cycle: the higher the level of expected
damage, the larger is the difference. In another words, as
long as the concrete member is not loaded, a lower surface
wave velocity is an indication of internal damage and loss of
strength.

Finally, the slope of the velocity-stress curves measured
over the first few loading or reloading steps (Phase I) was
observed to increase with an increase in the stress-induced
damage. This observation motivated calculation of a param-
eter β∗ similar to the dimensionless non-linear parameter
β11. Recalling and rearranging (3), β11 is calculated using the
following equation:

β11 = −E
σ̂1

ΔV11

VP
, (4)

To obtain β∗, we use the measured relative changes in
surface wave velocities (in Phase I) instead of the ultrasonic
longitudinal wave velocities propagating in the direction of
loading.

β∗ = −E
σ̂1

ΔV

V0
= −E

[
ΔV

V0
/σ̂1

]

, (5)

where the term in brackets is the slope of the relative change
of surface wave velocity-stress curve.

Equation (5) was used to calculate β∗ for different load
cycles over a stress range of 0 to 7.5 MPa (up to 23% of
load at failure), where concrete can be assumed elastic. The
average values of ΔV/V0 measured during the loading (i.e.,
re-loading) phases of each cycle were used in the calculations.
As an example, the calculation of β∗ for the second load cycle
is illustrated in Figure 7. The same procedure is repeated for
the subsequent load cycles and the resulting average values
for β∗ are summarized in Table 2. The values of β∗ reported
here are in the range of β values obtained from ultrasonic
investigations [4, 5]. Small differences in the measured values
were expected since different material and measurement
methods were used here.

A study of β∗ values obtained for load cycles 2 to
9 indicates that this parameter generally increases with
the level of induced-damage in concrete. β∗ values were
calculated for velocities measured at the beginning of the
reloading phase of each load cycle, where the material is still
elastic and no irrecoverable damage is expected to occur.
Therefore, the value of β∗ measured during the nth load
cycle reflects the material property at the end of the previous
cycle, load cycle n−1. According to our measurement results,
when concrete undergoes irrecoverable damage in one cycle,
a higher average value of β∗ is usually obtained in the
subsequent load cycle. The high jump in the value of β∗in
load cycle 7 is particularly remarkable. The last load cycle
(cycle 9) is an exception. Despite loading until 71% in the
preceding load cycle (cycle 8,) a lower value for β∗ was
measured. It can be concluded that, a higher value of β∗
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Figure 7: Calculation of non-linear parameter β∗ for load cycle 2.
The average values of velocity measurements over a low stress range
of 0 to 7.5 MPa (23% of load at failure) were used in the calculations.

Table 3: The average values of dimensionless nonlinear parameter
β∗ for different load cycles.

Load Cycle 2 3 4 5 6 7 8 9

β∗ −75 −119 −118 −118 −126 −139 −143 −108

measured over low-stress levels is an indication of stress-
induced damage, provided that the stress does not exceed
60% of the strength. Further investigations are currently
underway to establish the relationship between the measured
β∗ and the state of stress-induced damage in concrete.

6. Conclusions

The surface wave velocities measured parallel to the loading
on one side of a prismatic specimen undergoing uniaxial
compression are highly stress dependent and the velocity-
stress relationship follows a general multiphase trend. More-
over, the velocity-stress relationship preserves the signature
of the loading history of the specimen. By measuring the
velocities during unloading phases of load cycles, when no
additional damage occurs (according to Kaiser Effect), one
can separate the effect of stress and damage on the measured
velocities. The dimensionless non-linear parameter βwas
estimated from the measured relative velocity values based
on formulations governing the acoustoelastic effects. This
parameter generally increases with the level of stress-induced
damage.
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[15] A. Zoëga, P. Shokouhi, and H. Wiggenhauser, “Propagation
time of elastic surface waves on concrete specimens under
uniaxial loads,” Journal of Structural Engineering, vol. 36, no.
1, pp. 11–15, 2009.



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2010

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


