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� Shear waves are used to monitor the setting process of mortar and concrete.
� Bender elements are effective to generate shear waves in fresh mortar and concrete.
� Shear wave velocity at setting times show high consistency in mortar.
� Shear velocity correlate well with penetration resistance in mortar.
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Ultrasonic wave methods have been extensively investigated for monitoring the setting and hardening
process of cementitious materials. However, the commonly used P wave velocity parameter is affected
by air voids in the material in the fresh state. In addition, the conventional ultrasonic wave velocity test
setup typically needs access to both sides of a structural member, which is not always possible for in-situ
field testing. The ultrasonic shear wave reflection method measures the acoustic property of the near sur-
face material only. In this paper, ultrasonic shear waves, measured by embedded piezoceramic bender
elements, are used to monitor the setting and hardening process of mortar and concrete. Experimental
results from mortar and concrete mixtures with different water to cement ratios show a clear relation-
ship between the shear wave velocity and the penetration resistance (ASTM C403), which indicates that
the shear wave velocity is a more reliable indicator than the P wave velocity for in-situ monitoring of the
setting and hardening process of cementitious materials.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Setting times are important parameters for determining form
removal and surface finishing during the construction of concrete
structures and pavements. Typically, the initial and final setting
times are regarded as the times when concrete transforms from
the fluid to solid state and starts to gain strength, respectively.
Conventionally, the penetration test according to ASTM C403 is
used to determine setting times by measuring penetration resis-
tance of mortar mixtures or mortar sieved from concrete [1].
However, this method is not suitable for in-situ field testing and
continuous monitoring of the early age properties of concrete.
During the past two decades, many studies have shown the possi-
bility of using ultrasonic waves to monitor setting times and to
characterize early age properties of cementitious materials [2–8].
Since the 1980s, extensive effort has been focused on finding the
correlation between the compression wave (P wave) velocity and
the time of setting of cementitious materials [3–6]. Various criteria
have been proposed for setting time determination based on fea-
tures on the P wave velocity curve with age [9,5,10]. However,
these criteria do not give consistent conclusions. Recent studies
have indicated that the P wave velocity in cement pastes is sensi-
tive to the presence of air voids [4,11], which limits the application
of P wave velocity measurement methods in practice. An alterna-
tive would be to use shear waves. Shear wave velocity is closely
related to the stiffness (shear modulus) of solid skeleton formed
by cement hydration product, and its measurement is less sensitive
to the presence of air voids than P wave measurement [11].

In spite of these advantages of shear wave measurement [8,11–
13], the high attenuation of shear wave prevents reliable measure-
ment of shear wave velocity in concrete before setting [8]. The
shear wave reflection method [7,14–16] provides a solution by
measuring shear wave reflection on a specimen surface through a
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buffer material (metal, or PMMA etc.). However, the shear wave
reflection method measures the material property near the test
surface only, while the cementitious mixtures on the surface may
have different properties from the interior material due to bleed-
ing, drying and shrinkage. A solution to this problem is to use
embedded sensors, e.g. piezoelectric bender elements, to generate
and measure shear waves in soil sediment, fresh cement and
concrete [13,17–21]. Compared to ultrasonic transducers that use
piezoelectric elements vibrating in thickness mode, the bender
elements allow relatively large transverse deformation of the
surrounding material (mortar and concrete in this study), and
effectively generate shear waves of low frequencies. This allows
the shear waves to propagate through fresh concrete with less
attenuation than typical ultrasonic transducers generate. The
embedded bender elements may stay in concrete after the setting
time test and can be used as ultrasonic sensors for long-term
monitoring of the quality of concrete [13,22].

Zhu et al. [11,13] investigated shear wave propagation in fresh
cement pastes using bender elements, and their findings showed
strong correlation between shear wave velocity and initial/final
setting times in cement pastes. Although these studies demon-
strated feasibility of applying bender elements to fresh mortar
and concrete, more quantitative studies are needed to investigate
if a similar relationship exists for mortar and concrete. Thus, in this
paper, we extended the previous experimental study to mortar and
concrete mixtures with various mix designs. The P wave and shear
wave velocities were monitored until final set. Correlation between
shear wave velocity and penetration resistance was obtained on
mortar mixtures and mortar sieved from fresh concrete. We also
investigated the performance of bender elements by comparing
the results with those obtained from commercial ultrasonic trans-
ducers. By using different mixture designs, we evaluated the
effects of different water to cement ratios (w/c) and aggregate sizes
and types on these ultrasonic measurements.

2. Experimental investigation

In this experimental study, three mortar and five concrete mixtures were tested.
The setting time of each mixture was measured with a penetrometer, according to
ASTM C403. For the mortar mixtures, three different ultrasonic test setups (bender
elements, commercial shear wave transducers and commercial P wave transducers)
were used. Each setup was able to monitor the ultrasonic P wave and shear wave
velocity simultaneously. To address the high attenuation problem of ultrasonic
waves in concrete, the bender element setup was used to measured shear waves,
and the P wave transducers setup was used to monitor P waves in concrete mixtures.
In the mortar sieved from the concrete mixtures, the shear wave transducer setup
was used to monitor P wave and shear wave velocity simultaneously.

2.1. Materials

Table 1 shows details of all eight mixtures investigated in this study. Three mor-
tar mixtures with different w/c were used to investigate the effect of w/c on setting
time. Out of the five concrete mixtures, three were used to investigate the effects of
Table 1
Concrete and mortar mixture designs and setting times.

w/c Mixture
type

Test setups Coarse aggregate type

0.40 Mortar B, P, S –
0.45 Mortar –
0.50 Mortar –

0.50 Concrete B, P, S (mortar sieved from concrete
mixtures)

‘‘Large’’ Dolomitic
Limestone (L)

0.50 Concrete ‘‘Small’’ Dolomitic
Limestone (S)

0.41 Concrete River Gravel (R)
0.53 Concrete River Gravel (R)
0.68 Concrete River Gravel (R)

B: bender elements; P: P wave transducers; S: shear wave transducers.
w/c on setting time. The coarse aggregate volume fraction was kept the same for
these mixtures, while the w/c ratio was varied from 0.41 to 0.68. The coarse aggre-
gate used for these mixtures was River Gravel (R) from Capitol Aggregates (Texas),
with a relative density of 2.60, and a maximum size of 25.4 mm. The other two con-
crete mixtures had the same w/c of 0.5 and were used to investigate the effect of
coarse aggregate size on setting time and wave velocities. The coarse aggregate
used for these two mixtures was dolomitic limestone from Bridgeport, Texas, with
a relative density of 2.65. For the ‘‘large aggregate’’ (L) concrete mix, the maximum
aggregate size was larger than 19.1 mm, while the ‘‘small aggregate’’ (S) mix used a
maximum aggregate size of 12.7 mm.

Type I Portland cement was used in all eight mixtures. The fine aggregate used
for both the mortar and concrete mixtures was Colorado River sand from Webber-
ville, Texas, with relative density of 2.62. The standard procedure described in
ASTM C192 [23] was followed to make these mixtures.

2.2. Penetration resistance measurements

The setting times of the mortar and concrete mixtures were obtained by mea-
suring the resistance of the mixtures to penetration by standard needles (HM 570
penetrometer, Gilson Company, Inc) at regular time intervals, as described by ASTM
C403 [1]. The initial and final time of set correspond to penetration resistance val-
ues of 3.5 MPa [500 psi] and 27.6 MPa [4000 psi], respectively, and are determined
from a plot of penetration resistance vs. elapsed time. For the concrete mixtures, the
mixtures for measuring the time of set were prepared by wet-sieving the fresh con-
crete through a 4.75-mm sieve. For mortar mixtures, no sieving was required.

2.3. Test setup using bender elements

A pair of bender elements was used to generate and measure shear waves in
both mortar and concrete mixtures, as shown in Fig. 1. The terminal end of each
bender was clamped onto an aluminum frame, which was placed in a wooden
box with dimensions of 300 mm � 150 mm � 100 mm. The mixed mortar or con-
crete was poured into the wooden box to 90 mm height to cover the bender ele-
ments. The bender elements were about 75 mm below the mortar/concrete
surface, which was covered by a layer of plastic film to reduce moisture
evaporation.

During the test, one bender element was used as the actuator while the one
served as the receiver. The actuating bender element was driven by a 100 kHz,
200 V square wave pulse generated from a pulser–receiver (Panametrics 5077PR),
and the receiving bender element was connected to the pulser–receiver with a gain
of 40 dB. The amplified receiving signals were then digitized by an NI-PXI5133
digitizer at a sampling rate of 10 MHz and transferred to a computer. Since
ultrasonic waves have high attenuation in fresh mortar and concrete, 200 signals
were averaged in each measurement to improve the signal-to-noise ratio. All
mixtures were monitored until the time of final set as determined by the proce-
dures of ASTM C403.

2.4. Test setup using commercial ultrasonic transducers

For comparison purposes, mortar and concrete mixtures from the same batch
were also monitored using two types of commercial ultrasonic transducers: shear
wave transducers and P wave transducers. Fig. 1(c) and (d) illustrates the test set-
ups. Each setup comprises of a U-shape rubber container with two Plexiglass plates.
The difference between the container for the P wave transducers and that for the
shear wave transducers is the thickness of the sample holder. The larger container,
with a sample holder of 109 mm thick, was used to test mortar and concrete mix-
tures using a pair of 500 kHz P wave transducers (Panametrics V101). The container
with a specimen holder thickness of 27 mm was used for mortar and the mortar
sieved from concrete mixtures using a pair of 500 kHz shear wave transducers
(Panametrics V151). A smaller specimen thickness was used with the shear wave
Coarse aggregate
volume (%)

Sand volume
(%)

Initial setting
(min)

Final setting
(min)

– 62.3 171 257
– 61.6 189 272
– 60.8 236 327

43.4 28.9 239 315

43.4 28.9 226 309

40.1 26.9 287 391
40.1 29.9 314 413
40.1 32.3 323 442



(a) (b)

(c) (d)

Fig. 1. Test setups: (a) setup using bender elements, (b) picture of bender element, (c) setup using shear wave transducers and (d) setup using P wave transducers.
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transducers because shear waves have very high attenuation in fresh mortar. The
actual thicknesses of mixtures were measured after the ultrasonic testing. In order
to reduce the direct transmission of ultrasonic waves through the rubber mold, a
layer of foam tape was inserted between the rubber and Plexiglass plate. Configu-
rations of the pulser–receiver and data acquisition were similar to the bender ele-
ments setup.
2.5. Data processing of ultrasonic signals

Since the ultrasonic wave velocity in fresh mortar and concrete varies continu-
ously, it is easier to identify the ultrasonic wave arrival time from a series of time-
domain signals than from a single time-domain signal. In this study, images were
formed by stacking up a series of normalized ultrasonic signals recorded at different
ages, with the x-axis representing the time of signals in millisecond and the y-axis
representing the age of mortar or concrete in hours. Since the amplitudes of ultra-
sonic signals at later ages are several orders higher than at early ages, each signal
was first normalized by its maximum amplitude so that all signals have the same
normalized peak amplitude.

The velocity was calculated by dividing the wave path over the travel time of
the wave through mixtures. The actual wave travel time t through a mortar or con-
crete mixture was determined by subtracting the zero time t0 of the test system.
The t0 in this study was 2 ls for P wave measurement and was 4 ls for shear wave
measurement in the ultrasonic tests, and was 1 ls in the bender test.

Fig. 2 shows example images of ultrasonic signals in a mortar mixture
(w/c = 0.45) measured by bender elements, shear wave transducers and P wave
transducers, respectively. The signal amplitudes are normalized and the color scale
is set as [�1, 1]. P and shear waves can be identified in these images. However, at
very early ages (<1.3 h), the signals are very noisy, and arrival times of P and shear
waves cannot be easily determined from the images. In addition, in Fig. 2(b) and (c),
the very early age parts of the images are dominated by equally spaced wide pulses
that do not change shape with ages. Further investigation indicated that these
pulses are direct transmission waves through the containers. The weak signal and
high level of noise make it difficult to identify the arrival time of P waves and shear
waves from a single signal. However, with the aid of images, the trend of the wave
arrivals and development can still be identified. It is noticed that both the bender
elements and the shear wave transducers detect shear waves at earlier ages than
P wave transducers, and the signals from shear wave transducers and bender
elements have much higher amplitudes than those from the P wave transducers.
However, the P wave transducers give strong and clear P wave arrivals.
3. Experimental results and discussion

3.1. Mortar mixtures

3.1.1. P and shear wave velocities
P and shear wave velocities in mortar mixtures measured from

the bender elements setup are shown in Fig. 3, with initial setting
times measured from the ASTM C403 penetration tests marked on
the velocity curves. The values of setting times are shown in
Table 1. The P wave velocity curves are well above the shear wave
velocity curves due to the high velocity of the P waves. As seen in
Fig. 3, although the mixtures have different w/c and setting times,
the shear wave velocities at initial setting times for all mixtures are
similar with an average of 388 m/s. The good agreement between
shear wave velocity and penetration resistance results at setting
times indicates that both the shear wave velocity and penetration
resistance tests measure the shear property of the solid framework
in mortar. On the contrary, the P wave velocities at initial setting
times show greater variability, which is consistent with previous
studies [11,13,24].
3.1.2. Effects of test setups and w/c on P and shear wave velocities
Fig. 4 shows both P wave and shear wave velocities measured

by three different types of setups in the same batch of mortar mix-
tures with w/c = 0.5. It can be clearly seen that the three shear
wave velocity curves, measured from the three different setups,
agree with each other very well, while the P wave velocity curves
show larger spread. There are several reasons that could contribute
to such a deviation in P wave measurements. First, the P wave has a
shorter arrival time than the shear wave. A small error in arrival
time reading tends to cause large error in velocity calculation.
Second, as discussed earlier, previous research has found that the
ultrasonic P wave velocity is affected by air voids in early age
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Fig. 2. Ultrasonic signal images obtained from a mortar mixture (w/c = 0.45)
measured by: (a) bender elements, (b) shear wave transducers and (c) P wave
transducers.
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Table 2
Ultrasonic wave velocities measured at initial and final setting times.

Mixtures P wave velocity (m/s) Shear wave velocity (m/s)

Initial
setting

Final
setting

Initial
setting

Final
setting

Mortar 1563 ± 164 2131 ± 120 392 ± 10 847 ± 12
Sieved

concrete
1672 ± 98 2033 ± 102 508 ± 16 855 ± 19

Concrete 2674 ± 268 3355 ± 217 678 ± 76 1020 ± 186
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cement pastes. Furthermore, research by Zhu et al. [11] has also
found that one percent of air voids in fresh cement paste will
reduce the P wave velocity from 1500 m/s to about 200 m/s. The
mortar mixtures in the three setups may have slightly different
air contents, which in turn may affect the P wave velocity.

To further address the influence of different w/c as well as dif-
ferent test setups on shear wave velocity measurement, shear
wave velocities in mortar mixtures with different w/c from all
three test setups are shown in detail in Fig. 5, with the initial set-
ting times marked on the curves. For all mortar mixtures, the aver-
age shear wave velocity at initial setting times is 388 m/s in the
bender element tests, 399 m/s in the shear wave transducer tests,
and 372 m/s in the P wave transducer tests. It is noticed that the
shear wave velocities measured by P wave transducers are slightly
lower than those measured by the other two setups. As explained
previously, the P wave transducers are not very effective for shear
wave excitation and measurement. The weak shear wave ampli-
tude tends to give later arrival time readings, and causes lower
velocity. There is also a slight difference between the results of
bender element tests and shear wave transducer tests. This may
be because the mortar samples in these two setups have slightly
different curing conditions. In the shear wave transducer test
setup, a small volume of mortar was sealed in the container to
avoid drying shrinkage, while in the bender element test setup, a
relatively large volume of mortar was tested in a wooden container
with a large surface open to the air. Although the container was
covered by a plastic sheet, the mortar mixtures in the bender ele-
ments tests had a much larger air contact areas than in the shear
wave transducer tests, which may cause a slightly earlier setting
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Fig. 7. Correlation between P and shear wave velocities and penetration resistance
on mortar mixtures with different w/c in: (a) linear scale and (b) logarithm scale
(shear wave velocity only).
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Fig. 8. Ultrasonic P and shear wave velocities in sieved concrete mixtures.
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time in bender element tests compared to shear wave transducer
tests. Despite these differences, the variation of the shear wave
velocity at initial setting is still much smaller than the variation
in P wave velocity at initial setting. The average velocities and their
standard deviations are shown in Table 2.
3.1.3. Correlation between shear wave velocity and penetration
resistance

Fig. 6 shows the penetration resistance measurements vs. age
for mortar mixtures with different w/c. The initial and final setting
times correspond to the penetration resistance values of 3.5 MPa
[500 psi] and 27.6 MPa [4000 psi], separately. It is clearly seen that
the initial and final setting times (detailed in Table 1) increase sig-
nificantly as the w/c increases.

Since both the shear wave and penetration resistance tests
measure the shear property of the solid frame in mortar, it is
assumed that a unique relationship between the shear wave veloc-
ity and the penetration resistance exists. Fig. 7 plots the shear
wave velocity vs. penetration resistance based on the data pre-
sented in Figs. 5 and 6. Each data point is an average of the data
obtained from three different test setups. The penetration resis-
tance data points in Fig. 7 were calculated by interpolating the
equations in Fig. 6 at ages when shear wave velocities were mea-
sured. As seen in Fig. 7(a), a clear correlation is observed between
the shear wave velocity and the penetration resistance, even
though the mortar mixtures have different w/c. Fig. 7(b) shows
the shear wave vs. penetration resistance data in logarithm scale.
This correlation can be well represented by a power function. Since
there were very few shear wave velocity data points for
Vs < 100 m/s, the data points for Vs > 100 m/s were used to obtain
a fit line. A very good correlation is obtained with a correlation
coefficient R2 > 0.99. For comparison, the P wave velocity vs. pene-
tration resistance is also shown in Fig. 7(a). Although the data for
each mixture shows a power function trend, the data from differ-
ent mixtures do not show a unique correlation with the penetra-
tion results. The strong correlation between shear wave velocity
and penetration resistance measurements is attributed to the fact
that both measurements are directly related to the shear proper-
ties (modulus and resistance) of the solid frame in fresh mortar,
while P wave velocity is also affected by the property and air voids
in the fluid phase of mortar. Since setting times are determined by
the penetration resistance test, the shear wave velocity is a more
reliable parameter for setting time monitoring than the P wave
velocity.

3.2. Mortar sieved from concrete mixtures

Five concrete mixtures of different designs were prepared, as
shown in Table 1. Penetration resistance measurements were
taken on mortar mixtures sieved from fresh concrete according
to ASTM C403 [1]. The shear wave transducer setup was used to
monitor P and shear velocities of the mortar sieved from concrete
mixtures.

Fig. 8 shows development of P wave and shear wave velocities
vs. age measured on sieved concrete (mortar) mixtures. It can be
seen that all mixtures have similar shear wave velocities with an
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average of 508 m/s at initial setting times, although these mortar
mixtures were sieved from concrete mixtures with different coarse
aggregate sizes, different coarse aggregate types, and different w/c.
The P wave velocities at initial setting times show large variance
among different mixtures. This finding agrees with what was
observed in the mortar tests discussed in the previous section.

The penetration resistance measurements vs. age for mortar
sieved from concrete are presented in Fig. 9. It is clearly seen that
the initial and final setting times increase significantly as the w/c
increases in the concrete mixtures with river gravel as coarse
aggregate. While in the concrete mixtures with dolomitic lime-
stone as coarse aggregate, despite the fact that the two mixtures
have different sizes of coarse aggregates, the initial and final set-
ting are similar. This is because the two mixtures have the same
w/c. In addition, the penetration resistance tests were performed
on the sieved mortar samples, with most of the coarse aggregates
from the concrete mixtures sieved out, thus the coarse aggregates
have little influence on the setting time of these two mixtures.

The measured shear wave velocities were correlated to the pen-
etration resistance (see Fig. 9) of the mortar sieved from concrete
mixtures, and are presented in Fig. 10 in linear and logarithm
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Fig. 11. Ultrasonic P wave and shear wave velocities measured in concrete
mixtures.
scales. The data at very early age (Vs < 100 m/s) show large scatter-
ing, especially between the concrete using dolomitic limestone and
river gravel aggregates. For Vs > 100 m/s, a clear correlation is
obtained between the shear wave velocity and penetration resis-
tance for all mortar mixtures sieved from concrete, with R2 of
0.9807.

3.3. Concrete mixtures

The P wave and shear wave velocities measured from fresh con-
crete mixtures are shown in Fig. 11, with the setting times marked
on the curves. The P wave velocity was measured by the P wave
transducer setup, and shear wave velocity was measured by the
bender element setup. It is noticed that both the P wave and shear
wave velocities in concrete at setting times are much higher than
those measured from mortar mixtures, and they also show much
greater scatter. The velocities at setting times and standard devia-
tion are shown in Table 2. It is reasonable to conclude that the large
variance in measured data is caused by the heterogeneous nature
of concrete. Coarse aggregates typically have much higher veloci-
ties than cement paste and mortar, and the velocity also varies
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Fig. 13. (a) Time domain signal and (b) corresponding wavelet image of concrete
mix (w/c = 0.50, ‘‘small’’ gravel).
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significantly for different types of coarse aggregates. In addition,
the actual coarse aggregate content in each concrete mixture might
be different due to the small volume of concrete used in ultrasonic
tests. Therefore, ultrasonic velocities measured on concrete mix-
tures are higher than those measured on the mortar sieved from
the same batch of concrete, and the test results also show larger
variance.

Fig. 12 shows the P wave and shear wave velocities measured
on concrete mixtures vs. penetration resistance (see Fig. 9) of the
sieved mortar mixtures. Unlike the mortar tests, there is no unique
relationship between shear wave velocity measured in concrete
and penetration resistance measured on sieved mortar, although
the data from each mixture still show similar power function
trends. It is because presence of coarse aggregates in concrete
strongly affects both P wave and shear wave velocities, while the
penetration resistance measured on sieved mortar is not affected.
This study demonstrates the challenges for in-situ monitoring of
fresh concrete using ultrasonic wave velocity methods, and indi-
cates that there is no simple correlation between wave velocities
and penetration resistance measurements for concrete with differ-
ent mix designs.

3.4. Discussion

The measured ultrasonic wave velocities and standard devia-
tions are listed in Table 2 for all mortar and concrete mixtures.
For mortar mixtures and mortar sieved from concrete, the shear
wave velocity at setting shows very small variance among mix-
tures with different w/c. The relative standard deviation of the
velocity at setting times is 2–3%. There is a strong correlation
between the shear wave velocity and penetration resistance
throughout the entire monitoring period, as shown in Figs. 7 and
10. A previous study [25] indicated that the penetration resistance
is fundamentally related to the shear modulus in cement pastes,
while the shear wave velocity is also related to the shear modulus.
Our experimental study further validates this theory and extends it
to mortar mixtures. It should be noted that both the shear wave
velocity and penetration measurements are affected by fine and
coarse aggregate content and size. Therefore, the shear wave veloc-
ities at initial setting time are different for the designed mortar and
mortar sieved from concrete. However, factors governing the
hydration process of cement, such as w/c, will affect the shear wave
velocity and penetration resistance in a similar way, which are
related by the fundamental parameter shear modulus.

It is also noted that the P wave velocity measured in concrete at
initial setting time is significantly higher than published values [9],
and the P velocity difference (2674 vs. 1672 m/s) between concrete
and sieved mortar mixtures is also much larger than the shear
wave velocity difference (678 vs. 508 m/s). One possible reason is
the high frequency of the ultrasonic waves used in this study.
The P wave velocity was measured by using a pair of 500 kHz ultra-
sonic transducers. Fig. 13 shows a time domain signal measured at
the initial setting time in concrete (w/c = 0.50, ‘‘small’’ dolomitic
limestone) and its wavelet analysis result. The first arrival P wave
contains high frequency components above 60 kHz, followed by P
wave components with center frequencies around 20 kHz, and
shear waves with center frequencies around 6.5 kHz. In the high
frequency range, the ultrasonic wave propagates through the mor-
tar matrix and coarse aggregates, and the total travel time of waves
can be calculated by the ray theory. In this case, the P wave velocity
will increase linearly with the volume of coarse aggregates.

In low frequency (long wavelength) range, the wavelength can
be larger than the coarse aggregate size. In this case, concrete
should be treated as an effective medium, and the wave velocity
is related to the stiffness of the effective medium. Fresh concrete
before setting can be modeled as a mortar suspension with coarse
aggregates, where the Reuss theory [26] that describes an equal-
stress model applies. According to the Reuss theory, the compli-
ance of an effective medium is the volume weighted average of
each component. Since the mortar matrix has much higher compli-
ance than the coarse aggregates, the effective compliance of fresh
concrete will be dominated by that of the mortar matrix. Therefore,
the resulting wave velocity in fresh concrete will be close to the
velocity in mortar matrix. From this point of view, using low fre-
quency waves may reduce the effect of coarse aggregate variation
at early ages.

4. Conclusions

In this study, ultrasonic tests were used to monitor the setting
process in fresh mortar and concrete mixtures. It is shown that a
clear correlation exists between the shear wave velocity and pen-
etration resistance for mortar mixtures. Shear waves can be effec-
tively measured in fresh mortar and concrete using bender
elements. Specifically, the following conclusions can be drawn
from this study:

1. The shear wave velocities measured at initial setting time are
392 ± 10 m/s in mortar, 508 ± 16 m/s in mortar sieved from
concrete, and 678 ± 76 m/s in concrete, respectively. The shear
wave velocities obtained at the initial and final setting times
show higher consistency than the P wave velocities in mortar
mixtures with different w/c, which implies that it is more reli-
able to correlate the setting times with the shear wave velocity
rather than with the P wave velocity.

2. There is a clear correlation between the shear wave velocity and
the penetration resistance measured on early age mortar mix-
tures through the entire process. This relationship is not
affected by the w/c of the mixture.

3. Unlike in mortar tests, there is no unique correlation between P
wave or shear wave velocity in concrete and penetration resis-
tance measurements. It is because that wave velocities are
strongly affected by coarse aggregates, while the penetration
test is performed on sieved mortar samples, which is not
affected by coarse aggregates.

4. Ultrasonic wave velocities in fresh concrete are also affected by
frequencies and coarse aggregates. In the high frequency range,
the velocity is greatly affected by coarse aggregate content. In
low frequency range, the coarse aggregates affect wave veloci-
ties to a lesser degree.
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