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Grouted lap-splice connections are widely used for connecting precast concrete components. Grouting defects in the connections
significantly influence the structural performance of the whole connection, which leads to the need for grouting defect detection.
In this study, the impact-echo (IE) method was used for detecting defects in grouted lap-splice connections. Grouted connections
with different levels of artificial grout defects were prepared in a shear wall, and the IE method was used to measure the frequency
response. In addition, finite element (FE) analysis based on ABAQUS was conducted to simulate the tests. Based on the validated
FE model, a parametric study was conducted to investigate the effect of the depth of the grout hole on the amplitude spectrum. The
results indicated that (1) the IE method offered a good potential for grouting defect detection in grouted lap-splice connections; (2)
the proposed FE model could well predict the frequency response of the grouting hole; and (3) the measured frequency and

amplitude of the grouting hole in an impact-echo test would be considerably influenced by the hole depth.

1. Introduction

Grouted lap-splice connections are typical in precast con-
crete structures, which result in easy construction compared
with other connecting systems (e.g., grouted sleeves).
Generally, during the construction process, the connecting
steel bars are inserted into the precast concrete components
that need to be connected initially. Thereafter, cement-based
material (i.e., grout) is injected from the prepared hole (see
“Grouting inlet” in Figure 1), and the connections are
formed after the curing stage. Figure 1 shows the details of
the grouted lap-splice connection.

Grouting quality directly affects the structural perfor-
mance of the connected elements because it is the key part
that connects two adjacent components together. If the grout
contains large voids, the existing water and air inside the
hole would cause corrosion of the connecting steel bars.
Furthermore, it would influence the structural performance
of the precast concrete components. In addition, defects in
the grout will lead to stress concentration in the lapped bars,

which results in a stress state that is inconsistent with the
design and may affect the overall structural safety. Therefore,
it is necessary to develop a method to detect defects in
grouted lap-splice connections.

Nondestructive testing (NDT) techniques have been
developed to evaluate the material properties and soundness
of concrete elements since 1940s [1]. The impact-echo (IE)
method is one of the NDT techniques for concrete flaw
detection. The IE method is based on the propagation and
reflection of stress waves induced by a short-duration me-
chanical impact [1-6]. The IE response is related to the
material property, the geometry of the test specimen,
boundary conditions, flaw size, and flaw location within the
specimen [1-6]. Details of the working principle of the IE
testing method are introduced in the following section.

In the 1980s, the IE method was adopted in the civil
engineering field to detect flaws in concrete and masonry
structures [1, 2]. Sansalone and Streett [2] provided
guideline on how to use the IE method in practical engi-
neering. The IE method has been used successfully to detect
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FiGure 1: Reinforced mortar anchor lap connection.

flaws in various structural components, such as prestressed
concrete slabs [6], reinforced concrete beams and columns
[7], concrete blocks [8], epoxy-concrete interface [9], bridge
decks [10], I-girders [11], tunnel linings [12], cavities around
concrete sewage pipelines [13], prestressed concrete slabs
[14], and grouting of prestressed concrete structural
members [15-18].

Although research has been conducted in this field,
there is a lack of information on the application of the IE
method in defect detection of grouted lap-splice con-
nections. Therefore, the objective of this study is to in-
vestigate whether the existing IE method could be used to
detect grouting defects in grouted lap-splice connections
of shear walls. For this purpose, a precast shear wall
containing grouting holes with a series of artificial defects
was used to investigate the applicability of the IE method.
The frequency response of the grouted holes with different
defect levels were determined and compared in detail. In
addition, finite element (FE) analyses were conducted to
simulate the test and a parametric study was conducted to
investigate the effect of hole depth on the frequency
response.

2. Theory and Test System of the Impact-Echo
(IE) Method

2.1. Theory of the IE Method. The IE method is a NDT
technique that incorporates the principle of low-frequency
transient stress wave propagation. The principle of the IE
technique is illustrated in Figure 2, in which T is the
distance from the internal defect to the top plate surface
and At is the time when the P-wave first arrives at the signal
receiving point. A small steel ball is used to impact the
specimen surface, which generates stress waves that
propagate through the test specimen. Three types of waves
are generated, which are named as P-, S- and R-waves. The
P-wave and S-wave are associated with particle motion
parallel and perpendicular to the propagation direction,
respectively. The R-wave (also known as Rayleigh wave) is a
surface wave that travels along the solid surface. In the IE
method, the measured displacement response is mainly
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FIGURE 2: Principle of the impact-echo method [1].

influenced by the P-wave, owing to the close location of the
sensor and impact point [1, 2]. Reflection, refraction, and
diffraction would occur when these waves encounter in-
terfaces between materials with different acoustic
impedances.

The sensor responds to the arrival of reflected waves, and
the recorded time domain signals are transformed into the
frequency domain using the fast Fourier transform (FFT)
technique. The frequency with peak amplitude in the ob-
tained spectrum represents the dominant frequency in the
waveform. This dominant frequency, also known as the
thickness frequency, can be estimated as

n T W

f

where K is a geometric correction factor that is determined
by the geometrical shape of the structure [3]; # is a constant
factor either equal to 2 or 4 depending on the acoustic
impedances [3]; 8 is an empirical correction factor which has
avalue 0of 0.96 [1, 2] or 0.95 [4, 5]; and V/, is the P-wave speed
and is calculated through V, = {EQ=2)/[p(1+)
(1 =29)]}*°, where E, p, and v are the elastic modulus,
density, and Poisson’s ratio of the test object, respectively.
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For the precast shear wall in this study, K, 5, and n are equal
to 1.0, 0.96, and 2.0, respectively [1, 2].

2.2. IE Test

2.2.1. Introduction. An IE test system mainly includes three
components: a small steel ball, a transducer, and a waveform
analyzer. The frequency content of the stress pulse is gov-
erned by the impact contact time, and most of the energy in a
stress pulse exists in a frequency of 0 to 1.5/¢. (. is the
contact time). With a decrease of the contact time, the
frequency range would be increased. With shorter contact
times, smaller defects can be discerned and shallower depths
can be measured. However, the amplitude of each com-
ponent frequency would be lowered, which decreases the
penetrating ability of the stress waves [2]. As the contact time
is a linear function of the ball diameter and has a very weak
dependence on the kinetic energy at impact [2], the selection
of the impact source significantly influences the results of an
IE test. In this study, the impactor was a 6 mm steel sphere,
which has a contact time of approximately 25 us with the
concrete [2].

2.2.2. Application of the IE Test System. Whether a void in a
slab or wall can be detected mainly depends on its lateral
dimensions ([ in Figure 3), depth (d in Figure 3), and the
contact time [1]. If I > (1/4)d, the presence of the flaw can be
detected. If > (1/3)d, the flaw depth can be measured. If
1>1.5d, the flaw behaves as an infinite boundary [1]. If
(1/3) < (I/d) < 1.5 (shaded region shown in Figure 3), the
amplitude spectrum typically has two peaks: a higher fre-
quency peak corresponding to the depth of the flaw, which
can be obtained only if the impact contact time is sufficiently
short, and a lower frequency peak that would be lower than
the thickness frequency of the unflawed plate.

Figure 4 shows a typical precast shear wall panel as an
example to clarify the above rules. In engineering practice,
the grouting hole could be at different locations as shown in
the figure. Given a grouting hole with the diameter of
35mm, the hole depth in Figures 4(a) and 4(b) can be
measured because the values of I/d are 0.7 and 0.467, re-
spectively, which fall within the shaded region of Figure 3. If
the grouting hole is located at the midthickness of the wall
(Figure 4(c)), the depth could also be measured since I/d is
0.35 in this case. However, in the case of Figures 4(d) and
4(e), the I/d values are 0.28 and 0.233, which are lower than
1/3 and the depth cannot be measured. Furthermore, the
flaw in the case of Figure 4(e) cannot be detected because the
I/d value is 0.233, which is smaller than 0.25.

3. Experimental Investigations

3.1. Test Specimen and Instruments. An experimental in-
vestigation was conducted to study whether the IE method
could be used to detect the voids in grouted lap-splice
connections in a precast shear wall. The dimensions of the
specimen are shown in Table 1. Details of the specimen can
be found in Figure 5. There are 18 typical grouting holes in
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FiGure 3: Smallest detectable horizontal crack or void [1]
(I=length of flaw; d=depth of flaw).

the specimen with 9 holes (i.e., hole A through I) at each test
surface (i.e., test surfaces 1 and 2). Here, the conditions of
holes A, B, C, G, H, and I at test surface 1 were the same as
test surface 2. Hole A consisted of solid grout with steel bars.
Hole B consisted of only solid grout. Hole C had no grout
but had steel bars. Holes G, H, and I consisted of defective
grout and steel bars. Plastic foam was used to form defects of
10%, 20%, and 30% of the hole volume. Holes D, E, and F at
test surface 1 had defects of 10%, 20%, and 30%, respectively,
whereas at test surface 2, they were all solid grout with steel
bars. A test on solid concrete of the shear wall was also
conducted for reference. Therefore, a total of 10 test con-
ditions were considered in this study.

The IE test system used in this study was SPC-MATS
developed by Sichuan Central Inspection Technology Inc. as
shown in Figure 6. A sampling frequency of 500 kHz and
length of 4,096 points were used to capture the waveforms,
for a record length of 8.192 ms. The frequency resolution in
the computed amplitude spectra was 0.122 kHz. A steel ball
with a diameter of 6 mm was used for impact. A piezoelectric
accelerometer produced by Fuji Ceramics Corporation with
a working frequency up to 15kHz was adopted, and the
electronic signals amplified were transferred into the digital
signals through data acquisition and processing module. The
test lines were arranged on both sides, directly above the
holes. As shown in Figure 7, the measuring points were
arranged at intervals of 40 mm along the test line direction.
The distance between the impact point and the receiver
location was between 20 and 30 mm. There are 20 testing
points along each hole; Points 1-15 are located directly over
the hole, and Points 16-20 are located in the solid part to
obtain the solid thickness frequency.

3.2. Test Results. Figures 8(a)-8(j) illustrate examples of the
waveforms and amplitude spectra of the 10 test conditions.
Each figure represents one impact, and it should be men-
tioned that the results obtained from different impacts at one
point remained almost the same. In Figure 8(j), it can be seen
that the measured peak frequency of the solid wall
(9.644 kHz) agrees well with the calculated value (9.50 kHz)
using equation (1) while the V,, is 3960 m/s. The test results
obtained from Hole A were the same as the solid concrete
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FIGURE 4: Ratios of the lateral dimension and depths of a 35 mm hole. (a) I/d=0.7. (b) I/d =0.467. (c) I/d =0.35. (d) [/d = 0.28. (e) I/d = 0.233.

TaBLE 1: Details of the specimen.

Dimension (mm) Dlamﬁ:;nc;f hole Hoter:nl;n)gth Diameter of steel bar (mm) Anchorage length of steel bar (mm) (mhrgn )
2000 x 1000 x 200 35 630 16 600 30

Note. h,, is the constructional measure height (see Figure 1), which is equal to the diameter of the grouting outlet hole in this study.

condition, including the time-history response and the
frequency response, indicating that the hole A behaved as a
solid infill material. For holes with grout defects, the pre-
dominant frequency did not change until a considerable
defect occurred (i.e., hole F, H, and I). The empty hole C
presented the lowest predominant frequency due to the hole
(Figure 8(c)). This was because the propagation path of the
stress wave was the longest due to no grout in the hole, which
produced a longer travel time. Also, it should be mentioned
that Figure 8(c) shows only one peak in the amplitude
spectrum although two holes existed, which is because the
frequency corresponding to the depth of the nearest hole was
beyond the measuring range of the instrument. In addition,
for some holes (e.g., Figure 8(e)), the obtained frequency
might not indicate a defect although it was theoretically
detectable, owing to the limited defect size compared with
the size of the whole specimen. Taken together, the pre-
dominant frequency decreased with the increase of the void
in the grout, indicating that the IE method offers the po-
tential to detect defects in grouted lap-splice connections in
precast shear walls.

In order to facilitate an in-depth understanding on the
performance of IE method, the peak frequency obtained at
each measuring point along each hole are shown in Figure 9,
in which “~1” and “-2” represent results obtained at test
surfaces 1 and 2, respectively. For hole A, the peak frequency
values at the measuring points 1-15 were almost equal to the

values at measuring points 16-20 (i.e., around 9.644 kHz),
although slight scatter existed at some measuring points on
surface 1 and they were also equal to the frequency values of
hole B. These results indicate that the fully grouted holes
behaved as solid concrete and the bars did not affect the
obtained frequency value. However, for empty hole C, the
peak frequencies at measuring points 1-15 were obviously
lower than those at measuring points 16-20. Due to no
grouting inside hole C, the propagation path of the stress wave
increased, which decreased at the obtained peak frequency.

For hole G (10% void), the peak frequencies at measuring
points 1-15 were slightly inferior to 9.644 kHz. However, the
peak frequencies for holes H (20% void) and I (30% void)
were as low as 9.277kHz, which indicates that with the
increase of the defect, the peak frequency would be reduced.
Similar observations can be seen for holes D, E, and F. Here,
it should be noted that the depth of the defect could not be
discerned because the shifted frequency values were almost
equal for the two test surfaces. However, the test results
indicated that the IE method offered a good potential to
indicate the relative level of the defect in the grouted lap-
splice connections.

4. Finite Element Analysis

Two dimensional (2D) finite element (FE) analyses [19-21]
based on the general purpose FE software ABAQUS were
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FIGURE 5: Details of the shear wall test specimen. (a) Photo of the test specimen. (b) Details of test surface 1. (c) Details of test surface 2.
(d) Section 1-1.

used to simulate the IE test. After a working model was
developed, a parametric study was conducted to investigate
the effect of the hole depth on the peak frequency in the
amplitude spectrum. Details of the FE model, the com-

1 parison between test and analytical results, and the para-
B metric study results are presented in this section.

4.1. General Description. The view of the whole model is
shown in Figure 10. Plane strain elements were used for
modeling the concrete and the grout. In the model, perfect
bond was assumed between concrete and grout (i.e., the “TIE”
command in ABAQUS was used). In order to simulate the
different defect levels, the grout shape was defined according
the sectional view in Figure 5(d). The impact point is set above

T/ \.g

:
E

ey

FIGURE 6: Instruments for IE test. the defect, and the recording point is set 3 cm away from the
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FIGURE 8: Waveforms and amplitude spectra obtained under different conditions. (a) Solid grout with reinforcement (hole A). (b) Solid
grout without reinforcement (hole B). (c) Ungrouted (hole C). (d) Grout defect 10% at test surface 1 (hole D). (e) Grout defect 20% at test
surface 1 (hole E). (f) Grout defect 30% at test surface 1 (hole F). (g) Grout defect 10% at test surfaces 1 and 2 (hole G). (h) Grout defect 20%
at test surfaces 1 and 2 (hole H). (i) Grout defect 30% at test surfaces 1 and 2 (hole I). (j) Solid concrete (hole J).

impact point. The material properties of the concrete and
grout are shown in Table 2. In order to ensure the accuracy of
the FE analysis, the element size was set as 5mm [2]. The
explicit dynamic analysis method was used. The impact
duration was 25 ps. A load value of 5N was adopted in the
analysis. The time-history of the impact force is assumed to be
a half sine curve. The record length is 6 ms with the sampling
frequency of 500 kHz. The translation degrees of freedom at
the left and right edges of the models in Figure 10 were fixed.

4.2. Comparison between Test and Analysis Results.
Figure 11 shows the propagation of stress waves in the model
under impact loading. After the analysis was completed, the
peak frequency values from the test and analytical results were
compared as shown in Table 3. It can be seen from the table
that the analytical results agreed well with the test results. The
experimental wave speed in solid part of the wall, which was
calculated to be 4020 m/s by equation (1), was slightly higher
than the value of 3960 m/s used in the model. The maximum
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TABLE 2: Material properties.
Material Mass density (kg/m3) Young’s modulus (GPa) Poisson’s ratio V, (m/s)
Concrete 2440 34.5 0.2 3960
Grout 2500 33.0 0.2 3830
Rewave Reflected
P-wave
FIGURE 11: Wave propagation simulation.
TaBLE 3: Comparison of experimental and analytical results.

Conditions Defect ratio (%) FE analysis frequency value (kHz) Experimental frequency value (kHz) Error (%)
Hole A and B 0 9.497 9.644 1.52
Hole D 10 9.497 9.644 1.52
Hole E 20 9.330 9.277 0.57
Hole F 30 9.330 9.277 0.57
Hole G 10 9.497 9.644 1.52
Hole H 20 9.330 9.277 0.57
Hole I 30 9.163 8.911 2.83
Hole C 100 8.997 8.911 0.97

error between the experimental and analytical frequencies was
2.83%. In the FE analysis, the ratio of frequency between hole
C (empty) and hole A (solid) was 0.947, which is similar to the
experimental value of 0.924. The higher value for the ex-
perimental peak frequency for the solid wall means that the
actual concrete had a slightly higher wave speed than used in
the FE model. These observations indicated that the FE model
could be used for modelling the frequency response of
grouted lap-splice connections in the walls.

4.3. Parametric Analysis. Based on the validated model, a
parametric study was conducted to investigate the effect of
the depth of an empty hole on the peak frequency response
in the amplitude spectrum. A total of five depths were

considered: 50, 75, 100, 125, and 150 mm. The hole diameter
was 35 mm, and the thickness of the wall was 200 mm. The
element size, boundary conditions, and material properties
remained the same as the model mentioned above.

The amplitude spectrums for the different hole depths are
shown in Figure 12. The peak frequency (f;), the frequency
based on the reflection of hole (f,), the corresponding am-
plitude, and the back-calculated depth by equation (1) are
summarized in Table 4. Here, the wave path regarding f; and
f> can be seen in Figure 12(f). It could be seen from the table
that the back-calculated depth based on f, agreed well with the
numerical model. However, the corresponding amplitude of
f> was lower (See Figures 12(a)-12(e)) and it was hard to be
obtained in engineering practice. In addition, the mode
frequencies of the specimen can be seen in the frequency
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FiGgure 12: Corresponding frequencies of different depths of hole. (a) 50 mm. (b) 75 mm. (c¢) 100 mm. (d) 125 mm. (e) 150 mm. (f) Wave

path.

spectrum. For example, in Figure 12(d), the peak value of
2.5kHz was the ninth mode frequency of the specimen.
The relationships between f;, the corresponding am-
plitudes and hole depth are summarized in Figure 13. It
can be seen that as the hole depth increased, the peak
frequency value initially decreased with depth until the
hole was at the midthickness of the wall. Then, the fre-
quency increased with increasing depth. The response was

symmetrical. However, the amplitude of the frequency
peak decreased with increasing depth of the hole. This
observation might help to further clarify the location of
the void since the signal of f; was easy to obtain in en-
gineering practice, which is essential in precast shear wall
flaw detecting. However, it should be mentioned that the
calibration was probably required to facilitate an accurate
amplitude in test.
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TABLE 4: Results of parametric analysis.
Buried depth (mm) 50 75 100 125 150
fi (kHz) 9.166 8.83 8.66 8.83 9.166
Amplitude (10°%) 4.48 3.45 2.37 2.00 1.93
Back-calculated depth based on f; (mm) 207.38 215.27 219.42 215.27 207.38
f>» (kHz) 38.50 25.50 19.83 15.50 12.66
Amplitude (107°) 0.08 0.19 0.45 0.78 0.38
Back-calculated depth based on f, (mm) 49.37 74.54 95.85 122.60 150.14
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FIGUre 13: Relationships between frequency, amplitude and hole depth. (a) Relationship between frequency and hole depth. (b) Re-

lationship between amplitude and hole depth.
5. Conclusions

This study was mainly focused on investigating the feasibility
of the impact-echo (IE) method in detecting defects in
grouted lap-splice connections in precast walls. To this end,
experimental investigations were conducted firstly. Eighteen
grouting holes with different levels of artificial defects were
prepared in a shear wall specimen, and the IE method was
used to obtain the frequency response data. In addition,
finite element (FE) analyses were conducted to simulate the
IE test, and a parametric study was conducted to investigate
the effect of the depth of an empty hole on the peak fre-
quency value and its amplitude. The results obtained in this
study allowed the following conclusions to be drawn:

(1) The presence of a defect in the grout is indicated by a
shift in the solid plate thickness frequency to a lower
value. Based on the test results, the IE method
demonstrated a good potential to detect grouting
defects and could even provide a qualitative indication
the defect level in grouted lap-splice connections.

(2) The proposed FE model was confirmed to be suitable
to simulate the dynamic response of the wall with
grouting holes based on the comparison between test
and analysis results.

(3) Based on the parametric study, as the hole depth in-
creased, the peak frequency decreased to a minimum
value with the hole at the middle of the wall and then

increased in a symmetric manner. The amplitude
decreased continuously with increasing depth.

(4) The parametric study also indicated that frequency
shift to a lower value cannot be used as an indicator
of the depth of the defect in engineering practice.

This study adopted a steel ball with a diameter of 6 mm
used as impactor and an acceleration sensor, whereas those
facilities are hard to catch high frequency response. In
turther study, different types of the facilities (e.g., tiny steel
ball with conical displacement transducer) suitable for
detecting the shallow defects discussed in this study will be
adopted to validate the application of the IE method in
grouting defect detection. In addition, in order to estimate
the depth of the defect from the amplitude spectrum, a
calibration on the obtained signal amplitude might be re-
quired in the future.
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