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Surface Wave Transmission across a Partially Closed
Surface-Breaking Crack in Concrete

by Seong-Hoon Kee and Jinying Zhu

This study investigates surface waves propagating across a
partially closed surface-breaking crack in concrete. The experi-
mental program includes three concrete specimens and three test
phases. In the first and second test phases, effects of compression
and bending on the transmission ratio and phase velocity of surface
waves were investigated in crack-free specimens. In the third phase,
the surface wave parameters were measured on the specimens with
a surface-breaking crack when a compressive load was applied to
partially close the crack. Experimental results showed that both
the wave transmission and velocity are sensitive to the compressive
load when the crack is gradually closed. Variations of the surface
wave parameters are presented with the compressive and tensile
loads, and crack mouth opening displacement (CMOD). Findings
in this study will provide useful information for studying stress
wave propagation across a partially closed crack and for applying
the surface wave based nondestructive testing methods to actual
concrete structures.

Keywords: partially closed surface-breaking crack; surface wave; trans-
mission; velocity.

INTRODUCTION

The ultrasonic pulse velocity (UPV) test is a widely used
nondestructive test (NDT) method for concrete structures.
This method is based on measuring the velocity of P-waves
in concrete. The measured wave velocity can be correlated
to mechanical properties of concrete or used to detect cracks
and voids. The procedure and performance of the UPV test
have been standardized, and are described in many testing
standards.! In the UPV test, ultrasonic pulses are generated
by a transducer on one surface of concrete, and are measured
by a second transducer on the same or opposite surface of
concrete. The UPV measurement can provide information on
concrete quality, uniformity, location of cracked or damaged
areas, and strength gain. The ratio of the measured wave
velocity to the reference velocity has been demonstrated as
a good indicator of the level of deteriorations in material
between two sensors.>* In addition, the pulse attenuation of
ultrasonic waves can be used for evaluating relative quality
of concrete, but care is needed to ensure consistent coupling
of transducers for reliable measurements.*

Surface-wave based methods have also been used for NDT
of concrete due to their one-side access feature. Surface
waves are propagating vibrations along the surface of a solid.
In semi-infinite media, surface waves are non-dispersive;
that is, the wave velocity does not change with frequency.
In practical situations, the assumption is still valid when the
thickness H of the structure of interest is sufficiently larger
than the wavelength A of the surface waves (H > 2)). The
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particle vibration amplitude of surface waves exponentially
decreases with the distance from the free surface boundary
with  frequency-dependent penetration depth: lower
frequency components have deeper penetration depth. This
property of surface waves provides valuable information of
the presence and the size of sub-surface defects or surface-
breaking cracks in concrete. For example, when incident
surface waves (R) propagate across a surface-breaking
crack, the low frequency components of the incident surface
waves will transmit to the forward scattering field with atten-
uation (R, ), while the high-frequency components will be
reflected back (R). Consequently, the transmission coeffi-
cient of surface waves (7r) across a surface-breaking crack,
which is defined as the ratio of spectral amplitudes of R
to R, depends on frequency (or wavelength) and the crack
depth 4. An analytical solution relating 7r and A/A was given
by Achenbach and his colleagues.”’ This property of surface
wave has been used to determine the depth of a surface-
breaking crack, and many studies have been published in
past three decades.’!* Recently, the authors!* proposed the
air-coupled sensing method that significantly improved
signal consistency and test speed in transmission measure-
ment of surface waves in concrete.

Most of the studies on surface wave transmission across
a surface-breaking crack, however, were obtained from a
well-defined crack (or notch) in a laboratory. In fact, there
is a critical gap of knowledge between the theory and appli-
cation to in-place concrete structures. Cracks in in-service
concrete structures subjected to various external loadings
are generally ill-defined and partially closed, which means
the opening displacement between average planes of the one
and the other rough surface are imperfectly closed.'> Kendall
and Tabor'® investigated interfacial contact between two
solids using multiple methods, including electrical, thermal,
optical and ultrasonic assessment. Baltazar et al.'” and Kim
et al.'’® demonstrated that ultrasonic waves are sensitive to
rough surface in contact in aluminum. Pecorari'® investi-
gated scattering of surface waves caused by a partially closed
surface-breaking crack in aluminum, and explored effects of
external loadings on reflection and transmission coefficients
of surface waves. Na and Blackshire? investigated interac-
tion of a surface wave with a tightly closed fatigue crack in
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aluminum. It was confirmed that stress waves can transmit
through the tight crack. Therefore, the surface wave trans-
mission theory based on linear analysis cannot be directly
applied to tightly closed cracks. For cracks in concrete,
Cheng and Sansalone??? carried out a series of studies to
determine the minimum crack width that can be detected
using the impact echo method.* They found the minimum
crack width (of delaminated defects) for which stress
waves (P- and S-waves) are not transmitted was 0.003 in.
(0.08 mm). The result provides a rough idea about the effect
of crack width (or interfacial condition in the crack) on stress
wave transmission across a partially closed crack. Aggelis
et al.?*?* demonstrated through a series of experimental
studies that NDT methods based on surface wave measure-
ments are effective for evaluating actual surface-breaking or
sub-surface cracks in concrete. Popovics et al.!' reported that
transmission coefficients of surface waves across a surface-
breaking crack are primarily dependent of discontinuity
depth regardless of the nature of the crack; however, the
effects of varying external loadings on the interfacial condi-
tions in cracks were not taken into account.

The main objective of this study is to investigate surface
wave propagation across a partially closed surface-breaking
crack in concrete and the effects of stress on surface wave
transmission. Three concrete specimens were prepared
in laboratory for experimental studies. The experimental
program includes three test phases. In the first and second
test phases, effects of compression and bending on the
transmission coefficients and phase velocity of surface
waves were investigated in crack-free specimens. A surface-
breaking crack was generated at the end of Phase 2. In the
third phase, an axial compressive load was used to gradually
close the crack, which simulates a partially closed crack with
different interfacial conditions. The effect of crack width on
surface wave parameters was investigated.

RESEARCH SIGNIFICANCE
The surface wave transmission method has been verified
as effective for identifying and characterizing a surface-
breaking crack in concrete. Most studies on the topic,
however, have been limited to well-defined and completely
open cracks or notch-type cracks. Therefore, there is a crit-
ical gap of knowledge to apply the results from previous
studies to tightly closed cracks in real concrete structures.
This paper presents a study to investigate the effects of
compression stress on surface wave propagation across a
partially closed surface-breaking crack in concrete. Findings
in this study will provide useful information to extend the

surface wave-based NDT methods to practice.

EXPERIMENTAL PROGRAM

Preparation of specimens

Three concrete specimens with dimensions of 15.75 x 7.48
x59.06in. (b x Hx =400 x 190 x 1500 mm) were prepared
in the laboratory. All of the specimens have the same mate-
rial properties and details. Normalweight concrete, made
from Type I/Il cement, river sand, and coarse aggregate
with a maximum size of 0.75 in. (19 mm), was used. The
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Table 1—Dimensions, compressive strength of
concrete specimens, and crack depth

Crack depth in
stress-free concrete
Dimensions Material (P,=0kN)
Specimen h(m‘c’t h’rr’i
no. b, mm H,mm | L, mm f."MPa mm mm
1 22.4 135 125
2 400 190 1500 23.2 120 93
3 23.5 180 135

'f. is average concrete compressive strength measured at time of testing.
‘h,,, is crack depth directly read from core samples.
*h,, is crack depth estimated using surface wave transmission coefficient.

Notes: 1 mm = 1/25.4 in.; IMPa = 145.0377 psi.
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Fig. 1—Detail of a concrete specimen and testing proce-
dure: (a) applying external compression P; (b) applying
point load P, using three-point bending setup and generating
a vertical surface-breaking crack; and (c) applying external
compression P, to close the crack and induce various inter-
facial conditions in the crack.

design compressive strength of the concrete was 3000 psi
(20 MPa). Three cylinder specimens were used to measure
concrete compressive strength according to ASTM C39. The
measured concrete strength at the time of testing ranged
from 3240 to 3420 psi (22.3 to 23.58 MPa), with a mean
value of 3317 psi (22.84 MPa). P-wave velocities measured
with a pair of 54 kHz ultrasonic transducers were in a range
of 4331 and 4386 m/s. The dimensions and the measured
average concrete strength of specimens at the time of testing
are summarized in Table 1. Two layers of longitudinal rein-
forcing bars were placed to avoid abrupt collapse of concrete
specimens during loadings (Fig. 1(a)). Four and two No. 3
reinforcing bars (0.375 in. diameter [13.3 mm]) were used
for the top and bottom layers, respectively. To ensure gener-
ation of a single flexural crack in the middle of concrete
specimens, the reinforcing bars were unbonded to the
concrete by wrapping a thin plastic film of 15.7 in. (40 cm)
long on the middle section of reinforcing bars (Fig. 1(a)).
After cracking, it is reasonable to assume that concrete in
the crack section cannot provide any tensile strength, and
only the top reinforcing bars participate in the load-resis-
tance mechanism. Assuming a constant strain distribution in
the unbounded steel reinforcing bars, shear stresses in the
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Fig. 2—Test setup for applying compressive forces, generating a surface-breaking crack, and measuring surface waves: (a)
elevation view; (b) plan view of test setup from Section A-A' in Fig. 2(a); and (c) test setup of air-coupled sensors and dial

gauge on test region.

unbounded concrete region disappear after cracking, which
prevents initiation of additional shear cracks or other flex-
ural cracks in the middle of the concrete specimens. Conse-
quently, a single vertical surface-breaking crack will occur
on the midsection of the specimens. In addition, transverse
reinforcing bars (No. 3) were placed to avoid abrupt shear
failure and to ensure flexural failure of the beam.
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Testing procedure and setup

The testing procedure includes three phases, as illustrated
in Fig. 1. In each test phase, the external load (P, P,, or
P,) gradually increased with several steps. Figure 2 illus-
trates the setup of external post-tensioning (to apply axial
compression force in Test Phases I and III) and three-point
bending (to generate a flexural crack in Test Phase IT). During
each test phase, surface wave transmission and velocity
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Fig. 3—Typical steel strain history during Test Phases I, 11,
and 11l measured from Specimen 1.

were measured on the top surface of the specimens at each
loading step. Surface waves were generated by impacting
the top concrete surface with a steel ball, and measured by
two air-coupled sensors'** (Fig. 2(c)). Specifics of surface
wave measurements are described in the section entitled
“Surface wave measurement.” Procedures of the static test
are described in more detail as follows.

In Test Phase I, a compression load P, was applied at the
ends of the crack-free specimens using the external post-ten-
sioning setup (Fig. 2(a) and (b)). The compressive load P,
monotonically increased from O to 24 kips (106.7 kN) with
seven steps: 0, 4, 8, 12, 16, 20, and 24 kips (0, 17.8, 35.6,
53.3, 71.1, 88.9, and 106.7 kN). The maximum load was
approximately 10% of the nominal compressive strength
of the concrete specimens. Two loading rams (LR 1 and 2
in Fig. 2(b)), controlled by a hydraulic pump, were used to
apply the external loads, the magnitude of which was moni-
tored by two load cells (LC 1 and 2 in Fig. 2(b)) attached to
the two loading rams, respectively. In addition, rubber pads
were used to prevent stress concentration at the concrete-
steel interface. The internal stress at the midsection of each
specimen due to P, was assumed constant through the cross
section as

c=P/A, (1)

where A is the gross section area of concrete specimens.
This assumption is valid because the measured strains at the
top and bottom reinforcing bars showed very little eccen-
tricity during Test Phase I (Fig. 3). At the end of Test Phase
I, the compressive load P, was completely released.

In Test Phase II, an upward point load P, was applied on
the bottom surface of the specimens by using a hydraulic
loading ram (LR 3) installed on the strong floor in the labo-
ratory (Fig. 2(a)). The point load P, was gradually increased
from 0 with four to five steps until a sudden drop of P, was
measured on the force-displacement curves P,-d of the
specimens, where d_ is the center deflection of the specimens
measured using two linear variable differential transformers
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(LVDTs) placed under the middle section of the specimens
during testing. A sudden drop of P, indicates an onset of a
flexural crack on the top concrete surface. A load cell (LC 3)
was positioned on the LR 3 for monitoring the magnitude of
P, during Test Phase II. One steel bearing plate was placed
on the top of the load cell (LC 3), and another plate was
placed on the bottom surface of the specimens. A spherical
head was placed between these two plates to ensure proper
alignment of the top bearing plate relative to the concrete
surface during testing. Two groups of bolts, each of which
includes four 1 in. (2.54 cm) diameter high-strength rods and
bolts, were used to resist the loadings applied to the spec-
imens at one support by using back-to-back channels that
straddled the specimens (Fig. 2(a)).

Before cracking, the behavior of concrete specimens was
in elastic range. Thus, the stress distribution caused by P,
can be expressed as follows

5o 3P
BYTER

@)

where y is the distance from a neutral axis of the section; /
is the span length of the specimens (that is, center-to-center
distance between supports); and b and H are the width and
the thickness of the specimens, respectively. The test setup
of Phase II shown in Fig. 2 was effective for generating a
single vertical surface-breaking crack in the midsection of
the concrete specimens. Crack propagation was in a brittle
manner due to a low reinforcement ratio across the section
of the specimens. Once a crack developed, the resisting
force monitored by the LC 3 suddenly dropped. The initial
depths and widths (crack mouth opening displacement
[CMOD]) of surface-breaking cracks were measured on
the vertical surface of specimens after cracking. The crack
depths measured on Specimens 1 and 2 were approximately
5.31 and 4.72 in. (135 and 120 mm), respectively. For Spec-
imen 3, because the LR 3 was further moved upward over
the peak displacement, a deeper crack with a depth approx-
imately 7.08 in. (180 mm) was induced. In addition, core
samples were extracted from the specimens after testing, and
the crack depths measured on the core samples have good
agreement with the depth measured on the vertical surface
of specimens (Fig. 4). Details of CMOD measurement are
described in the following section.

In Test Phase III, a compression load P, was applied at
the ends of the concrete specimens with a surface-breaking
crack using the external post-tensioning setup (Fig. 2(a) and
(b)). As in Test Phase I, the compressive load monotonically
increased from 0 to 24 kips (106.7 kN) with seven steps (0,
4,8, 12, 16, 20, and 24 kips [0, 17.8, 35.6, 53.3, 71.1, 88.9,
and 106.7 kNJ), which consequently decreased the CMOD
and resulted in various interfacial contact conditions in a
surface-breaking crack.

Calculation of CMOD

The crack width 3, or CMOD, was calculated by using
strain history measured from the top and bottom reinforcing
bars. A typical strain history for top and bottom reinforcing
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Fig. 4—Core samples extracted after completing tests from
the three concrete specimens: (a) Specimen 1; (b) Specimen
2; and (c) Specimen 3.

bars is shown in Fig. 3. There are two distinct discontinu-
ities in the curves: the first discontinuity occurs at the tran-
sition point between Test Phases I and II, and the second
one occurs when the concrete specimen breaks. Because the
crack is very deep, the neutral axis moves below the bottom
reinforcing bars, and the compression strain in the bottom
reinforcing bars suddenly changes to tension. The longitu-
dinal deformation is assumed to have a linear distribution
along the specimen height, and it can be dissolved into two
parts: the longitudinal contraction (L) mode and bending (B)
mode. The crack width can then be calculated as

8’ =8 +8, 3)

where the superscript O indicates the test step corresponding
to the onset of cracking in Test Phase II, and SOL and SOB are
the contribution from the L and B modes, respectively. These
two terms can be calculated as follows

8° —Ilz (¢', —€°, —¢, dx
L~ 0 t,L t,.L conc (4)

8 = _[lz(e’ —e° -, )dx
B — Y 0 t,B t,B conc (5)

where ai’L(orB) is the strain measured from the top rein-
forcing bar at immediately after cracking in the L (or B)
mode; €, . is the measured strain in elastic range before
cracking in the L (or B) mode; and €. is the contribution
of concrete. Because ¢, is negligible in the unbonded
test region, O obtained in this study can provide an upper-
boundary of CMOD. Moreover, /, is the length of unbonded
region, and y is a constant for compensating locations of

reinforcing bars that can be expressed as follows

H/2

"Hi2—h ©
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Fig. 5—Variation of crack mouth opening displacement
(CMOD) of a surface-breaking crack in concrete speci-
mens obtained by dial gauge and steel strain history with
increasing the external compression P, in Test Phase Ill for:
(a) Specimen 1; (b) Specimen 2; and (c) Specimen 3.

where A is the distance from the concrete surface to the top
surface of the top reinforcing bar (cover thickness). Equa-
tion (6) is obtained based on the assumption that a surface-
breaking crack has an inverted triangle width profile.

In Test Phase I, the external compression P, was applied
to the section of the specimens after releasing all external
loadings P, and P,. The CMOD at the i-th test step during
Test Phase III, &, can be also obtained using the method
described previously. Figure 5 shows changes in the CMOD
in the three test specimens with increasing P,. The load P,
caused compression in the longitudinal direction and rota-
tion by the bending action, which decreased CMOD. For
comparison purposes, a dial gauge installed on the top
concrete surface (Fig. 2(c)) was also used to measured vari-
ation of crack width during tests, and the results was shown
in Fig. 5.

Surface wave measurement

Figure 2 shows a test setup of using air-coupled sensors
for measuring surface waves. The air-coupled sensor is a
free-field microphone that has open circuit sensitivity of
2.95 mV/Pa at 251.2 Hz, and broad bandwidth of + 2 dB in a
frequency range of 4 to 80 kHz. The sensor was shielded by a
sound insulation device to eliminate ambient noises. Details
of the air-coupled sensor can be found in previous publica-
tions by the authors.'** To eliminate effects of variation in
impact force and sensor heights, the self-calibrating proce-
dure'?*?7 was used to measure surface wave transmission
and phase velocity in the crack region. As shown in Fig. 2(b)
and (c), two air-coupled sensors were placed at Locations
B and C of the three specimens to measure leaky surface
waves radiated from concrete into air. First, the stress waves
generated by the impact source at A (Fig. 2) propagated in
concrete, and leaky surface waves were measured first by the
near sensor at B, and then by the far sensors at C, denoted
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as S, and S e Likewise, the leaky surface waves, generated
by the impact source at D, were measured by air-coupled
sensors at B and C, denoted as S, , and S, .. The surface wave
transmission ratio between B and C was calculated by aver-
aging signals obtained from opposite sides in the frequency

domain as follows

Try. = @)

The phase velocity of surface waves was calculated in
frequency domain by using the spectral analysis of surface
waves (SASW).* First, the phase difference between S Lz and

', by a source at A (A¢,.), and between S, and S, . by
a source at D (A¢,,) were calculated, and then the phase
velocity was calculated using the averaged phase difference
as follows

BC
Coc =2 e + B0 2 ®

In this study, two steel balls having diameters of 0.51 in.
(13mm) and 0.31 in. (8§ mm) were used as an impact source.
They are effective to generate surface waves in a frequency
range from 10 to 30 kHz. The acquired signals were digi-
tized at a sampling frequency of 10 MHz using a digital
oscilloscope.

The measured surface wave transmission ratio 7r was
normalized by Tr,, which is the transmission ratio obtained
from crack-free regions. This procedure will eliminate the
geometric effect caused by a point source. All analyses were
performed in the frequency domain. A Hanning window
was applied to the time domain signals to extract the surface
wave components. All measurements and data processing
were controlled by a computer program.

EXPERIMENTAL RESULTS AND DISCUSSION

Surface wave signals

Figure 6 shows possible travel paths of stress waves in three
different test phases: (a) Test Phase I and II before cracking;
(b) Test Phase II after cracking (a fully opened crack); and
(c) Test Phase III (a partially closed crack with different
interfacial conditions). Applying an impact source generates
direct bulk waves (P- and S-waves) and direct surface wave
R, followed by reflection waves PP, SS,, and PS . from the
bottom surface. In Phase 111, applying the compressive force
P, decreases the CMOD, and results in different interfacial
conditions on the crack surface. Consequently, portions of
incident surface waves and bottom reflected waves transmit
through the interface of crack, forming crack interfacial
waves.? Although the bottom reflected waves may contribute
to the crack interfacial waves, their amplitudes are much
lower than the direct surface waves.

Figure 7 shows time domain signals measured by an
air-coupled sensor on the Specimen 1 during Test Phase III.
Stress waves were generated by the 0.51 in. (13 mm) diam-
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eter steel ball, and measured by the microphone located on
the opposite side of the crack (forward scattering field of
surface waves). For comparison purposes, the time signal
obtained from the specimen in the stress-free and crack-free
state is also shown in the first row of Fig. 7. For a point
load excitation, the direct surface wave component has much
higher amplitude than the direct P- and S-waves and other
reflection waves, and it is usually identified as the first large
peak in wave signals. Thus, the results and discussion here-
after focus on propagation of direct surface waves across a
surface-breaking crack. The surface wave components were
extracted by using a Hanning window, and presented as bold
lines. It can be seen that signals in the forward scattering
field are very sensitive to the existence of a surface-breaking
crack as well as compressive loads (or interfacial condition
of the crack).

Figure 8 shows spectral amplitudes of the windowed
time-domain signals shown in Fig. 7. Figure 9 shows the
normalized surface wave transmission coefficient 7r “(f)
= Tr,*(H/Tr,’(f) in a frequency range of 10 to 30 kHz. The
superscript L and subscript / represent the magnitude of load
P, and the depth of the crack A, respectively. Transmission
coefficients 7r,"(f) measured from the cracked test region
under load P, were normalized by the reference transmission
Troo(f), which was obtained from the crack-free and stress-
free specimen. Effects of various external loadings on 7r *
in crack-free and cracked specimens are further described in
the following sections.

Effects of external loadings on surface wave
measurements

Figures 10(a) and (b) present variation of the normalized
surface wave transmission 7r " and phase velocity C, D
=C,, LpHrc hoo(f) at 20 kHz, respectlvely, with Varymg "the
external loads P, P,, or P, in the three specimens during
Test Phases [, II, and 111 The average C,, o at 20 kHz calcu-
lated using the SASW method* in the three specimens was
2300 m/s. The horizontal axis represents the stress on the
top extreme layer of concrete G, caused by the external load-
ings. In Test Phases I and II, Tr and C, L measured on the
crack-free specimens show very shght Variation with the
internal compressive or tensile stresses up to 2 MPa (300 psi)
(approximately 10% of the nominal compressive strength of
the concrete specimens), in which the concrete specimens
were still in elastic range. Consistent with observations from
previous researchers,?®% the external loads at low stresses
considered in this study have little effect on surface wave
transmission and velocity in crack-free concrete.

Once a crack formed, both the surface wave transmission
and velocity showed sudden decreases: Tr,* dropped to 10 to
20%, and C, L decreased to 70 to 80% of the original values,
respectlvely In Test Phase III, the surface wave transmission
and velocity increased with the applied compression. At the
last loading step of P,, Tr,* recovered to 60 to 80% of the
value before cracking, and Cphan recovered to 95% of the
before-cracking velocity. Increasing the compressive force
gradually closes the concrete crack, which consequently
increases interfacial stiffness in the crack.'>'3* Further-
more, it increases a portion of the incident waves and/or
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Fig. 6—Possible paths of stress waves to sensor in forward scattering field in different test phases: (a) Phases I and II before
cracking; (b) Phases II after cracking with an open crack; and (c) Phase III with a partially closed crack.

bottom reflected waves transmitted through the interface of
the crack (that is, crack interfacial waves®), leading to an
increase of surface wave transmission and velocity. These
experimental results indicate that wave velocity-based NDT
methods (such as time-of-flight diffraction method) may not
give reliable results for tightly closed cracks because the
first wave to arrive is no longer the diffracted wave from
the crack tip; instead, it is likely crack interfacial waves. It
can be seen that for in-place concrete subjected to varying
external loadings, variation of interfacial stiffness in cracks
may pose considerable difficulties in interpretation of the
surface wave measurements.

Surface wave transmission and phase velocity
versus CMOD

This section discusses the relation between surface wave
parameters and the crack width measured on the concrete
surface (CMOD). The transmission ratio and velocity of
surface waves through a partially closed crack are func-
tions of the average opening displacement between two
rough crack surfaces (or contact pressure between two crack
surfaces).”® This study focuses on the investigation of the
minimum crack width (or CMOD), beyond which a vertical
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surface-breaking crack can be regarded as a fully open crack
so that the interfacial stiffness in cracks (or contact pres-
sure between two surfaces) does not influence surface wave
transmission.

Figures 11(a) to (c) show variation of Tr * with CMOD
obtained from the three concrete specimens at different
frequencies, including 10, 15, and 20 kHz generated by the
0.51 in. (13 mm) diameter steel ball and 10, 15, 20, 25, and
30 kHz by the 0.31 in. (8 mm) diameter steel ball. Figures
11(a) and (c) show a similar trend in that the surface wave
transmission and CMOD relation, especially in a higher
frequency range above 15 kHz, can be divided into two
regions by a threshold CMOD of approximately 0.0078 in.
(0.2 mm) for the Specimen 1, and approximately 0.0055 in.
(0.14 mm) for the Specimen 3, respectively. Note that for
the Specimen 2, 7r " continuously increases with decreasing
CMOD from the initial crack width of 0.0086 in. (0.22 mm),
so that it is difficult to quantitatively determine a threshold
value in Fig. 11(b).

For cracks with a CMOD greater than a threshold value,
Tr " remains stable with crack width change, especially in a
higher frequency range, including 15, 20, 25, and 30 kHz,
as shown in Fig. 11(a) and (c). This conclusion is consistent
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with previous results'®!! that the width of a fully open crack
appears to have little or no effect on surface wave trans-
mission. In this case, the surface wave transmission across
a surface-breaking crack can be used to estimate crack
depths. Approximate expressions that describe the normal-
ized surface wave transmission and the depth of a notch
type crack have been established by the authors from a
series of numerical simulations and experiments® on a 7 in.
(180 mm) thick concrete plate. Figure 12 shows the estab-
lished relation between the normalized surface wave trans-
mission coefficients and crack depth (normalized by wave-
length), which can be expressed as follows by curve fitting.
The open circles in the figure represent numerical simulation
results, and solid symbols were obtained from experimental
studies.”

0<h/A<0.25
025<h/A

tr, = 1.443¢750""" —0.443¢ 720>
— 2.1366—2A94h/l _ 5'0986—&4}:/7»

This equation can be used to compute the normalized crack
depth based on measured transmission values at a specific
frequency. In a surface wave transmission test, many trans-
mission values can be obtained within a frequency range;
thus, multiple redundant estimates of crack depth may be
calculated from a single measurement. In this study, the
depth of a surface-breaking crack was determined by using
the least square method. The optimum depth result was
determined to minimize the sum of square residuals of the
transmission function (SSR)

SSR=3

i=1

(rr (fhIN)- r,,<f,->] (10,

t,(fsh /)

where fr,_is the transmission ratio in the proposed calibra-
tion curve in Eq. (9); Tr, is the measured transmission ratio
calculated using Eq. (7) i is an index of input values; and f;
and A, are frequency and wavelength with the index i. As a
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Fig. 10—Variation of transmission coefficient and phase
velocity of surface waves (at frequency of 20 kHz) with stress
on top extreme layer of concrete measured from three speci-
mens: (a) normalized transmission coefficient versus stress;
and (b) normalized phase velocity versus stress.

result, the crack depths estimated for open cracks in stress-
free specimens (P, = 0) using the surface wave transmis-
sion measurement i _were 4.9, 3.7, and 5.3 in. (125, 93,
and 135 mm) for the Specimens 1, 2, and 3, respectively.
As summarized in Table 1, the estimated values are approx-
imately 80 to 90% of the depths directly read from core
samples i .

In contrast, when CMOD is smaller than a threshold value,
Tr " becomes sensitive to the interfacial condition in the
cracks, and increases as CMOD decreases. Like measure-
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ments across a fully opened crack, 7r " is also frequency-de-
pendent for a given CMOD,; the low frequency components
have a higher transmission ratio, while the high frequency
components have lower transmission across a partially
closed crack. For all specimens, when CMOD is less than
the threshold value, the surface wave transmission at 10 kHz
has recovered to 100% of the before-cracking value, while
the high frequency components (20 and 30 kHz) can only
reach 50 to 80% of the original transmission value. In this
case, the i _estimated by using the established curve in Eq.
(9) significantly deviated from the & as the contact pres-
sure increases in crack interfaces.

The concept of the minimum CMOD of which a vertical
surface-breaking crack can be regarded as fully open in this
study is similar to that discussed by previous researchers.?!*2
It was found that the minimum crack width (horizontal
delamination crack) for which P- and S-waves cannot
transmit through was 0.003 in. (0.08 mm), which is approx-
imately a half of the threshold of CMODs observed in this
study. A possible reason for differences in the threshold
crack width can be explained by the nature of surface waves
and crack width profile of a vertical surface-breaking crack.
Unlike bulk waves, surface wave transmission is strongly
affected by the crack width profile along the depth of
cracks. In general, the width of a flexural crack in concrete
gradually decreases from crack mouth to the tip of crack.
Assuming a linear crack width profile,’ the average crack
width is approximately one half of the CMOD. Therefore,
the average minimum crack widths in this study are around
one half of 0.0078 and 0.0055 in. (0.2 and 0.14 mm), which
are 0.0039 and 0.0028 in. (0.1 and 0.07 mm) respectively.
These results are consistent with the minimum crack width
(0.003 in. [0.08 mm]) obtained from previous studies.?*?

In addition, Fig. 13 shows variation of CPML with CMOD
obtained from the Specimen 1 at frequencies of 10, 15, and
20 kHz. Similar results were obtained for Specimens 2 and 3,
but not shown. The surface wave phase velocity Cph,nL almost
linearly increased from 70 to 95% of crack-free velocity
when CMOD decreased from approximately 0.0157 to O in.
(0.4 to 0 mm). CPML at all three frequencies (10, 15, and
20 kHz) gave almost the same results. Compared with the
phase velocity, the surface wave transmission ratio is more
sensitive to the presence of crack and interfacial conditions.
For open cracks, the surface wave velocity method is only
valid for relative deep cracks compared with the wavelength
of surface waves.

Note that special care should be taken to use the concept
of the threshold CMOD for estimating the interfacial condi-
tion of cracks in actual concrete in practice, in which crack
interfacial condition may be affected by a number of other
factors: the existence of small particles (debris and dust) or
infiltration of liquid, the amount of reinforcement bars, and
topographical features of the rough face of cracks. More-
over, the invert-triangle assumption of the crack profile may
not apply to deep concrete structures with heavy longitu-
dinal reinforcing bars, in which the CMOD measured on
concrete surface may not provide information of interfacial
conditions in concrete cracks.
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SUMMARY AND CONCLUSIONS

In this paper, experimental results are presented to inves-
tigate effects of external loadings on surface wave transmis-
sion and velocity across a partially closed surface-breaking
crack in concrete. The conclusions are summarized as
follows:

1. In the crack-free region, the external loading has little
effect on measurements of surface waves, compared with the
changes caused by cracks. Therefore, acoustoelastic effect is
neglected in this study.

2. When a crack was gradually closed by the compres-
sive force P,, both surface wave transmission and phase
velocity monotonically increase with the load. It implies that
a portion of the incident surface wave can directly transmit
through the crack surfaces. The surface wave transmission is
more sensitive to crack width change than the phase velocity.
When CMOD decreased from 0.0157 to 0 in. (0.4 to 0 mm),
Tr " increased from 10 to 90%, while Cph,nL changed from
70 to 95% of the original value. This experimental result
also indicates that stress wave velocity-based NDT methods
(such as time of flight method) will not give reliable results
for tightly closed cracks.

3. Surface wave transmission still shows frequency-de-
pendent property across a partially or tightly closed crack,
while the phase velocity is independent of frequencies.

4. Experimental results reveal that there is a threshold
CMOD beyond which crack width has little effect on 7r *.
For cracks with CMOD greater than a threshold value of
0.0078 in. (0.2 mm) for Specimens 1 and 2, and 0.0055 in.
(0.14 mm) for Specimen 3, Tr " remains stable with crack
width change. The crack can be regarded as a fully opened
crack, and the surface transmission method can be used to
measure the depth of a surface-breaking crack.

5. For open cracks in stress-free specimens (P, = 0), the
crack depths estimated using the surface wave transmis-
sion measurements show reasonably good agreement with
the depths directly read from core samples & in concrete
specimens. The surface wave transmission method, however,
significantly underestimates the crack depth in concrete
specimens under increasing compressive loadings. There-
fore, special care should be taken for characterizing crack
depths in actual concrete structures subjected to external
loadings.
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