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ARTICLE INFO ABSTRACT

Keywords: Although ultrasonic transducers that emit horizontal shear waves are widely used in practice, no investigation
EFIT has been conducted to study the attenuation of shear waves in concrete due to scattering by aggregates and air
Concrete voids. Horizontal shear waves preserve more energy in comparison with longitudinal waves when propagating in
Attenuation concrete in low frequencies. However, the lower wavelength of shear waves increases the potential of their
:S:;zrvivnagves scattering attenuation in concrete. In this paper, we developed a 3D numerical tool and used it to study the

scattering attenuation of horizontal shear waves in concrete in the 20-150 kHz frequency range. We showed that

the scattering attenuation in this frequency range strongly depends on the size and material properties of ag-
gregates. The shape of the aggregates and the presence of air voids slightly affected the scattering attenuation.

1. Introduction

Concrete has been one of the most used construction materials in
the world, and monitoring the integrity of these structures is becoming
more crucial due to the aging of the infrastructures made of this ma-
terial. Nondestructive testing (NDT) allows the evaluation of the health
of structures without causing any damage. Ultrasonic nondestructive
testing allows the visualization of major discontinuities in acoustic
impedance in deeper depths in the test specimens [1-3]. Therefore,
they are appropriate for visualizing cracks, rebars and cavities.

The emergence of dry point contact (DPC) transducers has made
ultrasonic NDT of concrete members more efficient by eliminating the
need for coupling agents for the transmission of energy to the test
specimens. Data acquisition systems integrating multiple DPC sending
and receiving transducers have further increased the efficiency of col-
lecting data [4]. These systems provide a large amount of data in a
fraction of a second. Development of DPC transducers emitting hor-
izontal shear waves offered a significant advancement in NDT of con-
crete structures. While most of the energy of longitudinal signals con-
verts to shear and surface waves after transmission [4], horizontal shear
waves preserve a higher level of energy while propagating in concrete,
and therefore, permit greater penetration depth. The lower wavelength
of shear waves in comparison to longitudinal waves and higher energy
level of shear waves permit detection of smaller inclusions and defects
at deeper depths in low frequencies. This technology is extensively used
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in practice to measure thickness and to detect rebar, delamination, and
damage [5-12].

The main challenge in ultrasonic NDT of concrete structures is the
composite nature of concrete. The heterogeneity of concrete can cause
scattering of propagating ultrasonic waves [13]. Scattering attenuates
the energy of the coherent waveforms (scattering attenuation) and
limits the penetration depth of the ultrasonic waves. Scattering at-
tenuation is correlated with the ratio of the aggregate size to the wa-
velength of the transmitted wave [13]. The velocity of shear wave in
concrete is about 2500 m/s, while the velocity of longitudinal wave is
around 4300m/s [2]. The lower wavelength of shear wave in the
hosting medium (1 = ¢/f, where 1 is wavelength, cis velocity and f is
frequency) increases the potential of scattering of shear waves in con-
crete. Due to the broad applications of data acquisition systems that
employ DPC shear transducers in practice, and since the signal to noise
ratio (SNR) plays a significant role in the detection of inclusions and
defects, as well as geometry measurements, gaining insight into the
scattering attenuation of horizontal shear waves is vital. Several nu-
merical and experimental investigations have been conducted to un-
derstand the scattering attenuation of longitudinal waves in concrete
[14-18]; however, to our knowledge, the literature lacks a study on the
scattering attenuation of shear waves.

In this study, we used numerical simulations to study the effect of
shape, size and material properties of aggregates on the scattering at-
tenuation of shear waves in concrete. We used a simple approach to
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generate non-overlapping aggregates and voids and considered them in
numerical simulations to investigate the influence of heterogeneity on
attenuation of shear waves in concrete. Because the frequency range of
20-150 kHz is generally used in practice [2], we studied the scattering
attenuation in this frequency range. To investigate the effect of shape
and material properties of aggregates, we assumed that the aggregates
could be ellipsoidal, representing rounded aggregates, or rectangular
cuboid, representing angular aggregates, in shape and can have two
different material properties. Furthermore, we considered synthetic
concrete specimens with and without air voids to investigate the effect
of porosity on the scattering attenuation. Because the range of appli-
cation of ultrasonic testing is broad, it can be applied to concrete pa-
vements, bridges, tunnel linings, foundations, etc., and since the max-
imum aggregate size in these structures can be different, we chose the
maximum aggregate sizes of 18, 25, and 38 mm in the mix design of the
synthetic concrete specimens to investigate the effect of aggregate size
on scattering attenuation. We performed the same simulations for
longitudinal waves and compared the scattering attenuation of shear
and longitudinal waves in the synthetic concrete specimens. To perform
the numerical simulations, we developed a 3D numerical tool. We used
the finite integration technique (EFIT) [19] for the spatial discretization
of the governing equations. We employed perfectly matched layers to
truncate the computational medium. It is worth mentioning that the
accuracy of the EFIT in simulating the propagation of waves in a con-
crete medium was shown in [14,15]; we do not validate EFIT in this
paper.

The rest of the paper is arranged as follows. First, we discuss the
methods introducing the EFIT, giving the formulation of the perfectly
matched layer, and presenting the approach used to generate the non-
overlapping aggregates. Next, we present the simulation results and
discussion.

2. Methods
2.1. Elastodynamic finite integration technique

We developed a numerical tool to simulate wave propagation in
concrete. FORTRAN was used for programming, and Elastodynamic
Finite Integration Technique (EFIT) for spatial discretization of the
differential equations. To use EFIT for discretization, Cauchy’s equation
of motion (Eq. (1)) and Hook’s law (Eq. (2)) are written in terms of

velocity and stress:
PV = Gy (€8]
Gyj = AyjVick + vy

(2)

where p is mass density, o are stress tensor components, v; are velocity
components, and 4 and u are Lamé constants. EFIT integrates the
governing equations over each integration cell:

'/‘;: Cl'ljdV = ‘-/;Vc (/léijvknk + /,tvinj)dS.

3)

4

The discretization is performed by estimating Eqs. (3) and (4) over
the cell volume and boundaries using a one-point Gaussian quadrature
rule. Here, we assume that the cells are cubic in shape and they have
the same size. The arrangement of stress and velocity components in 3D
is shown in Fig. 1 [15]. Note that in this study Ax = Ay = Az. Velocity
and stress components are located at different spatial places (Fig. 1).
These components are located in the center of the corresponding in-
tegration cells. Material parameters of the heterogeneous concrete are
defined on a spatial grid that matches the grid representing the center
of gycells. A special averaging is used to estimate the material para-
meters at the location of velocities and shear stresses [20,21]. A Leap-
frog scheme is used for time integration (Egs. (5) and (6)):
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Fig. 1. Arrangement of stress and velocity components in EFIT.
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To minimize the numerical dispersion, the following expression
should be satisfied [21]:

1cmin 1 Comin
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where ¢, is the minimum wave speed in the medium, c; ., is the
minimum shear wave speed in the medium, and f, . is the maximum
frequency in the spectrum of the emitted signal. To avoid numerical
instability, Eq. (8) has to be fulfilled [19].

1
1 1 1’
Cmax Al + Tyz + Aizz
Cmax in Eq. (8) is the maximum wave speed in the medium. Assuming
that Ax = Ay = Az, Eq. (8) can be simplified to Eq. (9).

1
max (Ax, Ay, Az) < g/lmin =

At <

®

Ax
V3Cmax )

It is worth mentioning that EFIT is virtually the same as a second-
order velocity-stress finite difference on a staggered grid. Higher order
finite difference methods allow using a coarser spatial grid, but a fine
spatial grid is required for representing the strong heterogeneity of
concrete. Therefore, EFIT is the most efficient technique for the simu-
lation of wave propagation in this material.

At <

2.2. Implementation of perfectly matched layers

Perfectly matched layers (PML) [22-24] were implemented in the
program and assigned to the boundaries with faces perpendicular to the
x and y-directions to truncate the computational domain laterally
(Fig. 2).

The amplitude of the outgoing waves decays exponentially in the
PML by employing a damping profile. The value of damping at the
interface of the medium and absorbing layer is zero in the perfectly
matched layer, material properties of PML and computational medium
match perfectly in the interface, and as moving into the absorbing layer
the damping is gradually increased. A fixed boundary condition can be
assigned to the outer boundary of a perfectly matched layer. The layers
have to be thick enough to dampen virtually all of the energy of the
outgoing waves. Here, we implemented the formulation for PML given
in [24]. To facilitate use of formulation, we present the equation of
motion (Eq. (10)) and constitutive equation (Eq. (12)) in the perfectly
matched layers for an isotropic media. 6 and ¢ in Egs. (10) and (12) are
called memory variables which are evaluated from Eqgs. (11) and (13).
The equations after time integration using leap-frog scheme are shown:

1
1/2 —-1/2 m-—=>.p
I = 112 At(cpaqu;j; + (1=8,)alt + "2 )

(10)
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Fig. 2. Perfectly matched layers used to truncate computational domain lat-
erally.

m+1/2,p _ m—1/2,p__ m
& = fp & epéjp Gij,js

1)

1 1 1
m+l _ _m m+§ m+§ m+§
oj'T =0 + At (Cp/léijékpvk,k + Uy * + CpubipYy;

41 41 41
+ A(1=8) 85y 2 + u(A=p)u; 2 + p(1=6;,)vy; 2 + dpgi;"vp),
12)
m+1,p m,p m+§ m+% m+;
G =18 e | A0V 2+ Hpviy 2+ My 2 13)

Assuming that the value of y in [24] is one, c,, d,, e,, and fp are
given in the following equations:
Q,At
i ; dp = 2 yep =
& p &

4—gp )

=1 fy = —2(1—cy),

14

where g,: =2 + (a + Q,)At. The value of « is chosen to be 7f, where f,
is the center frequency of the emitted signal. We also assumed that
Q= QO(EP/L)Z, where §, is originated from the interface of computa-
tional medium and PML and is oriented perpendicular to the interface,
p indicates the direction of ¢ ; L is the thickness of the absorbing layer.
Note that p is x in region two of Fig. 2, it is y in region three, and is x
and y in region four. Region one represents the truncated medium. For
clarity, we provided the equation for oy, and its memory variables in
region two and four of Fig. 2. In region two, gy, is:

1 1 1
oM+l = g 4 At (cx(/l + ZM)V;TZ + Avyyfl;z + szgz + dxg’g’x), 1s)

1
41
EIEX = f O (L + 2V 2, (16)
and in region four, oy, is:
mal . m+ m+3 m+ e
on = Op + At ex (A + 21 vcx 2 + cpdvyy 2 4+ Avge 2 + di (T
+dy e,
<) .
ot = fgem—e (A + 2u)vii !, as)
LY = fE8my (4 2u)ul (19)
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2.3. Generation of non-overlapping aggregates and air voids

Aggregates and voids have to be modeled explicitly in the numerical
simulations in order to take scattering attenuation into account.
Recently, several algorithms have been proposed for generating non-
overlapping aggregates and voids and using them in the finite element
models [25-28]. In this paper, we present a simple approach in that we
use the material grid of EFIT to generate aggregates and voids. In this
approach, we generate the 3D material grid that covers the computa-
tional domain and we assign a single number to all grid points, which
represents the background material, cement matrix in our case. Each
time an aggregate or void with a random size and a random location is
generated, the material numbers assigned to the grid points surrounded
by the new aggregate or void’s boundary are examined. If all numbers
are equal to the material number of the cement matrix, then the loca-
tion is determined to be available. In this case, we assign the material
number associated with the new aggregate’s or void’s material prop-
erties to the grid points located in the aggregate. Otherwise, the loca-
tion is preoccupied by another aggregate or void. In this case, a new
location must be assigned to the aggregate or void and the availability
of the new location for placing the aggregate or void must be checked.
This process continues until a certain volume of the concrete specimen
is occupied by aggregates and voids. Note that each material number
defines a different material, and each aggregate can be defined with a
different material number.

2.3.1. Some hints for generating non-overlapping aggregates and voids
The following hints can be helpful when generating aggregates and
voids.

o Aggregates and voids should be generated from coarse to fine. If
finer aggregates or voids were to be generated first, it would be
impossible to find free locations for coarser aggregates or voids.

e It is not necessary to check material numbers of all grid points inside
the aggregate to examine whether the place was previously occu-
pied. When looping over grid points in the x-direction, for example,
the increment step of the loop can be the number of grid points in 1/
10 of aggregate size in the x-direction. By doing so, the computation
burden can be decreased significantly.
If the size of the spatial grid being used is very small, a multigrid
approach can be used to generate the aggregates and voids. A coarse
grid can be used to generate the coarse aggregates. Then, save the
geometry and location of those in memory. Next, assign the material
number of the saved aggregates to the fine grid. Finally, generate the
fine aggregates using the fine grid.

e To generate aggregates at a specific distance from a boundary or to
avoid generating aggregates and voids in a specific region, assign a
number, which is different from the material number of cement
matrix, to the region where the presence of aggregates and voids
should be avoided. Then, generate aggregates and voids.
Subsequently, the material number in the avoided region can be
changed back to the material number of the material occupying that
region.

In the following sections, we explain how to generate ellipsoidal and
cuboid aggregates.

2.3.2. Generation of an ellipsoidal and a cuboid aggregate

Suppose that we want to generate an ellipsoidal aggregate with
semi-axes of length a, b, and ¢, with a center at (x, y., z.), and with
principal axes that form the angles of «a, 8, and y with the x, y, and x-
axes, respectively. To this end, first we generated a standard ellipsoid
by randomly generating the numbers a, b,and c. Here, we assume that
0.5a < b, ¢ < a. Then, we generated three random numbers, (x., )., Zc),
that represent the center of the ellipsoid, and we transfer the center of
the standard ellipsoid to this point. Afterward, the principal axes of the
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standard ellipsoid are rotated about x, y, and z-axes by angles «, 8 and
y, respectively. The rotation matrix is given by Eq. (20):

cosfcosy — cosasiny + sinasinBcosy sinasiny
+ cosasinfcosy
R=RRR. =

cosfsiny  cosacosy + sinasinfsiny  — sinacosy >
+ cosasinfsiny
— sinf sinacosf cosacosf3

(20)

where R, R, and R, are rotation matrices about the x, y and z axis,
respectively. Coordinates in the transferred and rotated system are

obtained from x'=Rx where xT = (x—x., y-),z-z.). Point
)T = (x, y, z) is in the transferred and rotated ellipsoid if:
(x/a)* + (/b + (z/c)? < 1. @1

To produce a cuboid aggregate, we first generated three random
numbers (a, b, and c) representing the lengths of the edges of the cu-
boid. Here, we assumed that 0.5a < b, ¢ < a. Then, we randomly gen-
erated the coordinates of a vortex of the cuboid. Next, we generated
three unit vectors that start from a vortex of the cuboid to define the
direction of the edges. These three unit vectors can be multiplied with
a, b, and ¢, and used to obtain the coordinates of other vortices of the
cuboid. The first unit vector was generated by producing three random
numbers in the range of [—1, 1]. This vector was then normalized to
obtain the first unit vector. To generate the second unit vector, two
random numbers were generated in the range of [—1, 1]. Then, the third
component of the vector was obtained from the orthogonality of the
two edges of the cube. The second vector was normalized to obtain the
second unit vector. The third unit vector is simply obtained from the
cross product of the first and second unit vectors.

2.3.3. Examining the material number of grid points inside cuboid and
ellipsoidal aggregates

We want to check the material numbers of grid points located inside
a cuboid aggregate. To do this, we determine the minimum and max-
imum of the aggregate vortices’ coordinate data. We denote this co-
ordinates With Xuin, Xmax> Ypin> Ynaxs Imin> ad Zmee. New vortices at
(tmins Yin> Zmin) a0d (Xmax, Ypay» Tmax) define a cuboid that surrounds the
cuboid aggregate. We loop over all grid points located inside the sur-
rounding cuboid to determine the points that are located inside the
cuboid aggregate. To examine if a point is inside a newly generated
aggregate, we obtain the dot product of the three unit vectors re-
presenting the direction of the edges of the aggregate (e,, e, and e.)
with a vector that starts from the vortex where the unit vectors start and
ends at the point of interest (v) (Fig. 3).

If the following conditions hold (Eq. (22)), then the point is in the
aggregate.

X

(xmin‘ Yminy Zmin) c

€c

N,
\
\\

N

€y |
N \\
v N

€q

(xmaxr ymaxr Zmax)

Fig. 3. A cuboid aggregate is surrounded by the vertical cuboid.
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0<ewv<aand 0<e,v<b and 0<e.v<c. (22)

Otherwise, it is located outside of the aggregate. If the point is inside
the aggregate, we check the material number assigned to that point for
overlapping control.

For an ellipsoidal aggregate, we generate a cuboid that surrounds it.
Then we loop over all points inside the cuboid. A point is inside the
ellipsoidal aggregate if it satisfies Eq. (21). If the point is inside the
ellipsoid, we check the material number assigned to that point.

Images of two specimens with ellipsoidal and cuboid aggregates
generated using the explained approach are depicted in Fig. 4.

3. Results and discussion

Some authors assume concrete is a homogeneous material when the
frequency of emitted signals is in the range of 20-150kHz [29].
However, the experimental data shows the scattering attenuation of
shear waves in concrete within this frequency range. Fig. 5 represents
the data collected by a linear array device, MIRA (see [5] for the details
of the device), from a concrete slab with the thickness of 210 mm. The
center frequency of the transmitted signal was 50 kHz and the receiving
channel of transducers was located at the distance of 120 mm from the
transmitting channel of transducers, both located on the same side of
the slab. As can be seen from Fig. 5, the amplitude of the noise is large
and is decreasing at the time window of 170 us to 820 ps. The main
reason for the large amplitude noise in this time interval is scattering of
incident waves by aggregates, and the reason for the decrease in its
amplitude is geometric-spreading. The level of the noise is virtually
constant for t > 820 ps; this noise is primarily environmental. As can
be observed, even for a signal with the center frequency of 50 kHz the
level of structural noise, the noise caused by scattering, is considerable.

Note that 2D simulations result in a low signal-to-noise ratio and
cannot be used to study the effect of heterogeneity of concrete on the
scattering attenuation. In 2D simulations, waves are enforced to scatter
in the same plane they were transmitted. Therefore, the acquired data
become unrealistically noisy. In a real concrete specimen, the random
shapes and orientations of aggregates cause scattering of the incident
waves in all directions in the 3D space. Moreover, the previous studies
on longitudinal waves show higher scattering attenuation in 2D simu-
lations [15]. Thus, 3D numerical simulations were performed to in-
vestigate scattering attenuation in this study.

3.1. Influence of shape, size and material properties of aggregates on
scattering attenuation

We restricted the attenuation to scattering attenuation by trans-
mitting the source signal from all points located on the top surface of
the synthetic specimens. The size of the synthetic specimens in x and y
directions were set large enough to guarantee that the condition of 1D
wave propagation would hold for the points located in a neighborhood
of the computational domain center during the recording time. In all
numerical simulations, the size of the specimens in the x and y-direc-
tions were 0.9 m and the depth of the specimens was 0.30 m. We as-
sumed that the top and bottom boundaries of the numerical specimens
were free and perfectly matched layers were assigned to the lateral
boundaries. The thickness of the perfectly matched layer was 20 grid
spacing in this study.

We assumed that the maximum sizes of ellipsoidal and cuboid ag-
gregates were 19, 25 and 38 mm. We used Fuller’s 0.45 power curve
[25] to fill 50% of the volume of the concrete with aggregates. Using
the approach introduced in Section 2.3, we could generate more than
200,000 of non-overlapping aggregates and voids in less than a minute.
We defined two types of materials for aggregates, where the difference
of the acoustical properties of the first type of aggregates with the ce-
ment matrix was lower than that of the second type [15]. In this paper,
we refer to the aggregates made of the first material as “aggregate type
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Fig. 4. 3D numerical concrete specimens with (a) ellipsoidal and (b) cuboid aggregates.

Amplitude

0 200 400 600

800 1000 1200 1400

Time (us)

Fig. 5. Signal recorded by a receiving channel of transducers at the distance of 120 mm from a sending channel of transducers.

Table 1
Material properties of cement matrix and aggregates.
Material Properties Cement Aggregate Type  Aggregate Type  Air
Matrix One Two
Density (kg/m?) 2050 2610 +1307, 2950 1.20
Shear Velocity (m/s) 2250 2450 + 1257, 3330 0
Longitudinal Velocity 3950 4180 +2107; 5730 0

(m/s)

one” and the aggregates made of the second material as “aggregate type
two”. The material properties of cement matrix and the two types of
aggregates are given in Table 1. 7, 1,, and 7, in Table 1 are random
numbers uniformly distributed in the range of [-1, 1]. It was assumed
that 1% of the volume of the synthetic concrete specimens was filled
with spherical air voids with the diameter of 2 mm [30]. We assigned
the material properties provided in Table 1 to air voids and treated
them similarly to aggregates in the numerical simulations.

The transmitted wavelet was assumed to be the RC2 signal given by
Eq. (23):

RC2(t) = (1—cos(xf,t))cos(2xf,t), 0 <t <2/f, (23)
where f, is the center frequency of the signal. Since EFIT uses velocities
and stresses as prescribed values, the normalized first time derivative of
the RC2 signal (Fig. 6) was used as prescribed velocity.

The transmission of horizontal shear waves to the computational
domain was performed by assigning the normalized wavelet, as the y-
component of velocity, to the center of all v, cells (Fig. 1) located on the
top surface (z = 0) of the synthetic specimens. Twenty-five points lo-
cated at a depth of 0.15 m and distributed on a structured grid with the
grid spacing of 0.02 m were used to record the y-component of velocity

38

1.0
0.5
(O] /\
°
>
= 00 >
E Time 2/f.
< c
0.5
-1.0 1

Fig. 6. The transmitted wavelet.

as output signals. The center of the specimen matched the center of the
grid. The sampling rate was 10 MHz. The average of the recorded sig-
nals was used to evaluate scattering attenuation. Using averaging the
structural noise is filtered from the recorded signals. The attenuation
was obtained by using Eq. (24) [18]:

Ac(f)
Ao(f)’

a=-2
X 810

@9

where A, (f,) is the amplitude associated with the frequency f, (Eq.
(23)) in the frequency spectrum of the first arrival signal recorded at
distance x from emitter. Frequency spectrum is obtained by applying
fast Fourier transform (FFT) to the recorded signal. A,(f,) is the peak
amplitude of the emitted signal, which is associated to the frequency f,
in the frequency spectrum of the RC2 signal (Eq. (23)). We obtained the
attenuation corresponding to the transmitted signals with the center
frequency of 25, 50, 75, 100, 125, and 150 kHz using Eq. (24); then we
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Scattering Attenuation of Horizontal Shear Waves

(a) Ellipsoidal Aggregate (dyq, = 19 mm)
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(c) Ellipsoidal Aggregate (dpq = 38 mm)
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(d) Cuboid Aggregate (dq = 19 mm)
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(e) Cuboid Aggregate (dpq = 25 mm)
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(f) Cuboid Aggregate (d,qx = 38 mm)
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Fig. 7. Scattering attenuation of shear waves versus center frequency of emitted signals for synthetic concrete specimens with ellipsoidal aggregates with maximum
size of (a) 19mm, (b) 25mm and (c) 38mm, and for synthetic concrete specimens with cuboid aggregates with maximum size of (d) 19mm, (e) 25mm, and (f) 38mm.

fitted a curve to these six values to provide the attenuation curves.
Maximum frequency in the frequency spectrum of RC2 signal with
the center frequency of f, is virtually 2f, therefore, for f, = 150kHz and
material parameters provided in Table 1 conditions in Egs. (7) and (9)
lead to Ax < 0.0075m and At < 0.075us. We chose Ax = 0.005m and

At = 0.05us in all numerical simulations in this study.

The numerical simulations were performed and the scattering

39

attenuation was computed for the given frequency range (Fig. 7).
Maximum aggregate size was denoted by d,,, in Fig. 7. As can be ob-
served from the graphs presented in Fig. 7, the scattering attenuation
was strongly dependent on the maximum aggregate size. Evidently, the
scattering attenuation was larger for aggregates with a maximum size of
38 mm. For aggregates with maximum sizes of 25 mm and 38 mm, as
the frequency increased, the difference in the value of scattering
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Scattering Attenuation of Longitudinal Waves

(a)  Ellipsoidal Aggregate (dyqy = 19 mm)
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Fig. 8. Scattering attenuation of longitudinal waves versus center frequency of emitted signals for synthetic concrete specimens with ellipsoidal aggregates with
maximum size of (a) 19mm, (b) 25mm and (c) 38mm, and for synthetic specimens with cuboid aggregates with maximum size of (d) 19mm, (e) 25mm and (f) 38mm.

attenuation decreased.

Fig. 7 illustrates that the type two aggregates caused significantly
larger scattering attenuation in comparison with type one aggregates,
and as the center frequency of the emitted signal increased, the effect of
the material properties of aggregates on the scattering attenuation in-
creased. For all types and sizes of aggregates, the scattering attenuation
was small for emitted signals with center frequencies lower than
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50 kHz; for type one aggregates, this range was larger. Velocity of shear
wave in the synthetic concrete specimens was computed to investigate
the influence of aggregates’ shape, size, and material properties on the
velocity of the shear wave in concrete. To do so, we transmitted shear
waves from a point on the top surface of the specimen and recorded the
first arrival signals by the receivers located on the top surface of the
specimens in a plane that contained the sender and was perpendicular
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Fig. 9. Snapshots taken at t = 20, 80, 180, and 240 ps from the propagation of horizontal shear waves in synthetic concrete specimens with ellipsoidal aggregates
(dmax = 25mm) of (a) type one (f, = 50kHz), (b) type two (f, = 50kHz), (c) type one (f, = 100kHz), (d) type two (f, = 100 kHz), (e) type one (f, = 150kHz), and (f)

type two (f,=150kHz).

to the y-axis. Having the distances of receivers and the travel time of the
emitted signal from the first to the second receiver, the velocity of the
shear wave was computed. The results showed that the velocity of the
shear wave was virtually not dependent on the size or shape of ag-
gregates. The velocity of the shear wave in the concrete specimens with
aggregate type one was about 2350 m/s. This value for concrete made
of aggregate type two was around 2550 m/s. Apparently, the velocities
of the shear waves in two specimens were not considerably different.
However, the scattering attenuation was significantly larger in the
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concrete specimen made of aggregate type two.

The simulation results (Fig. 7) show that the scattering attenuation
was slightly affected by the shape of the aggregates. The scattering
attenuation in the synthetic concrete specimens with cuboid aggregates
was slightly larger than that in synthetic specimens with the ellipsoidal
aggregates.

We performed the same numerical experiments for longitudinal
waves (Fig. 8) by exciting the top surface of the synthetic concrete
specimens in the z-direction. The same behavior as horizontal shear
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Fig. 10. Waveforms recorded at nine different points at z = 0.15m synthetic of specimens with ellipsoidal aggregates (d,,x = 25mm) of (a) type one (f, = 50kHz), (b)
type two (f, = 50kHz), (c) type one (f, = 100kHz), (d) type two (f, = 100kHz), (e) type one (f,=150kHz), and (f) type two (f, = 150 kHz).

waves can be observed for longitudinal waves. However, the scattering
attenuation was smaller for longitudinal waves.

For synthetic concrete specimens with type one aggregates (Fig. 8),
the scattering attenuation of longitudinal waves was insignificant for
the three aggregate sizes for frequencies lower than around 80 kHz. For
higher frequencies, the attenuation was virtually one-half of that for
horizontal shear waves for synthetic concrete specimens with both
cuboid and ellipsoidal aggregates. For synthetic concrete specimens
with type two aggregates, the scattering attenuation was significantly
larger than that for the specimens with type one aggregates. For these
specimens and for aggregate with the size of 38 mm the attenuation of
longitudinal waves was large for frequencies higher than 100 kHz.
However, comparing the graphs in Figs. 7 and 8, the attenuation of
longitudinal waves was still noticeably lower than that for horizontal
shear waves.

The y-component of velocity wavefields (horizontal shear waves) at
four different times are presented in Fig. 9. Numerical simulations were
performed on specimens with ellipsoidal aggregates with the maximum
size of 25 mm to provide the snapshots. The snapshots show transmitted
wavelets with the center frequencies of 50 kHz, 100 kHz, and 150 kHz.
The waveforms recorded by nine receivers located at the depth of
150 mm are provided in Fig. 10. As can be observed from Figs. 9 and 10,
the scattering attenuation of horizontal shear waves at the center fre-
quency of 50 kHz was low and the transmitted wave kept most of its
energy when it reached the top boundary. At higher frequencies, the
scattering attenuation was considerable. At the center frequency of
150 kHz, for example, the coherent wave lost virtually all its energy
after traveling 0.6m in a concrete specimen made of type two
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aggregates. It can be seen from Fig. 9 that the scattering attenuation
was path dependent. In the case where the incident waves met larger
aggregates in their way, the scattering attenuation was larger.

3.2. Influence of air voids on scattering attenuation

In all simulations presented previously, one percent of the synthetic
concrete specimens’ volume was filled by air voids. To investigate the
effect of air voids on scattering attenuation, we removed the air voids
and performed the simulations on the synthetic specimens with ellip-
soidal aggregates and obtained the scattering attenuation (Fig. 11). By
comparing the graphs in Fig. 11a, b and c with those in Fig. 7a, b and c,
one can deduce that air voids had more influence on scattering at-
tenuation of horizontal shear waves at higher frequencies; their influ-
ence in frequencies lower than 80 kHz was negligible. The influence of
air voids on scattering attenuation of horizontal shear waves was more
noticeable for synthetic concrete specimens made of type one ag-
gregates. Air voids had a negligible effect on the scattering attenuation
of longitudinal waves (Fig. 11d-f).

4. Conclusions

This study has shown that the scattering attenuation of horizontal
shear waves is correlated to size and material properties of the ag-
gregates in the frequency range of 20 kHz to 150 kHz. We found that the
scattering attenuation was slightly larger for cuboid aggregates, re-
presenting crushed aggregates, than for ellipsoidal aggregates, re-
presenting rounded aggregates. An important factor that affected the
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Fig. 11. Scattering attenuation of horizontal shear waves in synthetic concrete specimens with zero air void volume with ellipsoidal aggregates of maximum size of
(a) 19mm, (b) 25mm, and (c) 38mm, and scattering attenuation specimens of longitudinal waves in the synthetic concrete specimens with zero air void volume with
ellipsoidal aggregates of maximum size of (d) 19mm, (e) 25mm and (f) 38mm.

scattering attenuation was the material properties of aggregates. For was small. Similar behavior was observed for longitudinal waves.
aggregates with a large acoustic impedance, the scattering attenuation However, the scattering attenuation of horizontal shear waves was
was significant. The effect of air voids in scattering attenuation was not larger than that of longitudinal waves. As the frequency increased, the
significant; they slightly affected the scattering attenuation for fre- difference between the scattering attenuation of shear and longitudinal
quencies higher than about 80 kHz. Generally, the scattering attenua- waves increased as well.

tion for emitted signals with the center frequency of 50 kHz and lower
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