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Featured Application: Recycled Concrete Aggregate can be a very good alternative material for
natural aggregate. Using soil-rubber mixture as an engineering material may not only provide
alternative means of reusing waste but also significantly change dynamic properties of soil.

Abstract: This paper discusses the application of piezoceramic bender elements (BEs) for measurement
of shear wave velocity in the time and frequency domain in a triaxial cell under different isotropic
confinement. Different interpretation methods were used in the tests and their results were finally
compared with each other. Two types of anthropogenic material were tested: pure Recycled Concrete
Aggregate (RCA) and RCA-rubber chips mixtures (15% of rubber addition). Presented study is an
attempt to describe dynamic properties, in terms of shear wave velocity (VS), of the aforementioned
anthropogenic material using the technique commonly applied for natural soil. Although some
research is currently being carried out, in order to evaluate physical, chemical and mechanical
properties of RCA and rubber-soil mixtures, still little is known of their dynamic properties. Hence,
this work will provide the experimental results of shear wave velocity of RCA and its modified
version. The results show that tires chips significantly decrease the VS values of modified RCA.
They help to reduce the near field effect, but the received parameters are more incoherent. The VS
values were found to be influenced by interpretation technique, mean effective stress and wave’s
propagation period. The maximum VS values were obtained mostly from the frequency domain
method, although time domain analysis gives the results that are more coherent.

Keywords: anthropogenic soil dynamics; bender elements tests; shear wave velocity; recycled
concrete aggregate; rubber chips

1. Introduction

The realization of the importance of soil stiffness, represented generally by shear modulus (G),
at low shear strain level (γ < 10−5), in both static and dynamic behavior, has led to increased interest
in methods of measuring stiffness at small strains in the laboratory. One of the most used technique to
establish shear wave velocity (VS), and therefore shear modulus [1], is to make use of bender elements
(BEs), small piezoceramic devices that can generate and detect waves in soil [2].

VS is an important parameter for the design of geotechnical systems [3], particularly in seismically
active areas [4,5]. It is necessary for design and site response purposes, is related to stiffness
of a foundation, evaluation of site response during earthquakes, liquefaction potential [6], site
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characterization, soil density and its stratigraphy, or settlements of foundations [7]. On the other hand,
the anthropogenic impacts, like mining tremors, use of roads and rails transport etc., cannot be ignored
as well. Some high-speed transport systems (e.g., expressway, high-speed railway, and airstrip) have
been recently developed a lot, which transmit dynamic loading to subsoil. The settlements of subsoil
in these cases are very much related to soil stiffness. Information of shear wave velocity is crucial for a
better knowledge of work capacity of soil.

Shear wave velocity is connected to the small-strain shear modulus (Gmax) using elasticity theory:

Gmax = ρ ·VS
2, (1)

where ρ means mass density of the material (equal to the total unit weight of the material, γt, divided
by the gravitational acceleration) [8]. It is also recognized that shear wave propagation is the most
versatile and portable method to assess Gmax in the laboratory, besides bender elements [9], resonant
column tests [10], and in the field, e.g., cross cone, seismic cone and surface waves methods [11].

The desire to improve of the road infrastructure in Poland has led engineers to construct, inter
alia pavements in various conditions. A request of construction materials in such a situation enhances
a great need to explore new ways of reuse of waste deposits. Economic development in Poland has
recently induced many deposits of Construction and Demolition (C&D) materials, such as demolished
brick and concrete. On the other hand, an increase of ecological awareness has also caused bigger
concentration on recycle building wastes and their possible usage in engineering constructions. In the
field of pavement engineering, C&D recycling materials, like other composite materials [12], have been
used in roads, embankments, pipes bedding and backfilling [13]. This trend has become global
standard of treating crushed concrete and other construction materials [14,15].

The subject of this research is Recycled Concrete Aggregate (RCA), an example of anthropogenic
material, which is a product of demolishing of exploit constructions [16]. The authors investigate the
behavior of plain RCA as well as its mixture with rubber grains. One of the waste types produced
during cars’ exploitation and after their utilization are rubber tires [17]. Disposal of waste tires has
become a global problem [18]. Effectively reusing waste tires is an urgent and important issue for
saving energy and protecting the environment [19]. Scrap tires, shredded into small pieces (called
“chips”), alone or mixed with soil can have properties favorable to civil and environmental engineering
applications [20]. Recycled waste tires when mixed with soil can play an important role as lightweight
construction materials in embankments, retaining walls, machine foundations and railroad track beds
in seismic zones. Rubber can be presented as an alternative material in various construction activities,
because it is cheap and available in abundance. It can reduce vibrations when seismic loads are of
great concern or even improve some mechanical properties of problematic soils, e.g., soft soils [21].

Over the last decades, there have been many investigations, which highlighted physical, chemical
and mechanical properties of RCA. Numerous researchers have conducted studies to determine the
same parameters but of rubber-soil mixtures [22]. To authors’ knowledge, data on shear wave velocity
of concrete aggregates with rubber chips is, however, remarkably limited. Therefore, the scientific
objective of this work is to recognize and evaluate the VS values of such anthropogenic material from
modern geotechnical research technique originally applied for natural soil, i.e., bender elements set in
the triaxial device, in the time and frequency domain.

2. State of the Art

Most of the work presented in the literature concerns mechanical properties of RCA [23],
durability and/or volume stability. Direct Shear Tests (DSTs), conducted by Soból et al. [24] and
Arulrajah et al. [25], showed that among six tested C&D materials all meet the shear strength
requirements for aggregates in pavement engineering, including RCA. Melbouci [26] in 2009 carried
out cyclic loading tests on RCA samples with addition of sand and concrete. Laboratory research,
typical for roads, were also performed on a large scale, including California Bearing Ratio (CBR) [27],
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compaction, crushing susceptibility, freeze thaw and triaxial tests [28] or long-term cyclic triaxial
tests [29]. Nonetheless, studies on dynamic properties (shear modulus and damping ratio) of RCA are
still very few [30].

In the recent past, a series of intensive studies, aimed at finding the possible application of rubber
chips mixed with natural aggregates, have been conducted as well. Takano et al. [19] tested shear
behavior of rubber chips and silica sand mixture using micro focus X-ray CT scanner. The results of
those tests proved that, while direct shearing of the mixture of sand and rubber chips, the shear stress
level rises monotonically and no peak stress is observed. Dilatancy effect was also not very significant,
in comparison to the tests conducted on pure sand. It was also interesting that rubber chips additions
can decrease shear strain propagation. This fact turned to be important for road engineering, as shear
stress causes many structural damages. For instance, Srinivas et al. [31] studied a mixture of gravel,
fly ash and waste fibers. Their study revealed an increase of CBR characteristics, namely optimal
addition of waste tire rubber ranged between 0.2% and 2.0% of dry unit weight of soil. Two scientists,
Ghatge and Rakaraddi [32] in 2014, though, used shredded waste rubber for reinforcement of soft
clay with different percentages of rubber content and, additionally, with cement as a binding medium.
CBR test set, together with unconfined compressive strength tests, pointed out an improvement of
bearing capacity, strength and high compressibility of the tested material.

However, only a limited number of research described the cyclic behavior, including the
liquefaction potential and dynamic properties of sand-scrap tire mixtures (e.g., [33–35]). Turer and
Özden [36] reported that sand-scrap tire mixtures have lower shear modulus and higher damping
ratio compared to sand at low to medium shear strains (γ < 0.1%), while pure scrap tires have higher
damping ratio. Kaneko et al. [37] stated that sand-tire crumb mixtures show remarkable damping and
seismic isolation properties. They have an ability to reduce significantly the acceleration amplitude
at the ground surface, due to the low stiffness of tire crumbs. Because of the lack of experimental
data, Tsang et al. [38] studied dynamic properties of scrap tire-soil mixture based on the extrapolated
data of shear modulus and damping ratio of Feng and Sutter [33] for shear strains greater than 0.1%.
Mashiri et al. [34] conducted a series of strain controlled consolidated undrained cyclic triaxial tests on
specimens of sand mixed with varying proportions of tire chips. The maximum shear modulus (Gmax)
of the tested mixture was determined by bender element tests for different gravimetric proportions
of tire chips and various effective confining pressures. The initial shear modulus was found to be
influenced by the proportion of tire chips and confining pressure. The results showed as well that
the increase of scrap tire in sand-scrap tire mixtures reduced shear modulus degradation curves and
increased damping ratio curves. Anbazhagan and Manohar [22] in 2015 investigated static properties
(i.e. shear strength and energy absorption capacity) of Sand Tire Crumb Mixtures (STCM), and then
in 2016 [39] they presented dynamic properties of STCM in terms of G and D against shear strain
(γ). Torsional resonant column tests were performed to measure G and D of the small strain rate
of 0.0001% to 0.1%. Their values at a large strain rate (0.1% to 10%) were measured through cyclic
triaxial test. The results showed that shear modulus and damping ratio of the mixtures were strongly
influenced by the percentage of rubber inclusion. Shear modulus decreased with an increase in
tire crumb inclusion for all confining pressures, whereas damping ratio increased with the increase
in rubber content in STCM. For any percentage of tire crumbs inclusion, shear modulus increased
and damping ratio decreased with increasing confining pressure. Ehsani et al. [21] also conducted
torsional resonant column and dynamic triaxial experiments of sand-granulated rubber mixtures.
They examined the effect of rubber content and ratio of mean grain size of rubber solids versus soil
solids (D50,r/D50,s) on dynamic response of these mixtures, in a range of low to high shearing strain
amplitude, from about 4 × 10−4% to 2.7%. Similar conclusions, as in the case of previously cited
studies, were drawn. It is worth emphasizing that a decrease in D50,r/D50,s caused the mixture to
exhibit more rubber-like behavior.
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Regardless of immense work performed by various researchers to determine physical, chemical,
mechanical and, sometimes as well, dynamic properties of RCA and rubber-soil mixtures, the authors
were unable to find the detailed study of VS of RCA improved with rubber grains, covering the wide
range of strains, from small to moderate strains (0.0001% to 0.1%). Therefore, such a complete study
on RCA with rubber chips will help to fill this gap in the geotechnical engineering knowledge, provide
new information about this modified anthropogenic soil and may be very useful for selecting the
shear modulus and damping values associated with field events, e.g., machine foundations, motion
characteristics or earthquake motion.

Nowadays in Poland, in the field of transportation and/or road investments, anthropogenic soils
can be easily located. The decision either to leave them, or to exchange for a better material, must
result from studies of their behavior. In addition, the rapid development of modern civil engineering
constructions as well as EU directives force engineers to use anthropogenic soil nevertheless. It must
be supported by the extensive knowledge of their engineering properties, including dynamic ones.

3. Experimental Program

3.1. Materials Used

In this study, demolished concrete from building demolition site and industry produced scrap tires
from Warsaw, Poland were used. Concrete aggregates were an element of concrete floors, especially
concrete curbs from demolition of roads. The age of this material is about 20 years. For the purpose of
this research, the authors purchased the aggregates of concrete from the crusher company. The strength
class of concrete from which the aggregates were formed was estimated between C16/20 and C30/35.
In 99% of weight, the aggregates were composed of broken cement concrete and in 1% of glass and
brick (Σ (Rb, Rg, X) ≤ 1% m/m), in accordance with Polish Committee for Standardization [40].
They did not contain asphalt or any tar elements. The basic properties of original concrete are shown
in Table 1. Grain gradation curve was adopted in respect to WT-4 [41] and placed between upper and
lower grain gradation limits. These limits are typical for the upper layer of the improved substrate [41].
Concrete aggregates required preliminary research on saturation in order to prevent the movement
of water necessary for hydration [42]. The material did not show any binding properties. Recycled
Concrete Aggregates needed for the specimens are shown in Figure 1.

Table 1. Basic physical properties of original concrete.

Description Unit Value

Apparent density kg/m3 1900–2500
Porosity % 12–15

Impregnability % 2–8
Water absorption % 4–14

Mineral dust content % 7
Contamination content % 2–12

Sulfur compounds content % 0.2–0.6
Crushing index % 2.5–5.5
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Figure 1. Coarse aggregates for RCA with a size less than 8.0 mm. (a) Coarse aggregates; (b) particle size. 

Granular rubber in the presented research was shredded and processed in the local tires 
manufacturing plant. Only one size of rubber, without steel belts, was bought and then applied in 
the experimental program. It was fine granular rubber (i.e., rubber chips) with the maximum particle 
size less than 1.0 mm. Generally, the employed rubber grains were with the diameter size between 
0.06 and 0.4 mm (Figure 2). 
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Figure 2. Rubber chips used in this study with a size of 0.06–0.4 mm. (a) Rubber chips; (b) particle size. 
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In order to evaluate physical properties of examined material, a set of tests was conducted. As 
the first one, the grain size analysis (sieve analysis) was performed. The particle size distribution of 
Recycled Concrete Aggregate used in this study is presented in Figure 3. This analysis led to 
classification of the tested material as gravel with sand (saGr), according to European Committee for 
Standardization [43]. The values of the characteristic diameters (d10, d30, d50, d60) and coefficients (Cu, Cc), 
typical characteristics for natural soils by Polish Committee for Standardization [44], are attached to 
Figure 3 as well. For instance, d50 is an average diameter, or otherwise measurable. It is along with 
larger grains 50% of specimen’s weight. Here, it was d50 = 2.60 mm and could be used to determine 
the shape of grain size distribution. The specimen’s coefficient of uniformity (Cu) and coefficient of 
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coefficients suggest a well-graded material, susceptible to compaction process and suitable for the 
construction of embankments. This distribution of particles from 8.0 to 0.063 mm is typical for soils 
designed for improved sub-base and supporting other structures. 

Figure 1. Coarse aggregates for RCA with a size less than 8.0 mm. (a) Coarse aggregates; (b) particle size.

Granular rubber in the presented research was shredded and processed in the local tires
manufacturing plant. Only one size of rubber, without steel belts, was bought and then applied
in the experimental program. It was fine granular rubber (i.e., rubber chips) with the maximum
particle size less than 1.0 mm. Generally, the employed rubber grains were with the diameter size
between 0.06 and 0.4 mm (Figure 2).
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3.2. Specimens Preparation

In order to evaluate physical properties of examined material, a set of tests was conducted.
As the first one, the grain size analysis (sieve analysis) was performed. The particle size distribution
of Recycled Concrete Aggregate used in this study is presented in Figure 3. This analysis led to
classification of the tested material as gravel with sand (saGr), according to European Committee for
Standardization [43]. The values of the characteristic diameters (d10, d30, d50, d60) and coefficients
(Cu, Cc), typical characteristics for natural soils by Polish Committee for Standardization [44],
are attached to Figure 3 as well. For instance, d50 is an average diameter, or otherwise measurable. It is
along with larger grains 50% of specimen’s weight. Here, it was d50 = 2.60 mm and could be used
to determine the shape of grain size distribution. The specimen’s coefficient of uniformity (Cu) and

coefficient of curvature (Cc), corresponding to Cu = d60
d10

and Cc = d30
2

d10·d60
, amounted Cu = 9.09 and

Cc = 2.92, respectively. Cu is a crude shape parameter, which allows classifying soil gradation, whereas
Cc is a coefficient to characterize gradation indicating, e.g., the potential of interlocking. The values of
these coefficients suggest a well-graded material, susceptible to compaction process and suitable for
the construction of embankments. This distribution of particles from 8.0 to 0.063 mm is typical for soils
designed for improved sub-base and supporting other structures.
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As the next study, the standard compaction tests were carried out in order to determine the
optimum moisture content (wopt) and the maximum dry density (ρdmax) of RCA. The following results
were obtained: wopt = 10% and ρdmax = 1.96 g/cm3.

Then, the exact amount of RCA and rubber chips was estimated, in order to prepare an appropriate
composition of ingredients. The mixture was prepared by hand mixing of rubber chips with RCA.
The authors decide to use the same gravimetric proportion of rubber chips for all three specimens,
namely 15%. The new material is shown in Figure 4. The finest fraction of RCA was removed and
replaced by grains (Figure 3). The reason for eliminating only the finer fraction of RCA and tempering
it by particles from tires was to obtain a material with better values of coefficients Cu and Cc so that
it would be non-uniform and well graded. Furthermore, the undesirable feature of fine fractions is
the possibility of re-binding which the authors indented to avoid. The introduction of rubber into
anthropogenic soil was aimed as well to prevent from eventual negative effects of water filtration.
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Subsequently, the modified recycle concrete aggregates were transferred into the special mold
with layers with uniform mix to avoid segregation during the specimens’ preparation. In this study,
the tamping method was adopted to prepare specimens with the correct dimensions, i.e., 70 mm of
diameter and 130 mm of height. All specimens were prepared in the same manner in order to guarantee
the same compaction energy applied to the samples. All specimens were characterized by the same
moisture conditions, equal to optimum moisture content, as mentioned earlier. The compaction
procedure was the same as defined by Proctor test [30]. The selected method is characterized by the
use of a 2.5 kg hammer with diameter of 3.0 cm, lowered from a height of 10.0 cm to a large mold
with volume of 2.2 dm3. A 5-layers Proctor test was performed, with 24 blows to each layer. This
procedure creates constant energy of compaction; whose level is equal to 0.59 J/cm3. The initial
properties of three pure RCA specimens and three RCA-rubber chips compositions are presented in
Table 2. Six tested specimens differed from each other with the mean effective stress value (p′) applied
during consolidation stage. After the preparation process was finished, the bender elements tests were
carried out.

Table 2. Initial properties of pure RCA specimens and mixtures of RCA with rubber chips.

Description Unit

Pure RCA RCA with Rubber Chips

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Value

Initial water content % 6.93 14.91 6.67 9.59 8.54 9.64
Bulk density of soil mass g/cm3 1.75 1.88 1.79 1.32 1.36 1.32

Soil particle density g/cm3 2.60
Bulk density of soil

skeleton g/cm3 1.64 1.63 1.68 1.20 1.25 1.20

Void ratio - 0.59 0.59 0.55 1.16 1.08 1.17
Saturation ratio % 0.31 0.66 0.32 0.21 0.21 0.21

3.3. Methodology

Bender elements have been widely utilized to measure VS at low strain levels, namely γ < 0.001
percentage [45]. The simple operation of these piezoceramic transducers, together with their small size,
has stimulated their use in a big variety of geotechnical equipment since their first appearance [46].
BEs have been incorporated into a wide range of laboratory device (i.e., triaxial [47], true triaxial,
hollow cylinder, simple shear, shear box, oedometer, resonant column), as well as into boundaries
of laboratory model test apparatuses. Originally, BEs were applied to determine Gmax, but with the
passage of time and their greater usage, they have been employed to measure P-wave velocity (VP),
to investigate fabric and structure, additionally in particular cementation and its degradation, degree
of saturation or anisotropy, to assess sample’s quality and control multi-stage testing [48].

However, BE testing is not yet a standard, due to the variability of its results in comparison with
standard resonant column testing [45]. The reliability of BE technique is influenced by different factors,
e.g., near-field effects [49], directivity [48], travel distance [50], boundary effects [51], sample geometry
and size [52], cross-talking [53]. The difficulty lies as well in accurately evaluating the travel time
(tt) of shear wave from the source BE to the receiver BE, whereas a distance between elements (LTT),
accepted as the tip-to-tip distance, can be precisely measured. VS is then calculated in accordance with
the formula:

VS =
LTT
tt

. (2)

The operating principles of a BEs system have been described in many previous studies of the authors,
e.g., [54].

The time domain and frequency domain analysis were applied in this work to estimate the travel
time. The time domain methods are the mostly widely used. These techniques are referred to an
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analysis made from signals represented along the axis of time in which the input and/or output
waveforms are plotted. Two points of these graphs can be selected following a given criterion, where
their time difference is defined as the travel time between the transmitter and receiver of the analyzed
wave [55]. A typical output signal gathered from a step input signal is presented in Figure 5. Estimation
of tt by the identification of the first direct arrival in the output signal was the initial assumption
in this method. This assumption is an intuitive interpretation following the method used on in situ
geophysical measurements and was the interpretation method initially adopted [46]. The method
remained unchanged for nearly 10 years until a travel-time determination based on the first inversion
of the received signal was proposed [56]. What is, however, the appropriate first arrival point: A, B,
C or D? Suggested criteria and recommendations are various and differ depending on installation,
application, and input signal [53]. First arrival detection methods can be affected as well by near field
effects with low-frequency input waves [51,53], which result from BEs generating lateral P-waves
reflection and refraction from specimen boundaries, and by signal noise at higher frequencies.
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Figure 5. Receiver time charts: A) first deflection; B) first bump; C) zero crossing; D) first major peak.
An example of test results from pure RCA specimen No. 2, T = 0.16 ms, p′ = 90 kPa.

Several researchers, like Greening and Nash [57] have proposed the frequency domain methods,
because they potentially allow automation of signal processing and avoid the difficulties associated
with picking the first arrival. On the other hand, these techniques are either unreliable or require
considerable user intervention to provide a reasonable result. A unique criterion for the travel
time determination is here elusive [48]. Cross-correlation is considered to be one of the time domain
methods, although all calculations are performed in the frequency domain. Cross-correlation essentially
measures the level of correspondence between the transmitted and received signals: transmitted, T(t)
and received, R(t), as expressed by the cross-correlation coefficient, CCTR (ts):

CCTR(tS) = lim
Tr→∞

1
Tr

∫
Tr

T(t + tS)R(t)dt, (3)

where Tr is the time record and tS is the time shift between the two signals.
Using the same signals as for previously mentioned techniques, the cross-correlation function is

plotted alongside the transmitted and received signals (see Figure 6). The cross-correlation values are
calculated from the source and received element signals at each time stamp of the data. The time at
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which the maximum cross-correlation value occurs is then used to estimate the travel time of shear
wave [58]. In order to apply this technique, it is convenient to convert the time domain signals to
the frequency domain, whereby decomposition of the signals produces groups of harmonic waves
with known amplitude and frequency. A common algorithm used for this purpose is the Fast Fourier
Transform (FFT), which transforms the signals to their linear spectrums, giving the magnitude and
phase shift of each harmonic component in the signal, respectively. The complex conjugate of the linear
spectrum of the transmitted signal is next computed, and the cross-power spectrum of the two signals
established [59].
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Figure 6. Cross-correlation method. An example of test results from pure RCA specimen No. 2, T =
0.16 ms, p′ = 90 kPa.

Viggiani and Atkinson [56] also first proposed implementation of the cross-spectrum method
in analyzing results from the bender element test. It is essentially to have an extension of the
procedure used in the cross-correlation method, where the frequency spectra of the signals are further
manipulated to obtain the absolute cross-power spectrum. The cross-power spectrums, obtained via
FFT, are used to create a phase angle versus frequency plot. The slope of this plot is then used to
estimate the shear wave travel time, based on a linear best fit across a defined frequency window [58].
An example of the unwrapped phase is displayed in Figure 7. The frequency domain calculations are
related in this paper to the cross-spectrum analysis.

3.4. Testing Procedure

The Consolidated Drained triaxial tests were carried out on six specimens, with the same
dimensions, in Water Centre-Laboratory, Warsaw University of Life Sciences, Poland. When specimens
were completely prepared, standard initial steps of triaxial tests were performed, i.e., flushing,
saturation and consolidation. The first three specimens, of pure RCA, were consolidated under
different mean effective stress (p′), by the following scheme: p′ for specimen No. 1 was equal to 45,
for No. 290 and for No. 3180 kPa. Then, the same testing program was applied to three mixtures of
RCA with rubber chips. After the consolidation stage finished, BEs tests started.
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Figure 7. “Unwrapped” phase in cross-spectrum method. An example of test results from pure RCA
specimen No. 2, T = 0.16 ms, p′ = 90 kPa.

BEs were installed in the triaxial apparatus, in a top cap and pedestal (Figure 8). Those BEs are
made from piezoelectric ceramic bimorphs. A wave was produced by a displacement in the source
transducer due to applied excitation voltage equal to 10 V. A wave transmission created a displacement
in the receiver, which in turn resulted in a voltage that could be measured. The frequency of the input
signal was variable and decreased from the value f = 10 to f = 3.57 kHz (for lower pressure) or to
f = 5.56 kHz (for higher pressure). This frequency range was used in order to reduce the near field
effect [54]. According to Camacho-Tauta et al. [60], the undesirable near field effect can be minimized
by an appropriate selection of frequency (or period). Properly high frequency of the shear wave
increases the ratio between the travel distance (LTT) and the wavelength (λ). Different researchers
have given different values of this ratio [61], suggesting keeping it, e.g., between 2.0 and 9.0 [60].
The authors, following recommendations of Leong et al. [62], found it satisfactory to provide LTT/λ
ratio >3.0 in order to keep off the near field effect.

Four time domain methods were employed here to compute shear wave velocity (VS) for all
tested specimens, namely: peak-to-peak, zero crossing, first bump and cross-correlation technique.
The method peak-to-peak was used twice, the first time in the software during the tests, and again,
in the analysis of all the data in the spreadsheet. Additionally, one frequency domain method was
applied as well, i.e., cross-power spectrum technique. However, due to the high interference in the
signal’s beginning, the values of shear wave velocity by first bump method were very inconsistent.
Therefore, the authors missed them in the presentation of the results in the next section.

4. Tests Results and Discussion

In Tables 3 and 4, a summary of the VS values obtained by various techniques of travel time
determination is presented. The data combined in Table 3 concern the first three specimens, namely of
pure RCA, while those of Table 4 relate to three mixtures of RCA with rubber chips. All the results are
resumed here, regardless of whether LTT/λ ratio is greater than 3.0 or not. The wave periods employed
in the presented tests, divided into two groups: for specimens No. 1, 4, 6 and for specimens No. 2, 3,
5, arise from the authors’ experience and the possibility of clear wave reading. From Tables 3 and 4,
it can be noted that the VS values are not uniform for different periods.
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Table 3. Shear wave velocity (VS) of pure RCA specimens by four different methods of interpretation
and three different mean effective stresses.

Pure RCA No. 1

p′
=

45
kP

a

Period (ms) 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28

Peak-to-peak_1

V
S

(m
s−

1 )

186.9 186.1 185.1 184.3 182.9 181.8 181.0 179.7 178.0 177.6

Peak-to-peak_2 187.2 186.4 184.9 183.5 182.2 181.7 180.7 180.0 178.5 177.0

Zero crossing 272.2 197.4 193.8 193.6 191.0 188.8 187.4 185.8 184.3 182.7

Cross correlation 181.7 181.7 181.2 181.0 180.8 180.2 179.5 178.2 176.6 174.2

Frequency domain 184.3 180.7 181.2 180.7 181.2 180.2 181.5 178.5 178.2 173.0

Pure RCA No. 2

p′
=

90
kP

a

Period (ms) 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 -

Peak-to-peak_1

V
S

(m
s−

1 )

252.6 252.3 251.3 251.5 251.5 250.5 249.9 249.7 249.4 -

Peak-to-peak_2 253.4 253.1 251.3 251.5 251.8 251.0 250.2 249.4 250.7 -

Zero crossing 261.8 261.8 260.1 259.5 259.0 257.8 256.7 256.2 255.1 -

Cross correlation 252.3 253.4 252.9 252.9 252.9 251.8 250.7 248.6 245.0 -

Frequency domain 258.4 257.8 257.3 258.4 263.6 248.6 265.3 250.2 251.3 -

Pure RCA No. 3

p′
=

18
0

kP
a

Period (ms) 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 -

Peak-to-peak_1

V
S

(m
s−

1 )

294.9 294.1 293.8 293.8 293.8 294.1 293.4 293.4 291.3 -

Peak-to-peak_2 295.6 294.5 293.4 294.5 292.7 294.5 294.1 294.5 292.0 -

Zero crossing 310.6 308.3 360.1 302.2 299.2 296.3 293.4 291.3 288.6 -

Cross correlation 296.3 297.0 297.0 297.0 296.3 295.6 292.7 289.3 283.2 -

Frequency domain 299.9 301.4 299.2 300.7 301.4 302.9 301.4 283.2 283.2 -

Moreover, a comparison of the VS results obtained by peak-to-peak method, but done twice,
shows a big consistency of the values of shear wave velocity. The average difference between the
velocities from the technique peak-to-peak_1 and peak-to-peak_2 does not exceed 0.5%, what can be
also confirmed in the next presented tables. It follows that it does not matter when the analysis of the
signals is performed, during or after the tests.
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Table 4. Shear wave velocity (VS) of mixtures of RCA with rubber chips by four different methods of
interpretation and three different mean effective stresses.

RCA with Rubber Chips No. 4

p′
=

45
kP

a

Period (ms) 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28

Peak-to-peak_1

V
S

(m
s−

1 )

103.3 103.1 102.0 101.4 100.9 100.3 100.0 99.6 99.4 98.6

Peak-to-peak_2 103.2 103.5 102.3 101.1 102.4 100.5 100.4 99.7 99.5 98.5

Zero crossing 240.0 251.4 159.2 160.6 112.9 111.5 111.2 109.7 108.8 107.9

Cross correlation 135.5 93.4 94.2 94.9 95.1 95.3 95.3 95.5 95.4 95.4

Frequency domain 95.1 101.3 185.5 118.8 137.9 111.2 113.9 129.1 111.5 112.8

RCA with Rubber Chips No. 5

p′
=

90
kP

a

Period (ms) 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 -

Peak-to-peak_1

V
S

(m
s−

1 )

113.5 112.5 111.8 111.1 110.8 110.1 110.4 110.6 110.6 -

Peak-to-peak_2 114.1 113.0 112.4 111.5 110.9 109.9 109.8 110.0 110.7 -

Zero crossing 265.4 184.6 266.0 125.6 124.9 124.3 123.6 122.8 122.8 -

Cross correlation 370.3 103.2 63.8 104.8 105.0 105.3 105.3 105.3 105.1 -

Frequency domain 363.8 312.3 128.3 286.3 125.7 129.4 130.6 131.9 132.8 -

RCA with Rubber Chips No. 6

p′
=

18
0

kP
a

Period (ms) 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28

Peak-to-peak_1

V
S

(m
s−

1 )

150.2 150.0 149.8 149.1 147.9 147.3 146.5 145.6 144.9 143.7

Peak-to-peak_2 150.1 149.7 150.8 150.1 148.1 147.5 145.7 145.5 145.5 144.2

Zero crossing 184.4 204.5 218.4 349.4 561.9 271.8 158.4 156.4 155.7 155.7

Cross correlation 143.6 142.9 142.5 141.7 141.6 141.2 141.0 140.6 140.3 140.1

Frequency domain 173.3 147.9 149.1 147.9 144.0 143.2 142.9 143.0 143.2 142.7

In the next order, the statistical analysis of all data from Tables 3 and 4 was executed. Its results
are summarized in Tables 5 and 6. The minimum value of VS in the most cases was received from cross
correlation method, whereas the maximum from zero crossing method. The average median value of
VS for specimens tested under p′ = 45 kPa is equal to 183.1 m/s, pure RCA, and 43% less, 104.5 m/s,
composition of RCA with rubber chips. For specimens tested under p′ = 90 kPa, the median value for
pure RCA is about 254.3 m/s and more than 50% less, 116.7 m/s, for its composition with rubber chips.
A similar difference, namely 47%, is occurred for the average median values of VS between specimens
No 3 and 6 that are respectively 296.9 and 156.7 m/s.

Analyzing other statistical parameters, e.g., dispersion of the results within a method, standard
deviation, standard error and variance, the highest values were usually found for zero crossing
interpretation method. Regardless of the type of a test material, it can be seen that this technique
deviates significantly from others. A large spread of the results is characteristic as well for frequency
domain method. It is higher, up to 93%, for composition of RCA with rubber chips than for pure RCA
specimens. The smallest spread of the results provides peak-to-peak method, in the region of 1.1 m/s
(specimen No. 5) to 4.7 m/s (specimen No. 4). For some specimens (No. 1 and 6) though, a small
scatter of the results is obtained by cross correlation method, amounting to 7.5 and 2.8 m/s.

After estimating standard error, it can be noticed that for most of the techniques of travel time
identification in BEs testing standard error is minor, except for cross correlation. In general, it does
not exceed the value of 1.3 m/s for pure anthropogenic material and 4.4 m/s for its modified version.
The above-given data relates to frequency domain method. This means that the chosen interpretation
methods are correct. The differences between empirical and theoretical values of VS hardly exist.
The average error in VS calculation using one of the analyzed method deviates from the theoretical
value of VS by the standard error value (Tables 5 and 6). However, it should be remembered that
presented errors do not exactly tell about the scale of the phenomenon. They should be also considered
in relation to average value of VS for each method. Excluding zero crossing method, for pure RCA
specimens’ standard errors are from 0.2% to 0.4% of the average value of VS, and for RCA with rubber
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chips from 0.4% to 3.3%. This actually confirms the small values of errors as well as the accuracy of the
interpretation methods chosen.

Table 5. Result of statistical analysis of pure RCA specimens from different methods of travel time
identification in bender element testing.

Pure RCA No. 1

p′
=

45
kP

a

Method Min value Median
value

Max
value Dispersion Std.

deviation
Std.

error Variance Average
value Uncertainty

Peak-to-peak_1

V
S

(m
s−

1 )

177.6 182.4 186.9 9.3 3.3 0.8 10.8 182.3 1.8%

Peak-to-peak_2 177.0 182.0 187.2 10.2 3.3 0.8 11.1 182.2 1.8%

Zero crossing 182.7 189.9 272.2 89.5 26.6 2.3 706.5 197.7 13.4%

Cross correlation 174.2 180.5 181.7 7.5 2.5 0.7 6.1 179.5 1.4%

Frequency domain 173.0 180.7 184.3 11.3 3.0 0.8 8.8 178.0 1.6%

Pure RCA No. 2

P
′

=
90

kP
a

Method Min value Median
value

Max
value Dispersion Std.

deviation
Std.

error Variance Average
value Uncertainty

Peak-to-peak_1

V
S

(m
s−

1 )

249.4 251.3 252.6 3.2 1.1 0.8 1.3 251.0 0.5%

Peak-to-peak_2 249.4 251.3 253.4 4.0 1.3 0.5 1.6 251.4 0.5%

Zero crossing 255.1 259.0 261.8 6.7 2.4 0.7 5.7 258.7 0.9%

Cross correlation 245.0 252.3 253.4 8.4 2.8 0.7 7.6 251.2 1.1%

Frequency domain 248.6 257.8 265.3 16.7 5.8 1.1 33.2 256.8 2.2%

Pure RCA No. 3

p′
=

18
0

kP
a

Method Min value Median
value

Max
value Dispersion Std.

deviation
Std.

error Variance Average
value Uncertainty

Peak-to-peak_1

V
S

(m
s−

1 )

291.3 293.8 294.9 3.6 1.0 0.4 0.6 293.6 0.3%

Peak-to-peak_2 292.0 294.5 295.6 3.6 1.1 0.5 1.2 294.0 0.3%

Zero crossing 288.6 299.2 360.1 71.5 21.8 2.1 472.9 305.6 7.1%

Cross correlation 283.2 296.3 297.0 13.8 4.7 1.0 22.5 293.8 1.6%

Frequency domain 283.2 300.7 302.9 19.7 7.9 1.3 62.6 297.0 2.7%

Table 6. Result of statistical analysis of mixtures of RCA with rubber chips from different methods of
travel time identification in bender element testing.

RCA with Rubber Chips No. 4

p′
=

45
kP

a

Method Min
value

Median
value

Max
value Dispersion Std.

deviation
Std.

error Variance Average
value Uncertainty

Peak-to-peak_1

V
S

(m
s−

1 )

98.6 100.6 103.3 4.7 1.6 0.6 2.5 100.9 1.6%

Peak-to-peak_2 98.5 100.8 103.5 5,0 1.7 0.6 2.8 101.1 1.7%

Zero crossing 107.9 112.2 251.4 143.5 55.7 3.3 3107.2 147.3 37.8%

Cross correlation 93.4 95.3 135.5 42.1 12.8 1.6 164.9 99.0 13.0%

Frequency domain 95.1 113.4 185.5 90.4 25.5 2.3 652.7 121.7 21.0%

RCA with Rubber Chips No. 5

p′
=

90
kP

a

Method Min
value

Median
value

Max
value Dispersion Std.

deviation
Std.

error Variance Average
value Uncertainty

Peak-to-peak_1

V
S

(m
s−

1 )

110.1 110.8 113.5 3.4 1.1 0.5 1.3 111.3 1.0%

Peak-to-peak_2 109.8 110.9 114.1 4.3 1.5 0.6 2.3 111.4 1.4%

Zero crossing 122.8 124.9 266.0 143.2 61.9 3.5 3836.0 162.2 38.2%

Cross correlation 63.8 105.1 370.3 306.5 91.2 4.3 8319.3 129.8 70.3%

Frequency domain 125.7 131.9 363.8 238.1 97.5 4.4 9514.9 193.5 50.4%

RCA with Rubber Chips No. 6

p′
=

18
0

kP
a

Method Min
value

Median
value

Max
value Dispersion Std.

deviation
Std.

error Variance Average
value Uncertainty

Peak-to-peak_1

V
S

(m
s−

1 )

143.7 147.3 150.0 6.3 2.2 0.7 4.9 147.2 1.5%

Peak-to-Peak_2 144.2 147.5 150.8 6.6 2.4 0.7 5.6 147.5 1.6%

Zero crossing 155.7 204.5 561.9 406.2 134.9 5.2 18200.9 248.0 54.4%

Cross correlation 140.1 141.2 142.9 2.8 1.0 0.4 0.9 141.3 0.7%

Frequency domain 142.7 143.2 149.1 6.4 2.6 0.7 6.8 144.9 1.8%
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An analysis of uncertainty was also required, in order to approve the precision and credibility
of this study. Relative uncertainty in the range of 0.1% to 10% is typical for laboratory experiments.
Based on data summarized in Tables 5 and 6, it can be seen, that uncertainty of the results is at the
level of 1–2% (specimens No. 1–3) and of 1.4%–30% (specimens No. 4–6), where the highest value
was obtained for specimen No. 5. It is clear, that the time domain methods allow for very accurate
measurement of VS, the lowest uncertainty of the results.

In Table 7, selected statistical parameters, i.e., dispersion, standard deviation and standard
error, from all four methods together for each specimen are summarized. Pure RCA specimens are
characterized by lower values of these parameters (from 50% to 90%), especially specimen No. 2,
tested at p′ = 90 kPa, than three mixtures of RCA with rubber chips. In the case of composite, No. 5,
tested as well at p′ = 90 kPa, the values of dispersion, standard deviation and error are the highest.
Judging, for example, these two specimens, No. 2 and 5, investigated under the same mean effective
stress, the difference between statistical parameters is up to 90%.

Table 7. Comparison of selected parameters of statistical analysis between different methods of travel
time identification in bender element testing.

Specimen No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Average
Dispersion 18.44 10.0 16.8 60.5 108.2 100.1

Std. deviation 7.7 4.2 7.2 25.6 46.9 43.3
Std. error 1.1 0.9 1.1 2.1 2.7 2.5

In Figures 9–11, a graphic variation of the VS values with a predetermined wave’s propagation
period at different specified stress level is shown. Besides, it is also a graphic comparison between
the time domain and frequency domain techniques of BEs results interpretation. It is important,
that for these figures, only the data when the ratio LTT/λ was greater than 3.0 were selected. Plain RCA
specimens showed higher sensitivity to the near field effect, since in their case, it was rather difficult to
keep the ratio LTT/λ at the appropriate level.
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Figure 9. Variation of VS with period for p′ = 45 kPa. Diamond symbols: pure RCA specimens;
rectangle symbols: compositions of RCA with rubber chips.
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Based on these figures, and in particular, Figures 9 and 11, the conclusion regarding zero crossing
method from the statistical analysis is confirmed. Most differs this method from the others. Therefore,
in the analysis of the results for p′ = 45 kPa and p′ = 180 kPa it was removed, completely or partially.

In all the figures, the values of shear wave velocity for compositions of RCA with rubber chips
are distinctly lower and less consistent in comparison to pure RCA specimens. A great dispersion
of these results is strongly remarkable. The exact values of the spread of the results, comparing two
tested materials, are given in Table 7.

Subsequently, for further discussion, from each figure (Figures 9–11) certain wave’s periods were
chosen, for which wave velocities were nearly identical at given mean effective stress. The selected
periods differed slightly, depending on whether pure RCA or mixtures of RCA with rubber chips
were analyzed, and what was the level of p′ Then, from these wave periods finally one (marked by
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rectangle in Figures 9–11) was chosen, for which the difference between the VS values from different
methods was the lowest, from 1% up to maximum 16%. There are the following periods: T = 0.20 ms
for p′ = 45 kPa, specimens No. 1 and 4, T = 0.13 and 0.14 ms for p′ = 90 kPa, specimens No. 2 and 5,
T = 0.13 and 0.12 ms for p′ = 180 kPa, specimens No. 3 and 6.

Based on the selected periods, the characteristic shear wave velocities were eventually received.
In Figure 12, the above-mentioned VS values are shown as a function of mean effective stress, in order
to compare with the reference method. The shear wave velocities vary between 180.2 and 302.1 m/s,
as well as between 95.3 and 150.0 m/s (Figure 12). In the case of modified concrete recycled aggregate,
the test results are again more scattered. This can be explained, e.g., by the properties and behavior of
rubber themselves. Rubber chips do not absorb water and behave differently that grain of soil. Hence,
they cannot be saturated with water when the specimen is being saturated and can be very mobile
during wave’s propagation. They can move simply inside the specimen. Two identical measurements
are performed, but the conditions inside the specimen tested are already different, because of various
arrangements of rubber grains. Therefore, in the case of this modified material, it is difficult to get
consistent results.

It is evident that, regardless of the type of a test material, the VS values increase with the increase
in the p′ values. As far as pure RCA specimens are concerned, this is an increase of an average of
29% when p′ changes from 45 to 90 kPa, and of 14% with an increase in p′ from 90 to 180 kPa. At first,
VS changes are greater, than smaller, with higher p′. In the case of modified RCA, the VS values increase
of about 10% and 23%, when mean effective stress increases respectively from 45 to 90 kPa and from
90 to 180 kPa. Here, the trend of VS changes is reverse, first there are smaller, than greater changes.Appl. Sci. 2017, 7, 741  17 of 22 
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Figure 12. Comparison between selected VS values of pure RCA specimens and RCA with rubber
chips compositions by four/five different methods of interpretation.

According to Figure 12, the highest VS values can be establish using zero crossing technique,
next frequency domain and cross correlation, but only for higher stresses. This finding is not in
concordance with the results for p′ = 45 kPa, where the highest VS give peak-to-peak methods. However,
the difference between the various methods of BEs results interpretation is at the level of from 1% to
the maximum 3%.

As it can be seen in Figure 12, the highest VS values for RCA with rubber chips at p′ = 45 and 90 kPa
concerns frequency domain method, whereas at p′ = 180 kPa—peak-to-peak method. On the other
hand, cross correlation method produces the lowest VS values, in spite of the stress level. Moreover,
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the higher difference between the various methods of BEs results interpretation than for rubber-soil
mixtures can be observed, i.e., from 5% to the maximum 16%.

Figures 13–15 represent a comparison between the results for both examined materials: pure RCA
and its composition with rubber. In the case of any applied methods of determination of shear wave
velocity, the replacement of RCA by rubber chips, for 15%, causes a reduction in the VS values. It is
shown that this decrease in wave velocities is of the order of 20–40%, depending on the p′ values.
Generally, the same tendency is observed for all the mean effective stresses. With an increase in
p′, the greater differences in the VS values for two tested materials are observed. This trend was
predictable. According to the literature [35], due to rubber insertion into soil, stiffness of this type of
composition decreases, and then the VS values too. RCA with rubber chips is softer material than pure
RCA, because rubber itself is softer than soil. The softer is the system, the lower are the wave velocities
and the more diverse.
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Figure 14. Percentage distribution of VS values between two different materials: pure RCA and RCA
with rubber chips for p′ = 90 kPa.
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Figure 15. Percentage distribution of VS values between two different materials: pure RCA and RCA
with rubber chips for p′ = 180 kPa.

5. Summary and Conclusions

This paper presents the results of bender elements (BEs) tests on anthropogenic soil—Recycled
Concrete Aggregate (RCA), and its modified version—a mixture with rubber grains. In this study,
dynamic properties of these two artificial materials in terms of shear wave velocity (VS) are presented.

The main observations from this study are as follows:

1. Shear wave velocity of modified anthropogenic soil is influenced by the rubber content.
Concerning the amount of rubber content used, 15% by RCA volume, all three compositions
exhibit lower VS values than pure RCA specimens, up to 40%. This can be explained by
insignificant contribution of soft rubber particles on shear wave velocity of mixture solid skeleton.
Normal soil (0% rubber) is stiffer, due to greater values of VS and thus higher shear modulus.
The addition of rubber makes the material softer. Another advantage of using rubber grains is
less susceptibility to the near field effect. Additionally, regarding the tested mixtures, the results
are more scattered, without any consistency. This can be due to the properties and behavior of
rubber itself. Rubber grains may be differently arranged in the specimen during the test set on
the same specimen.

2. The results of this research present the behavior of mixtures of materials with non-optimized
compositions. In order to better examine the effect of rubber inclusion on dynamic properties
of modified anthropogenic soil, different combination of soil and rubber chips should be tested.
Such research would be helpful in determining the eventual limit in the rubber amount that does
not make any significant changes in the dynamic properties of such mixtures.

3. The results of shear wave velocity of pure RCA specimens and RCA-rubber compositions
that were obtained by means of peak-to-peak_1 and peak-to-peak_2 techniques are in a good
agreement. The average difference between the velocities from both methods does not exceed
0.5%. It is appropriate to make the wave’s propagation analysis during BEs test and after it.

4. Application of different interpretation methods of BEs tests in this study suggests rejection of
zero crossing method, due to rather overestimated VS values, up to a maximum of 33% for
pure RCA specimens and 76% for RCA-rubber compositions. The minimum value of VS, in the
most analyzed cases, is received from cross correlation method. These values are lower than the
average VS values in the range of 1% to 40%. On the other hand, the higher shear wave velocities
are obtained from the frequency domain technique, especially for modified RCA specimens.
These values are higher than the average VS values in the range of 2% to 32%.
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5. The time domain methods (e.g., peak-to-peak) provide results that are more consistent. The spread
of the results for peak-to-peak method is from 5.5 (pure RCA specimens) to 70 (modified RCA
specimens) times lower than for frequency domain, which is considered to be the second method
with the greatest spread of the results after zero crossing. This can indicate that for BEs testing in
anthropogenic soil the time domain methods are more reliable.

6. The small values of standard error, maximum 1.3 m/s for pure anthropogenic material and
4.4 m/s for its modified version using frequency domain method, may prove the accuracy in
the choice of methods for analyzing of the test results. A similar conclusion can be drawn
by analyzing how much of the average value of VS represents standard error. For pure RCA
specimens, standard errors are from 0.2% to 0.4% of the average value of VS, and for RCA with
rubber chips, from 0.4% to 3.3%.

7. By means of uncertainty analysis, the precision and reliability of performed laboratory tests can
be confirmed. In the most cases, relative uncertainty is in the range of 0.1% to 10%, what is most
correct. The lowest uncertainty of the results is received for the time domain methods. It is from
4.4 to 70 times less than the greatest uncertainty.

8. The results of this investigation should be expanded with more samples to give a complete
statistical solidity of the indicated behavior.

9. Given the variability in the results, after Jovičić et al. [63], the authors strictly recommend the use
of various methods of travel time identification in bender element testing.

10. It would seem a good solution to imply a comparison between the results from BEs tests and,
e.g., resonant column (RC) tests. However, in the light of the latest research and reports on
natural soils, the results from the most known and modern techniques, like bender elements (BEs)
and resonant column (RC) should not be compared. This is because, for example, the excitation
frequency and the range of expected strains are different. According to the authors’ opinion,
nevertheless it would be advisable to do more studies with different experimental techniques.
They allow correlating and validating the behavioral results indicated in this research.
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