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Abstract

The dynamic properties of two uniform recycled concrete aggregates (RCA) were investigated with a focus on shear wave velocities (Vs),
primary wave velocities (Vp) and Poisson ratio (ν). The geotechnical characterization of these materials, one RCA with a fraction of 1.18–
2.36 mm and the other with a fraction of 0.60–1.18 mm, was implemented through the quantification of particle shape descriptors, monotonic
drained triaxial tests and one-dimensional compression tests. The grain damage of the RCA was quantified by examining the grading curves of
the samples before and after the performance of the one-dimensional compression tests. Bender and extender element tests were carried out on
dry samples under isotropic conditions of the confining pressure in order to investigate the dynamic properties of the RCA and comparisons were
implemented between bender/extender elements and resonant column tests in torsional and flexural modes. The laboratory test results indicated
that during the isotropic compression of the samples, Vs showed slightly higher sensitivity to pressure than Vp and the Poisson ratio was found to
be dependent on pressure. However, during the isotropic unloading stage, Vs and Vp showed similar sensitivity to pressure and the Poisson ratio
was found almost to be independent of pressure change. An empirical-type model proposed in the literature for crushed rock of irregular-shaped
grains predicted within satisfactory limits the small-strain shear modulus of the RCA. The small-strain material damping in shear and the strain-
dependent modulus and material damping were investigated and are discussed for a limited number of tests.
& 2016 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The recycling and reuse of waste and demolition materials in
civil engineering projects have received great attention in recent
years due to environmental concerns and the pressure for these
products to be utilized in efficient and cost-effective ways. The
utilization of demolition materials, and related research on this
areas, is more mature in the discipline of structural engineering
than in geotechnical engineering; recycled concrete aggregate,
for example, is reused in the production of new concrete. In
recent years, geotechnical engineers have come to realize the
potential for the application of industrial byproducts, waste and

demolition materials in geotechnical projects (e.g. Gomes
Correia et al., 2012; Soleimanbeigi et al., 2012; Warner and
Edil, 2012). While the available literature investigating the
geotechnical properties of for recycled concrete aggregate
(RCA) is relatively limited, most research work has indicated
promising applications for RCA in particular. Previous research
on the geotechnical properties of RCA have focused, primarily,
on its physical properties and its static behavior as well as other
properties associated with pavement engineering applications
(e.g. Chini et al., 2001; Sivakumar et al., 2004; Poon and Chan,
2006a, 2006b; Tam and Tam, 2007; Arulrajah et al., 2013;
Bhuiyan et al., 2015 among others).
As is the case with all granular materials, the complete

geotechnical characterization of RCA requires experiments
using dynamic test methods, for example resonant column
(Richart et al., 1970; Ishihara, 1996) or bender element tests
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(Shirley and Anderson, 1975). These methods allow the elastic
and attenuation properties to be captured: these are essential in
geotechnical engineering and to the seismic design of civil
engineering facilities. In the present study, a preliminary
investigation of the dynamic properties of recycled concrete
aggregate was conducted on two uniform fractions using
advanced dynamic test methods. The geotechnical character-
ization of the RCA was based on conventional laboratory tests,
including the determination of the specific gravity of solids,
particle shape quantification, one-dimensional compression
tests and consolidated drained monotonic triaxial tests.

2. Materials and methods

2.1. Materials used and experimental methods for basic
geotechnical characterization

The recycled concrete aggregate (RCA) used in the study
was provided by a local supplier from New South Wales,
Australia. The material was sieved and two uniform fractions,
denoted as RCA04 (fraction 0.60–1.18 mm) and RCA05
(fraction 1.18–2.36 mm), were studied in the laboratory. The
grain size characteristics of the RCA fractions are given in
Table 1. An image of the fraction RCA05 is provided in Fig. 1.

Conventional laboratory tests and procedures were used in
the geotechnical characterization of the RCA. The specific
gravity of solids (Gs) was found equal to 2.47 for both the
RCA fractions. The shape of the particles was quantified based
on the visual observation of a representative number of grains
from each fraction through an optical microscope and the use
of an empirical chart proposed by Krumbein and Sloss (1963).
From each fraction, twenty five grains were randomly chosen
and two operators quantified the particle shape by means of
two descriptors; particle sphericity (S) and particle roundness
(R). It was found that the RCA fractions had grains of low
roundness, but relatively medium to high sphericity. The mean
value and the standard deviation for the descriptors S and R are
summarized in Table 1. It has been reported that particle shape
controls the packing as well as the mechanical and dynamic

behavior of granular materials (e.g., Cho et al., 2006; Senetakis
et al., 2012; Payan et al., 2016). Cho et al. (2006) introduced a
third particle shape descriptor, namely the regularity, which is
the arithmetic mean of S and R. The regularity effectively
captures, in quantitative terms, the effects of both S and R on
the mechanical behavior of granular soils. For the RCA04 and
RCA05, the mean value of the regularity descriptor was found
equal to 0.50 and 0.49, respectively; that is, the grains of the
RCA fractions were relatively irregular in shape.
Apart from the quantification of the specific gravity and

shape of particles, one-dimensional (oedometer) tests were
performed on dry samples for both the RCA04 and RCA05
fractions, prepared at variable initial densities for the study of
the compression behavior. Because the aim of the oedometer
tests for this study was solely to investigate the grain damage
for the RCA, the application of relatively high pressures was
required. Consolidated drained (CD) monotonic triaxial tests
were performed on fully saturated samples for the RCA04
fraction for a preliminary investigation of the angle of shear
strength at peak and critical states. The one-dimensional
compression test samples and the triaxial test samples are
summarized in Tables 2 and 3, respectively. After the
completion of the oedometer tests, the grading curves of the
samples were examined through a series of sieves and the
particle breakage was quantified adopting a simple method
proposed by Hardin (1985) for measuring what is called
Relative Breakage (Br). Note that the oedometer tests were
performed for a range of maximum vertical stresses from about
1.0 MPa to 3.9 MPa in order to capture the compression
behavior of the samples in the range of small to relatively
high pressures with measurable grain damage, whereas the
triaxial tests were carried out at relatively small to medium
isotropic consolidation pressures ranging from 100 to 500 kPa.
The oedometer test samples were of about 20 mm in thickness
and 50 or 75 mm in diameter and the triaxial test samples were
of about 100 mm in height and 50 mm in diameter. Because of
the small size of the oedometer samples, the initial specific
volume was evaluated based on two independent methods
similarly to the procedures described by Altuhafi and Coop
(2011) and Rocchi and Coop (2014) considering that the
samples were prepared and tested in a dry state. The first

Table 1
Recycled concrete aggregate (RCA) fractions used in the study.

Code of sample RCA04 RCA05

Fraction (mm) 0.60–1.18 1.18–2.36
Specific gravity Gs 2.47 2.47
Mean grain size D50 (mm) 0.84 1.67
Coefficient of uniformity Cu 1.40 1.30
Coefficient of curvature Cc 0.90 0.97
Sphericity S (mean) 0.71 0.67
Sphericity standard deviation 0.15 0.21
Roundness R (mean) 0.29 0.31
Roundness standard deviation 0.13 0.16
Regularity 0.50 0.49
Regularity standard deviation 0.13 0.15
Critical state parameter λ 0.21 –

Critical state parameter Γ 2.56 –

Angle of shear strength at critical state (deg) 31 –

Fig. 1. Image of the recycled concrete aggregate fraction RCA05
(1.18–2.36 mm).
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method was based on the measurement of the initial thickness
of the sample and its known diameter, while the second
method was based on the final thickness of the sample after the

completion of the unloading stage and the total settlement,
which settlement was recorded during the experiment with a
dial gauge. For the representation of the specific volume -
vertical stress curves, an average specific volume value
calculated from the two methods is used in the study. The
difference in specific volume, denoted as Δvi, between the two
methods used to estimate the oedometer sample specific
volume is provided in Table 2 for each specimen.

2.2. Dynamic testing program

Seven samples from the RCA04 fraction and five samples
from the RCA05 fraction were prepared in a resonant column
apparatus of fixed-free ends with embedded piezo-element
(bender/extender element) inserts and tested in a dry state
under isotropic pressures in a range of 25 kPa to 800 kPa. The
resonant column used in the study is a computer-controlled
apparatus supplied from GDS Instruments, UK. An image of
the apparatus and a close-up view of the top cap with a piezo-
element insert are given in Fig. 2. The drive mechanism

Table 2
One-dimensional compression tests on dry samples for the geotechnical characterization of the recycled concrete aggregate.

Νο. Specimen code Preparation method γdo (kN/m3) ν0 Δvi s'ν,max (MPa) ϵν,1 (%) ϵν,2 (%) Br (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1 RCA04-OED1 Compaction 11.45 2.117 0.113 1.10 8.7 7.8 1.9
2 RCA04-OED2 Compaction 11.27 2.151 0.035 1.10 9.0 8.0 2.5
3 RCA04-OED3 Hand-spooning 10.98 2.207 0.012 2.44 15.0 13.1 4.3
4 RCA04-OED4 Compaction 11.26 2.152 0.039 3.85 18.1 16.2 7.0
5 RCA04-OED5 Compaction 12.57 1.928 0.008 0.98 7.7 6.9 1.7
6 RCA04-OED6 Compaction 12.31 1.969 0.020 3.85 15.1 12.6 4.1
7 RCA05-OED1 Hand-spooning 10.87 2.230 0.004 0.98 10.7 9.4 2.0
8 RCA05-OED2 Hand-spooning 10.47 2.315 0.012 2.44 18.7 17.0 5.5
9 RCA05-OED3 Compaction 11.77 2.059 0.012 0.98 7.6 6.5 1.3
10 RCA05-OED4 Compaction 11.88 2.039 0.036 1.10 7.9 6.9 1.8
11 RCA05-OED5 Compaction 11.80 2.053 0.031 2.44 13.8 12.0 3.5

No1–No6: fraction RCA04 0.60–1.18 mm, No7–No11: fraction RCA05 1.18–2.36 mm,
(3) compaction was applied for dense and hand-spooning was applied for relatively loose samples (4)(5) initial unit weight and specific volume at a zero vertical
stress,
(6) difference in initial specific volume measured from two independent methods (described in Altuhafi and Coop, 2011) (7) maximum applied vertical stress
(8) volumetric strain at s'ν,max,
(9) volumetric strain at zero vertical stress after the completion of the unloading stage,
(10) relative breakage based on Hardin (1985) definition.

Table 3
CD monotonic triaxial tests on fully saturated samples for the geotechnical characterization of the recycled concrete aggregate.

Νο. Specimen code Preparation method γdo(c) (kN/m
3) ν0(c) w0(c) (%) p'0 (kPa) ξ ϕ'p (deg)

(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 RCA04-TR1 Compaction 12.06 2.009 40.85 100 �0.584 43
2 RCA04-TR2 Compaction 10.54 2.299 52.59 100 �0.294 34
3 RCA04-TR3 Compaction 11.90 2.037 41.98 300 �0.325 37
4 RCA04-TR4 Compaction 11.83 2.049 42.47 500 �0.206 32

(4)(5)(6) Initial unit weight, specific volume and water content after the completion of the consolidation stage before the shearing stage (7) consolidation pressure
before the shearing stage.
(8) State parameter, expresses the state of the soil before the shearing stage.
(9) Angle of shear strength at peak state.

Fig. 2. Resonant column of fixed-free ends used in the study and close-up
view of top cap with piezo-element insert.
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attached to the top of the sample was composed of four coils
and four magnets. The system is capable of subjecting the
sample to both torsional and flexural modes of vibration,
allowing for independent measurements of shear and Young's
moduli to be conducted simultaneously. Calibrations of the
resonant column apparatus were carefully carried out following
the ASTM D4015-92 specifications (ASTM, 1992), the
recommendations by Cascante et al. (1998) and Kumar and
Madhusudhan (2010a) with regard to the flexural mode of
vibration and the experience of the authors. The bender/
extender element inserts used in the study were comprised of
piezoelectric ceramic bi-morphs (Kumar and Madhusudhan,
2010b). Because of their configuration, it was possible to
propagate both primary (P) and shear (S) waves and therefore,
to measure the Poisson's ratio. The piezo-elements are con-
nected in two different configurations (Kumar and
Madhusudhan, 2012b, 2010c); the top of the sample is
embedded with the P-wave receiver and S-wave source, and
the bottom of the sample is embedded with the P-wave source
and S-wave receiver. In measuring P-waves, the extender
element configuration is used and in conducting S-waves
measurements, the bender element configuration is used. The
alteration of the system, i.e. extender or bender element tests,
is implemented through the software that controls the experi-
ments, supplied from GDS Instruments. Discussion on the
interpretation of the bender elements in measuring shear wave
velocities and shear moduli and the signal analysis for the time
arrival estimation may be found in Jovicic et al. (1996), Leong
et al. (2005), Lee and Santamarina (2005), Ogino et al. (2015)
and Gu et al. (2015), among others. Discussion on the
measurement of the time arrival for the estimation of the
primary wave velocities and the performance of the extender
elements may be found in Kumar and Madhusudhan (2010b,
2010c) or Leong et al. (2009).

The samples were prepared at variable initial densities in a
dry state in a plastic split mold with an internal diameter of
about 50 mm and a height of about 100 mm. Dense samples
were prepared in layers and each layer was densified by
manually applying vibration with a thin plastic rod with
rounded edges. For medium dense to relatively loose samples,
the air-pluviation method was adopted. After the samples were
prepared and before the set of resonant column tests began,
including the placement of the drive mechanism, the magnets
and the triaxial cell, a small vacuum of about 5 kPa was
applied in order to support the specimen. The vacuum was
gradually removed during the application of the first level of
isotropic confining pressure (p') equal to 25 kPa or 50 kPa.

Table 4
Dynamic testing program on dry samples.

Νο. Specimen code Preparation method γd0 (kN/m3) ν0 n0 (%) Small-strain measurements Medium-strain measurements

(1) (2) (3) (4) (5) (6) (7) (8)
1 RCA04-1 Air-pluviation 10.70 2.264 55.83 BE - TOR - FLEX - FVD –

2 RCA04-2 Compaction 11.14 2.175 54.02 BE - TOR - FLEX - FVD –

3 RCA04-3 Compaction 11.34 2.136 53.18 BE - TOR - FLEX –

4 RCA04-4 Compaction 11.16 2.171 53.94 BE - TOR TOR:100,400
5 RCA04-5 Air-pluviation 10.82 2.240 55.36 TOR –

6 RCA04-6 Compaction 11.51 2.106 52.52 TOR –

7 RCA04-7 Compaction 11.69 2.073 51.76 TOR - FVD –

8 RCA05-1 Compaction 10.85 2.233 55.22 BE - TOR - FLEX - FVD –

9 RCA05-2 Compaction 11.01 2.200 54.55 BE - TOR - FLEX - FVD TOR: 200
10 RCA05-3 Compaction 10.78 2.248 55.52 BE - TOR - FLEX - FVD –

11 RCA05-4 Compaction 11.15 2.173 53.98 BE – TOR TOR:200
12 RCA05-5 Compaction 11.10 2.183 54.19 BE - TOR - FLEX TOR: 100,400

No1–No7: fraction RCA04: 0.60–1.18 mm, No8–No12: fraction RCA05 1.18–2.36 mm,
(3) compaction was applied for dense and air-pluviation was applied for relatively loose samples.
(4)(5)(6) Initial unit weight, specific volume and porosity measured at a vacuum of 5 kPa.
BE: Bender/extender element tests for S-wave and P-wave velocities measurements.
TOR: Torsional resonant column tests for shear modulus measurements.
FLEX: Flexural resonant column tests for Young's modulus measurements.
FVD: Measurements of small-strain damping using the free-vibration decay method.
Medium-strain measurements: Torsional resonant column tests, 100 200 and 400 denote p' in kPa.

Fig. 3. Example showing the sensitivity of small-strain shear modulus to an
error in measuring the volumetric strain (Note: The volumetric strain for dry
samples is estimated in the study based on the measurement of the axial strain
and the assumption of isotropic compression).
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Measurements of sample volume were conducted carefully
with a calliper while the specimen was supported by the
vacuum in order to estimate the initial specific volume
(ν0¼e0þ1), where e0 is the initial void ratio. A vertically
positioned linearly variable differential transformer (LVDT)
attached to top of the sample with a precision of 0.001 mm was
used to record changes in sample height.

After the application of the maximum isotropic pressure of
800 kPa, most samples were subjected to isotropic swelling
(unloading of p'). At each step of p' increase or decrease, the
shear wave velocities (Vs) and primary wave velocities (Vp)
were measured through the bender and extender element tests,
respectively. Vs was also measured based on small-strain
torsional resonant column tests in order to compare the
different methods in measuring small-strain stiffness and
validate the interpretation of the time arrival from the bender
element tests. For a limited number of samples, flexural
resonant column tests were conducted to estimate the Young's
modulus as well as measurements of stiffness and damping
from small to medium strain amplitudes. In Table 4, the
dynamic testing program is summarized with associated
information regarding the sample preparation method, the
initial unit weight (γd0), specific volume (ν0) and porosity
(n0) of the samples and the mode of the dynamic tests.

During the isotropic compression of the RCA samples, the
maximum volumetric strain was in the order of 5%–8% at
p'¼800 kPa. During the unloading stage, it was revealed that
most of this deformation was plastic in nature. Note that the
volumetric strain (ϵv) of the samples was derived based on the
measured axial strain (ϵa) from the vertically positioned LVDT
attached to the top of the sample and the assumption of
isotropic compression, thus ϵv equals three times ϵa. This is
because the resonant column samples were tested in a dry

Fig. 4. One-dimensional compression test results for the RCA04 fraction:
(a) specific volume - vertical stress during loading-unloading and
(b) volumetric strain - vertical stress during loading.

Fig. 5. One-dimensional compression test results for the RCA05 fraction:
(a) specific volume - vertical stress during loading-unloading and
(b) volumetric strain - vertical stress during loading.

Fig. 6. Alteration of grading curves of the samples after the completion of the
one-dimensional compression tests due to particle breakage.
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state, rendering it technically impossible to measure the
volume changes of the samples in a straightforward way.
However, the volumetric strain measured on fully saturated
samples during the consolidation stage in the triaxial apparatus
(samples are summarized in Table 3) was very similar to the
volumetric strain estimated in the resonant column samples
(samples summarized in Table 4) based on the previously
mentioned assumptions. For the triaxial samples, because they
were consolidated in a fully saturated state, the volumetric
strain was measured in a straightforward way from the
measurement of the changes of sample pore water volume
with a volume controller-regulator.

However, the overall uncertainties or introduced errors in
estimating the volumetric strain of the dry sample, and thus the
changes in density and void ratio, did not have an important
effect on the resultant soil modulus. In Fig. 3, an example of
the sensitivity of Gmax to a possible error in measuring the
volumetric strain for the dry samples is illustrated. This
example corresponded to the sample RCA04-1 at p'¼600 kPa.
The figure illustrates that if the error in the estimated
volumetric strain is 100%, which is an extreme case in daily
practice, the resultant error in the measured Gmax will be no
more than 3% to 4%. Note that because of relatively small to
medium compressibility of the RCA samples, very small
changes were noted in the volume of the sample during the
elevation of the confining pressure for the particular range of
stresses applied in the resonant column. This was also verified
by the check of the sample volume changes of the fully
saturated samples in the triaxial tests.

3. Results and discussion

3.1. Brief discussion on the oedometer and triaxial test results
and grain damage

The one-dimensional compression test results by means of
specific volume - vertical stress (ν�s'v) during the loading and

unloading stages are summarized in Figs. 4(a) and 5(a). The
volumetric strain against the vertical stress curves (ϵv�s'v)
during the loading process are summarized in Figs. 4(b) and 5
(b) and at representative stresses (100 and 800 kPa), typical
values of the volumetric compression of the samples are
depicted. The volumetric strain (ϵν1) that corresponded to the
maximum applied vertical stress (s'ν,max) ranged from about
8% to about 18% depending on the level of s'ν,max and the
initial density of the samples; for a given s'ν,max, looser
samples compressed more, resulting in greater ϵν1 values than
denser samples. Most of the deformation during the loading
stage was plastic in nature, providing almost horizontal curves
in the ν�s'v plane during unloading. The values of the
volumetric strain at the maximum applied vertical stress (ϵν1)
and the volumetric strain after the completion of the unloading
stage, denoted as ϵν2, are summarized in Table 2.
The breakage of grains for the RCA04 and the RCA05 was

quantified and the relative breakage (Br) values of the samples
are summarized in Table 2. The final grading curves of the
samples subjected to the one-dimensional compression tests
are summarized in Fig. 6. Note that the alteration of the final
grading in comparison to the initial grading of the samples was
slightly more pronounced for higher applied maximum vertical
stresses. The values of Br were equal to or less than 2.5% for
samples subjected to a maximum vertical stress of about
1.0 MPa, indicating almost negligible grain damage for stres-
ses up to 1.0 MPa. This was verified by additional 1-
dimensional compression tests that were conducted by the
authors at stresses below 1 MPa, as well as the resonant
column tests, which were conducted at a maximum isotropic
pressure of 800 kPa. No measurable grain damage or alteration
of the initial grading curves of the samples was noted in these
tests. The relative breakage did not exceed values of about
5.5% to 7.0% for samples subjected to a maximum vertical
stress of approximately 2.5 to 3.9 MPa. For the limited number
of the oedometer tests conducted in the study and for a given
maximum applied vertical stress, a slight increase of Br for
looser samples was observed, which is in agreement with the
findings by Altuhafi and Coop (2011). However, because of
the limited number of the one-dimensional compression
experiments, no firm conclusions can be drawn and further
investigation is necessary. It should also be noted that for the
range of pressures in the study, the complete convergence of
the compression curves for both fractions to a unique limiting
line was not observed. To achieve convergence, much greater
pressures may be required. However, this was beyond the
scope of the present work.
In the literature, complementary laboratory studies investi-

gating the compression behavior of sands, the grain damage in
granular soils and the role of grain damage in the mechanics of
soils may be found in Nakata et al. (2001), Altuhafi and Coop
(2011), Shipton and Coop (2012), Vilhar et al. (2013), or
Ghafghazi et al. (2014). The oedometer test results with
quantification of grain damage indicated that for the range of
pressures considered in the study, the relative breakage for the
RCA samples was slightly greater than the corresponding
breakage observed in quartz sands, with almost negligible

Fig. 7. CD monotonic triaxial test results on fully saturated samples for the
fraction RCA04: Representation in the deviatoric stress - confining
pressure plane.

H. He, K. Senetakis / Soils and Foundations 56 (2016) 593–607598



grain damage to soils for this range of stresses. However, the
computed Br for the RCA samples was lower than the Br

values reported in the literature for sands with highly crushable
grains, for example carbonate sands, which are characterized
be relative breakage values in excess of 10% or 15% for this
range of pressures, i.e. between 1 and 4 MPa.

The CD monotonic triaxial test results are summarized in Fig.
7 in terms of deviatoric stress - confining stress plots
(q–p'). Since the results in Fig. 7 indicate a value of M equal
to 1.25, based on the well-known expression of Eq. (1) found in

any Soil Mechanics textbook, the angle of shear strength at the
critical state was equal to about 31 degrees. In Eq. (1), ϕ'cv
denotes the angle of shear strength at the critical state (or constant

Fig. 8. Example of the interpretation and the signal processing for the bender/
extender element tests against (a) shear waves (Vs) propagation and (b) primary
waves (Vp) propagation for sample RCA05-4: PP denotes peak-to-peak time
arrival and FTA denotes first time arrival.

Fig. 9. Comparison of the measured shear wave velocities between the bender
element tests and the torsional resonant column tests.

Fig. 10. Comparison of the measured small-strain Young's modulus between
the extender element tests and the flexural resonant column tests.

Fig. 11. Bender/extender element test results for the fraction RCA04: (a) Vs–p'
and (b) Vp–p' relationships during isotropic compression and corresponding
fitting curves of a power-law type (Note: for samples RCA04-5, RCA04-6,
RCA04-7 only resonant column tests were performed).
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volume).

M ¼ 6� sin ϕcv'
� �

3� sin ϕcv'
� � ð1Þ

In Table 3, the values of the angle of shear strength of the
samples at a peak state are summarized (denoted as ϕ'p) as well
as the initial state of the samples after the completion of the
consolidation stage and before the shearing with respect to the
critical state line, which was expressed through the state
parameter, ξ (after Been, Jefferies, 1985). The state parameter
is given in Eq. (2). In this formula, ν and e denote specific
volume and void ratios, respectively, and vcv and ecv denote the
specific volume and void ratio at the critical state, respectively.
ξ denotes the vertical distance between the current state of the
sample and the critical in the specific volume–pressure plane.
Based on the critical state soil mechanics theory, negative
values of the state parameter indicate that the sample is on the
dry side of the critical state line

ξ¼ v�vcv ¼ e�ecv ð2Þ
For the set of triaxial test samples included in the study, ϕ'p

ranged from 32 to 43 degrees depending on the level of p'0 and
the initial state of the samples with respect to the critical state
line. The critical state parameters λ and Γ for the RCA04 were
found equal to 0.21 and 2.56, respectively (summarized in
Table 1). These values corresponded to the void ratio -
confining pressure plane, i.e. Γ denotes the void ratio at
p'¼1 kPa.

3.2. The performance of the samples in bender/extender
element and torsional/flexural resonant column tests

In the study, shear wave velocities and shear moduli were
measured through bender element tests. The validation of the

Fig. 12. Bender/extender element test results for the fraction RCA05: (a) Vs–p'
and (b) Vp–p' relationships during isotropic compression and corresponding
fitting curves of a power-law type.

Table 5
Elastic constants of specimens during dynamic element tests under. isotropic compression (increasing p').

Νο. Specimen code ν0 Vs constants Vp constants ν constants

as bs ap bp av bv

(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 RCA04-1 2.264 56.2 0.29 132.2 0.25 0.43 �0.05
2 RCA04-2 2.175 73.7 0.26 156.8 0.24 0.37 �0.03
3 RCA04-3 2.136 60.4 0.29 152.4 0.24 0.46 �0.07
4 RCA04-4 2.171 56.2 0.29 144.5 0.23 0.46 �0.07
5 RCA04-5 2.240 65.0 0.27 – – – –

6 RCA04-6 2.106 65.1 0.27 – – – –

7 RCA04-7 2.073 59.6 0.29 – – – –

8 RCA05-1 2.233 69.0 0.27 158.9 0.23 0.45 �0.08
9 RCA05-2 2.200 69.3 0.26 159.6 0.23 0.42 �0.05
10 RCA05-3 2.248 62.3 0.28 172.5 0.22 0.52 �0.09
11 RCA05-4 2.173 68.4 0.27 175.1 0.21 0.48 �0.09
12 RCA05-5 2.183 70.6 0.25 172.9 0.20 0.46 �0.08

(3) Initial specific volume (ν0¼e0þ1) at a vacuum of 5 kPa
(4) (5) Shear wave velocity–pressure constants
(6) (7) Primary wave velocity–pressure constants
(8) (9) Poisson ratio–pressure constants
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bender element test signal analysis was implemented through
additional torsional resonant column tests. In particular, since
the mass density of the sample (ρ) and the resultant shear
modulus Gmax, Vs from the resonant column tests were derived
using Eq. (3), comparisons could be made between the bender
element and torsional resonant column tests.

Gmax ¼ ρ� V2
s ð3Þ

Primary wave velocities (Vp) were measured in a straight-
forward way from the extender element tests. For a limited
number of tests, flexural resonant column tests were conducted
and an analysis of the results was carried out by adopting the
formulae presented by Cascante et al. (1998) for the computa-
tion of the Young's modulus, Emax. Based on the measured Vs

and Vp, from the bender and extender element tests, the
Poisson's ratio (ν) was derived from Eq. (4). Thus, from the
known constrained modulus (Mmax) and the formulae from the
theory of elasticity, (Eqs. (4) to 6) were applied for the indirect
computation of Emax from the extender elements, and compar-
isons could be made with the flexural resonant column test
results.

v¼ 0:5� V2
P � V2

S

V2
P � V2

S

ð4Þ

Mmax ¼ ρ� V2
p ð5Þ

Emax ¼
Mmax � 1þνð Þ � 1� 2� νð Þ

1� νð Þ ð6Þ

For a limited number of tests, the samples were subjected to
small-strain material damping measurements using the free-
vibration decay method (ASTM, 1992) and medium-strain
torsional resonant column testing.

For the bender/extender element tests, the time arrival was
estimated as an average value derived from the first-time
arrival (FTA) and the peak-to-peak (PP) methods. Based on the

estimated time arrival and the vertical tip-to-tip distance of the
piezo-element inserts, the wave velocity was computed. For Vs

and Vp, a frequency of 10 kHz and 15 kHz was used,
respectively, for the input sinusoidal signal which had an
amplitude of 14 V. Typical plots of input and output signals
against the time for sample RCA05-4 at p' equal to 100, 200
and 400 kPa are given in Fig. 8. In the same figure, an
interpretation of the FTA and PP methods is provided. Note
that in the measurements of S-wave and P-wave velocities,
satisfactory agreement was achieved between the first-time and
peak-to-peak time arrival methods. For most samples, the
difference in the measured S-wave velocities was found within
a range of 1% to 5% and the difference in the measured P-
wave velocities was found within a range of 4% to 7%
between the two methods for estimating time arrival. A
comparison of Vs values derived from the bender elements,
using an average value between the FTA and PP methods, and
the torsional resonant column tests is provided in Fig. 9. The
Vs values between the two methods converged satisfactorily.
Note that in the following sections, the Vs–p' relationships and

Fig. 13. Small-strain shear modulus normalized with respect to a void ratio
function proposed in the literature (Senetakis et al., 2012) against the confining
pressure during isotropic compression: Representative results for the
fraction RCA04.

Fig. 14. Bender/extender element test results for the fraction (a) RCA05 and
(b) RCA04: Poisson ratio against confining pressure during isotropic compres-
sion and corresponding fitting curves of a power-law type.
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Poisson's ratio derivations are based on bender element tests
for all the samples, apart from samples RCA04-5, RCA04-6
and RCA04-7, for which bender element tests were not
conducted and thus shear wave velocities were measured
solely from the torsional resonant column tests. A comparison
of Young's moduli between the extender element tests and the
flexural resonant column tests is given in Fig. 10. Within the
scatter of the data, the comparison was satisfactory.

3.3. Vs–p' and Vp–p' relationships during isotropic
compression

Plots of shear wave velocity and primary wave velocity
against the confining pressure for all the samples during the
isotropic compression stage are given in Fig. 11 for the
RCA04 and in Fig. 12 for the RCA05. The Vs–p' and Vp–p'
relationships were fitted with power law type curves of the

general formula of (Eqs. (7) and 8):

Vs ¼ as � p'
� �bs ð7Þ

Vp ¼ ap � p'
� �bp ð8Þ

In these equations, as, ap, bs and bp are material constants
which depend, primarily, on particle shape, size distribution
and overall morphology (Santamarina and Cascante, 1998;
Cho et al., 2006; Senetakis et al., 2012, 2016; Senetakis and
Madhusudhan, 2015; Payan et al., 2016). The power bs and the
power bp reflect the sensitivity of the wave velocity to pressure
and the particle-to-particle contact response of geo-materials
which is brittle to plastic in nature. Cha et al. (2014) have
linked the constants of (Eqs. (7) and 8) to the compressibility
Cc. On the other hand, the constants as, ap also depend on the
initial packing which is incorporated in many empirical-type
models proposed in the literature (e.g. Hardin and Richart,
1963; Wichtmann, Triantafyllidis Th., 2009; Senetakis et al.,
2012; Senetakis and Madhusudhan, 2015).
The analysis of the results led to the estimation of the

constants as, ap, bs and bp for all the samples during the
isotropic compression stage. These values are summarized in
Table 5. The power bs had values in a range of 0.26 to 0.29 for
the RCA04 and in a range from 0.25 to 0.28 for the RCA05.
These values are in agreement with values reported in the
literature for sands of irregular shaped grains, for example
crushed rock. On the other hand, for sands of relatively
rounded and regular in shape grains, the reported values of
bs in the literature range, typically, between 0.22 and 0.25 (e.g.
Cho et al., 2006; Senetakis et al., 2012; Payan et al., 2016).
Note that during the isotropic compression stage, the power bp
had lower values than bs for all the samples. For the RCA04,
bp ranged from 0.23 to 0.25 and for the RCA05, bp ranged
from 0.20 to 0.23. These results implied that the sensitivity of
Vs to pressure was greater than the sensitivity of Vp to pressure.

Fig. 15. Comparison between estimated and measured values of small-strain
shear modulus for the RCA: The estimated values are computed based on a
model proposed by Senetakis et al. (2012) for (a) river sand of relatively
regular-shaped grains and (b) crushed rock of irregular-shaped grains.

Fig. 16. Small-strain material damping against confining pressure during
isotropic compression of the RCA samples and correspond fitting curves of
a power law type (the constants of the fitting curves and the correlation
coefficients r2 are depicted in the figure).

H. He, K. Senetakis / Soils and Foundations 56 (2016) 593–607602



The difference in the as and ap values for each fraction was,
primarily, due to the differences in the initial density of the
samples. In Fig. 13, representative plots of stiffness, by means
of Gmax against p' are given for the RCA04. In this figure, Gmax

is normalized with respect to a void ratio function proposed by

Senetakis et al. (2012) in order to eliminate the effect of the
void ratio on shear stiffness. This void ratio function is
depicted in Fig. 13, where Cu is the coefficient of uniformity.
The results indicated that at a given p', the normalized Gmax

values for all the samples, which had different initial densities,
converged satisfactorily.

3.4. Poisson ratio during isotropic compression

Based on the measurement of shear and primary wave
velocities from the bender and extender element tests, the
dynamic Poisson's ratio for the fractions RCA04 and RCA05
was derived from Eq. (4). Because of the slightly higher
sensitivity of Vs to pressure than the corresponding sensitivity
of Vp, it is expected that the Poisson ratio will be pressure
dependent.
Dynamic Poisson's ratio (ν) values against the isotropic

confining pressure (p') for all the samples are summarized in
Fig. 14. In agreement with previous studies on granular soils
(e.g. Nakagawa et al., 1996; Kumar and Madhusudhan, 2010b;
Wichtmann, Triantafyllidis Th., 2010), a slight decrease in the
Poisson's ratio was observed with increasing confining pres-
sure, with (ν) values that ranged from about 0.30 to 0.37 at
p'¼50 kPa to values that ranged from 0.26 to 0.31 at p'¼400
kPa. These values are very similar with reported Poisson ratio
on quartz sands by Wichtmann, Triantafyllidis Th. (2010).
However, the results in Fig. 14 did not show a dependency
between the Poisson's ratio and sample density or porosity.
This is in agreement with the work by Wichtmann,
Triantafyllidis Th. (2010), but in contrast with the slight trend
of dependency of Poisson ratio on porosity reported by Kumar
and Madhusudhan (2010b).
The ν–p' relationships were fitted with power law type

curves of the general formula of Eq. (9):

ν¼ aν � p'
� �bν ð9Þ

The constants aν and bν for all the samples are summarized
in Table 5. The constant aν ranged from 0.37 to 0.46 for the
RCA04 and from 0.42 to 0.52 for the RCA05. The power bν
was slightly greater, as an absolute value, for the fraction
RCA05. Overall, the Poisson's ratio was slightly greater for the
coarser RCA fraction (RCA05) at low pressures and the
sensitivity of the Poisson's ratio to pressure was slightly
greater for the RCA05 than the RCA04.

3.5. Comparison of small-strain stiffness of the RCA with
literature models

A comparison of the small-strain shear modulus of the
RCA samples with two models proposed in the literature by
Senetakis et al. (2012) for river sand of relatively regular-
shaped grains and crushed rock of irregular-shaped grains is
given in Fig. 15. These two models are expressed through
(Eqs. (10) and 11) for river sand and crushed rock, respec-
tively. In these expressions, e denotes the void ratio at a given

Fig. 17. Medium-strain resonant column test results: (a) normalized shear
modulus degradation against shear strain and (b) material damping increase
against shear strain and corresponding upper-lower bounds of curves proposed
in the literature. (Note: a range for the elastic and volumetric threshold strains
is also depicted in the figure based on the literature data on granular soils).

Fig. 18. Material damping, expressed as Ds�Ds,min, against the normalized
shear modulus, G/Gmax, for the RCA samples and corresponding curves
proposed in the literature.
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level of the confining pressure p', pa denotes the atmospheric
pressure and Cu denotes the coefficient of uniformity. Note
that in (Eqs. (10) and 11), Gmax is expressed in MPa. In order
to use these expressions in the present study, for a given level
of p', the corresponding void ratio derived from measure-
ments of the axial strain and the assumption of isotropic

compression of the samples, was used. Thus, the variables of
these models are the void ratio and the confining pressure,
whilst the coefficient of uniformity was kept constant for each
sample, because for the range of pressures from 25 to 800 kPa
used in the resonant column tests, no measurable change of
the grading of the samples was observed, i.e. no significant

Fig. 19. Wave velocities and Poisson ratio during the isotropic compression and the isotropic swelling for the RCA04 samples (Note the important effect of mode
of loading on the powers bs, bp and bν).
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grain damage was observed.

Gmax ¼ �5:88� Cuþ57:01ð Þ � 1
e0:28�Cu þ0:98

� �
� p'

pa

 !0:47

ð10Þ

Gmax ¼ �9:45� Cuþ78:15ð Þ � 1
e0:28�Cu þ0:98

� �
� p'

pa

 !0:63

ð11Þ

The model derived on the basis of crushed rock provided an
excellent prediction of the stiffness of the recycled concrete
aggregate when the predicted shear modulus was plotted
against the measured shear modulus. This excellent agreement
can perhaps be attributed to the similarity of the grain shape of
the samples of the present study and the study by Senetakis et
al. (2012). Note that the satisfactory comparison between
measured and estimated moduli in Fig. 15 should be con-
sidered as valid for the particular fractions of RCA (0.60–
1.18 mm and 1.18–2.36 mm) and no general conclusions for
different RCA fractions with different percentages of aggregate
and cement mortar composition should be drawn before a
thorough laboratory investigation is conducted.

3.6. Small-strain material damping and strain-dependent
dynamic properties

Measurements of small-strain material damping (Ds,min) in
torsional resonant column testing against p' were conducted on
a small number of the RCA samples. Plots of Ds,min–p' are
given in Fig. 16. Power-law type curves of the general formula
of Eq. (12) were fitted to the experimental data. The values of
the constants ad and bd are summarized in Fig. 16.

Ds;min ¼ ad � p'
� �bd ð12Þ

Material damping decreased slightly with an increase in the
confining pressure, which is in agreement with the general
trend observed in granular soils (Senetakis et al., 2012, 2013b,
2016; Senetakis and Madhusudhan, 2015). The power bd was
found relatively scattered with values that ranged from �0.07
to �0.27. This range of values is closer to reported values for
sands of irregular-shaped grains (e.g. Senetakis et al., 2012;
Senetakis and Madhusudhan, 2015). For the limited number of
tests conducted in this study, Ds,min was found slightly greater
in magnitude than the reported values in the literature for
quartz sands (Senetakis et al., 2012), crushed rock (Senetakis
et al., 2012; Senetakis and Madhusudhan, 2015) and volcanic
granular soils (Senetakis et al., 2013a, 2013b, 2016). Because
of the scatter in the data (Senetakis et al., 2015), it should be
noted that the correlation coefficient (r2) between Ds,min and p'
is not as high as in the correlation between Vs and Vp with p'.
For the wave velocities, r2 was found equal to 0.99 or 1.00 for
all the samples, whereas r2 was found much lower in the case
of damping. The r2 values for the particular RCA samples are
also depicted in Fig. 16.

For a set of four samples, medium-strain torsional resonant
column tests were conducted at variable pressures (summar-
ized in Table 4). Modulus degradation, normalized with

respect to the small-strain value (G/Gmax), and material
damping increase (Ds) against the shear strain amplitude (γ)
are plotted in Fig. 17. In the same figure, upper and lower
bounds of non-linear curves proposed by Senetakis et al.
(2013a) for quartz sands and crushed rock are plotted with a
coefficient of uniformity of 1.4 and pressures of 100 kPa to
400 kPa figured into the literature expressions. The increase in
the upper-lower bounds of modulus degradation and material
damping proposed by Seed et al. (1986) for sands are also
shown in Fig. 17. For the limited number of tests, the increase
in stiffness degradation and material damping i for the RCA
were plotted within the range proposed by Senetakis et al.
(2013a). A slight dependency of the medium-strain normalized
modulus and damping to pressure was observed. This trend is
in agreement with the general trend observed in sands. In Fig.
17, a range of threshold strains reported by Senetakis et al.
(2016) for granular soils is also shown. Senetakis et al. (2016)
estimated the volumetric threshold, γt,v, on fully saturated
granular soils as the shear strain amplitude beyond which
significant pore water pressure buildup and thus, plastic
deformations, occurred. On the other hand, the elastic thresh-
old was computed as the shear strain for G/Gmax¼0.99. Note
that the experimental results by Senetakis et al. (2016) were
based on torsional resonant column tests.
In Fig. 18, material damping, expressed as Ds�Ds,min,

where Ds,min is the small-strain damping, is plotted against
the normalized shear modulus along with curves proposed in
the literature (Khouri, 1984; Zhang et al., 2005; Masing model
after Menq, 2003; Senetakis et al., 2013a). Within the scatter
of the data, the values were plotted close to the literature
curves, but in particular for G/Gmax between 0.8 and 0.9,
Ds�Ds,min was plotted below the literature curves. While it
may well be that the literature expressions provide an upper
bound for material damping, further investigation is necessary
for firm conclusions to be drawn. In modeling the non-linear
response of geo-materials, a direct correlation of modulus
degradation and material damping is convenient in particular
when the data are used as input in computer codes that utilize
the equivalent linear method for strong ground motion studies.

3.7. Behavior during isotropic swelling

Typical plots of Vs–p', Vp–p' and ν–p' for two samples of the
RCA04 fraction during isotropic compression and isotropic
swelling are given in Fig. 19. In the same figure, the power
values bs, bp and bν during the isotropic loading and unloading
stages are depicted. While Vs showed higher sensitivity to
pressure than Vp, and the Poisson's ratio showed a clear
pressure-dependency during isotropic compression, this was
not observed systematically during the isotropic swelling of the
samples. As shown in Fig. 19, during isotropic swelling, the
power for shear and primary wave velocities was quite similar
for each sample, which resulted in almost pressure-
independent Poisson ratio. For all the samples in the study,
the power bν for the Poisson's ratio had values in a range of
�0.03 to �0.09 during isotropic compression, and values in a
range of 0.00 to �0.03 during isotropic swelling.
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In the literature, most studies associated with the elastic
properties of granular soils have focused on small-strain shear
modulus or shear wave velocities. Studies on the Young's
modulus, primary wave velocities and the Poisson's ratio,
based on laboratory test results, are relatively limited. While
the pressure dependency of the Poisson's ratio in sands has
been reported, this information is commonly associated with
the behavior of sands during isotropic compression. The results
of the study associated with the dynamic properties of recycled
concrete aggregate may provide an excellent opportunity to
study the behavior of granular soils since RCA is a granular
material of relatively crushable grains. The slight dependency
of the Poisson's ratio on pressure during the isotropic
compression of the samples is in agreement with reported
trends in the literature, but to the authors' knowledge, this is
the first complementary work that reports the differences in the
observed trends of the Poisson's ratio of the material during the
loading (isotropic compression) and unloading (isotropic
swelling) stages.

4. Conclusions

The dynamic properties of two uniform fractions of recycled
concrete aggregate (RCA) were explored in this study. The
geotechnical characterization of the RCA was based on
conventional and simple laboratory tests and procedures. The
specific gravity of solids was evaluated and the particle shape
was quantified based on a visual observation of a representa-
tive number of grains and the use of an empirical chart. It was
revealed that the RCA grains were shaped relatively irregu-
larly. One-dimensional compression tests were carried out on
dry samples and the grain damage was quantified using a
simple method proposed in the literature. It was found that the
breakage of the RCA grains for samples subjected to pressures
from about 1.0 to 3.9 MPa was greater than the corresponding
breakage in quartz sands, but lower than the breakage
commonly found in highly crushable soils. CD monotonic
triaxial tests were carried out on fully saturated samples of one
fraction. An angle of shear strength at critical state of about 31
degrees was found. Values of the angle of shear strength at
peak states and the corresponding states of the samples with
respect to the critical were also reported.

Bender and extender element tests were conducted for the
study of shear (Vs) and primary (Vp) wave velocities for the
RCA. For Vs and Vp, average values derived from the first time
arrival and the peak-to-peak time arrival methods were used.
The Vs values from the bender element tests were quite similar
to values derived from torsional resonant column tests using
the same samples. Similarly, satisfactory agreement was found
between Young's moduli derived directly from flexural reso-
nant column tests and indirectly from the extender element
tests. During the isotropic compression of the samples,
Vs showed higher sensitivity to pressure than Vp, and the
Poisson's ratio showed a clear dependency on pressure. Fitting
curves of a power law type were used to estimate the elastic
constants of the samples. During the isotropic swelling of the
samples, Vs and Vp showed similar sensitivity to pressure and

interestingly, the Poisson's ratio was found almost independent
to pressure.
Measurements of small-strain materials damping for a

limited number of tests showed values of Ds,min slightly higher
than values reported in the literature for dry sand. The
sensitivity of Ds,min to pressure was similar to that reported
in the literature for crushed sand. Finally, medium-strain
resonant column tests were performed for a representative
number of samples. The strain-dependent modulus and damp-
ing were found within the upper-lower bounds of non-linear
curves proposed in the literature for sands. In capturing the
complete behavior of geomaterials, the knowledge of modulus,
damping and Poisson ratio is important. The results of this
study showed that for crushable soils, the behavior during
isotropic swelling should not be ignored in laboratory research
works because the elastic properties of soils may have a
different sensitivity to pressure depending on whether the soil
is under isotropic compression or isotropic swelling.
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