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ABSTRACT

Recycled concrete aggregate (RCA) composed of demolition-crushed structural concrete is a promising
material in geotechnical engineering applications, for example, as a backfill in retaining walls or as an
embankment fill and pavement construction material. Due to the presence of cement mortar component,
RCA has a lower unit weight than that of typical soils, thus its use may be considered beneficial in
engineering infrastructures with a demand in the reduction of settlements or lateral earth pressures. In
this study, a set of torsional resonant column and bender element tests were carried out on uniform
fractions of a recycled concrete aggregate with origin from New South Wales, Australia, with varying the
mean grain size. The created in the laboratory samples, were prepared in a dry state and tested under
isotropic conditions of the confinement varying the effective confining stress from 25 to 800 kPa in a
resonant column and in a triaxial apparatus with embedded piezo-element inserts with a particular
focus on the elastic stiffness Gynax. The results showed that the sensitivity of G,,.x to pressure increased
with decreasing mean grain size. This observed trend was attributed, partly, to the higher cement mortar
component for fractions with a smaller grain size. The different composition of the fractions was verified
through Scanning Electron Microscope - Energy Dispersive Spectroscopy (SEM-EDS) analysis in particular
quantifying the ratio of Silicon over Calcium contents. The performance of expressions proposed in the
literature for the prediction of Gnax of sands and gravels, was rigorously evaluated by means of measured
against predicted elastic stiffness for all the fractions as well as by means of the state parameter for a

particular RCA fraction.

© 2016 Published by Elsevier Ltd.

1. Introduction

The prediction of ground deformations and the response of
geo-structures subjected to static or dynamic load patterns, re-
quire the knowledge of soil shear modulus (G) and its dependency
to the confining stress and shear strain levels [18]. At very small
strains, in general less than 10~3%, G corresponds to its maximum
value (denoted as Gnax) and expresses an elastic property. For any
geo-material, Gpax iS a constant-state property [9,28] and it can be
described by two independent quantities: the current confining
pressure (p’) and the current void ratio (e). Accurate measure-
ments of G« in the laboratory, require the application of dynamic
test methods. The resonant column is one of the popular and
standardized methods for this purpose [18,27,3]. Recently, the use
of piezo-element testing has received great attention and appli-
cations in soil mechanics and dynamics research due to the easy
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implementation of the piezo-element inserts in any triaxial-type
device and the straightforward determination of the shear wave
velocity from the distance between the inserts and the determi-
nation of the time arrival of the waves [15,21,35].

In the past decades, the elastic shear-modulus of geo-materials
has been examined extensively. With respect to granular geo-
materials subjected to isotropic or closely isotropic conditions of
the confining pressure, the basic concluding remarks from the
literature are that G,ax is affected, apart from the important roles
of (p') and (e), by the coefficient of uniformity [11,19,24,40,30,32],
the shape of particles [13,14,25] and the type of the soil by means
of mineral components and grain morphology [30-33]. A recent
research work by Yang and Gu [38] showed that the grain size,
which is commonly expressed through the mean grain size (dsp),
does not affect significantly the elastic shear-modulus of sand-size
soils, which observation is in agreement with the previous works
by Menq [24], Wichtmann and Triantafyllidis [40] and Senetakis
et al. [30]. The sensitivity of Gnax to pressure has been linked to
the behavior at the grain scale, the nature of the grain-to-grain
contact response and the magnitude and distribution of the
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contact forces within a granular assembly of grains [28,29,9],
which in turn are affected by the previously mentioned char-
acteristics, for example, the grain size distribution or the shape of
the grains.

Referring to granular geo-materials, most published research
works in the literature have focused on natural soils or crushed
rock of a single mineral type or, soils with one dominant mineral.
In the present study, an effort was attempted to study in the la-
boratory the elastic shear-modulus of an engineered sand com-
posed of recycled concrete aggregate (RCA) which is the product
of demolition-crushed structural concrete. Due to the presence of
aggregate and cement mortar as the dominant components, the
behavior of this material may be more complex since the exact
percentages of the variable components may not be known al-
ways. In particular, the content of cement decreases with in-
creases the size of the RCA fraction [36]. Apart of its academic
interest as a complex granular material with a low unit weight
and the presence of two dominant solid components, i.e. ag-
gregate and cement mortar, as well as the challenges to study in
the laboratory the dynamic properties of RCA, it is a material that
may find many applications in civil engineering projects and
pavement geotechnics [1,12,2,26,34,36,37,8]. This is because of
the recent pressing need to utilize recycled and demolition ag-
gregates in beneficial ways. Recycled concrete aggregate com-
posed of demolished-crushed structural concrete is one of these
waste materials that the research community has recently fo-
cused on due to its interesting properties and promising perfor-
mance from both structural and geotechnical engineering
perspectives.

Previous research works have focused, primarily, on the re-use
of RCA for the production of new structural concrete, but recently
many studies have shown promising properties and potential ap-
plications of RCA in geotechnical projects, for example in pave-
ment geotechnics and earth retaining support structures. In this
regard, the present work focused on the elastic shear modulus
(Gmax) of a recycled concrete aggregate with origin from New
South Wales, Australia, and in particular on the sensitivity of Gax
to pressure (p’) and mean grain size (dso). For this purpose, sam-
ples with varying dso were prepared in the laboratory and tested
in a resonant column in the range of very small shear strains with
Y < 1073%. The performance of literature expressions for the pre-
diction of Gnax of sands and gravels was evaluated by means of
predicted against measured shear modulus, denoted as Gax , and
Gmax,m, respectively, for all the RCA fractions as well as by means
of the ratio Gmax,m/Gmax,p against the state parameter for a parti-
cular RCA fraction. In order to assess the changes of cement mortar
and aggregate components for the different fractions, Scanning
Electron Microscope - Energy Dispersive Spectroscopy (SEM-EDS)
analysis was carried out on different fractions as well as on a
sample composed of pure cement and the ratio of silicon over the
calcium contents was quantified.

2. Materials and methods

2.1. Parent demolition material and uniform fractions used in the
study

A recycled concrete aggregate composed of demolished-cru-
shed structural concrete from New South Wales, Australia, was
used in the study. The parent aggregate is a well-graded material
composed of aggregate and cement mortar as the dominant
components, with the presence of silt-size grains and brick. The
parent aggregate was prepared through a set of sieves and five
uniform fractions were separated and used in the study, denoted
as RCA02 (fraction 0.15-0.30 mm), RCAO3 (fraction 0.30-0.60 mm),
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Fig. 1. Grading curves of recycled concrete aggregate (RCA) fractions used in the

study and typical image taken from an optical microscope of an individual grain.

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

Code of sample RCA02 RCAO03 RCA04 RCAO5 RCA06

Fraction (mm) 0.15-0.30 0.30-0.60 0.60-1.18 1.18-2.36 2.35-4.75

Specific gravity Gs 2.62 248 247 247 2.59

Mean grain size dsg 0.21 0.42 0.84 1.67 3.35
(mm)

Coefficient of uni- 135 1.62 135 137 142
formity C,

Sphericity R (mean) 0.71 0.59 0.71 0.67 0.56

Sphericity standard 0.16 0.17 0.15 0.21 0.19
deviation

Roundness (mean) 0.49 0.29 0.29 0.31 0.23

Roundness standard ~ 0.17 0.13 0.13 0.16 0.11
deviation

Regularity p 0.60 0.44 0.50 0.49 0.40

Regularity standard 0.13 0.11 0.13 0.15 0.12
deviation

RCA04 (fraction 0.60-1.18 mm), RCAO5 (fraction 1.18-2.36 mm)
and RCAO06 (fraction 2.36-4.75 mm). The grading curves of the five
fractions are illustrated in Fig. 1. The grain size characteristics
(mean grain size, dso, and coefficient of uniformity, C,) and the
specific gravity of solids (Gs) are summarized in Table 1. G5 was
determined adopting the ASTM D854-02 specification [4]. It was
found that G varied slightly with the RCA fraction but the values
did not monotonically increase or decrease with dso. An image for
the fraction RCAO5 is given in Fig. 2.

Fig. 2. Typical image of recycled concrete aggregate fraction 1.18-2.36 mm.
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2.2. Scanning electron microscope - energy dispersive spectroscopy
analysis

Due to the presence of cement mortar and aggregate compo-
nents with varying percentages for the variable fractions, it is
expected that the composition of the RCA may play an important
role on the dynamic properties of this complex material, in par-
ticular on the sensitivity of stiffness to pressure. Works published
in the literature (summarized by [36]) have indicated that the
cement mortar component decreases with increasing the grain
size of the RCA. This is reasonable to expect since the parent ce-
ment is composed of finer size grains and the demolition process,
which results in a crushed material, will produce a binary mixture
with higher percentage of cement for finer size of the RCA. Typi-
cally, for pure cement, the content of silicon is very similar to the
content of calcium. For the recycled concrete aggregate, the silicon
content is the dominant (e.g. [6]) but there is presence of variable
minerals. A strong indication of the change of cement mortar and
aggregate components is given from the ratio of silicon over the
calcium contents (Si/Ca), with greater values of this ratio indicat-
ing a lower percentage of cement mortar.

A straightforward method to estimate the ratio (Si/Ca) is the
use of Scanning Electron Microscope - Energy Dispersive Spec-
troscopy (SEM-EDS) Analysis [22]. In the present study, SEM-EDS
analysis was conducted for fractions RCA02, RCA03, RCAO5 and
RCAO6 at the Mark Wainwright Analytical Center of UNSW. Typical
SEM images of two RCA fractions are given in Fig. 3. Typical plot of
SEM-EDS analysis by means of intensity (counts) again the energy
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Fig. 3. Scanning Electron Microscope (SEM) images of fractions RCA02 (top image)
and RCAO03 (bottom image).
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Fig. 4. Typical plot of Scanning Electron Microscope - Energy Dispersive Spectro-
scopy (SEM-EDS) analysis.

is given in Fig. 4 indicating the peaks of Silicon and Calcium. This
set of experiments indicated a clear increase of the ratio (Si/Ca) for
greater grain size of the RCA fractions. A sample composed of
dominantly cement mortar was also tested through SEM-EDS
analysis which indicated similar contents of silicon and calcium.
These results, summarized in Fig. 5, indicate a tendency of greater
aggregate and lower cement mortar components with increasing
the size of the RCA fraction.

2.3. Quantification of particle shape descriptors and their role on
Gmax Of granular soils

In the study, the shape of particles of the RCA fractions was
quantified by examining a representative number of grains
through an optical microscope and using an empirical chart pro-
posed by Krumbein and Sloss [23], which chart is given in Fig. 6
(modified by the authors). Additionally, the quantification of par-
ticle shape was supported by visual observation of the grains
through the SEM analysis, as for example the images of Fig. 3. In
particular, a set of grains from each fraction were randomly chosen
and three shape descriptors were quantified; the sphericity (S), the
roundness (R) and the regularity (p). The regularity was in-
troduced by Cho et al. [13] in order to capture, quantitatively, the
effects of both roundness and sphericity in the mechanical beha-
vior of granular materials. The arithmetic value of (p) is defined
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Fig. 5. SEM-EDS results: ratio of silicon over calcium contents for the variable RCA
fractions.
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Fig. 6. The empirical chart used in the study for the particle shape quantification
(after [23]).

from Eq. (1).
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Based on the total number of grains examined from each
fraction, the mean and standard deviation values of the shape
descriptors (S), (R) and (p) were determined. These values are
summarized in Table 1. In Fig. 7, the variation of the shape de-
scriptors against the mean grain size for the five RCA fractions is
illustrated. It was found that dso had a small effect on the shape
descriptors, but the observed trend was a slight decrease of the
regularity with dsg, thus the grains became slightly more irregular
in shape for the coarser fractions.

Gmax Of granular soils is fully defined by two independent
quantities; the void ratio (e) and the mean effective confining
pressure (p’). The general expression for the elastic stiffness of
granular soils is given in Eq. (2), where Ag and ng express elastic
constants, p is the atmospheric pressure, which pressure is used
for normalization purposes, and F(e) is the void ratio function.

’ nG
Gmax = Ac X F(e) x (3]
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Fig. 7. The variation of particle shape descriptors with the mean grain size for the
recycled concrete aggregate fractions.

Many laboratory research studies have demonstrated the im-
portant effect of the coefficient of uniformity (C,) on the elastic
constants of Eq. (2). Cho et al. [13] and Payan et al. [25] quantified
the effect of the shape descriptors on the elastic constants Ag and
ng. Both studies found that Ac decreases, whereas ng increases,
with a decrease of the magnitude of the shape descriptor (p). Thus,
the absolute value of G2« at a given (p’) and a given (e) and the
sensitivity of Gn.x to the confining pressure are significantly af-
fected by the grain shape. However, at least for sand-size granular
materials, previous research works have not found a clear effect of
dsp on Gax (e.g. [40,30,38]).

RCA is a material with two dominant components: aggregate
and cement mortar components, and in particular the cement
mortar component increases for finer fractions as also demon-
strated from the SEM-EDS analysis of the study (Fig. 5). Therefore,
it may be expected some effect of dsg on the elastic stiffness of the
recycled concrete aggregate due to the different composition of
the variable fractions. In the present study, the shape of the RCA
particles was quantified in order to decouple the possible effects, if
any, of the particle shape and the mean grain size on the elastic
stiffness (Gmax) Of the RCA.

2.4. Equipment used

Gmax of the RCA fractions was examined on dry samples in a
resonant column apparatus of fixed-free ends as well as through
bender element tests using piezo-element inserts embedded in a
triaxial apparatus. The laboratory devices used (resonant column
and triaxial with embedded piezo-elements) are computer-con-
trolled systems supplied by GDS Instruments, UK, and thy can
accommodate samples of about 50 mm in diameter and 100 mm
in length. For the resonant column tests and the analysis of the
results, the ASTM D4015-92 specification was used. For the bender
element tests, the first-time arrival method was used for the es-
timation of the shear wave velocity (V) applying an input pulse of
sinusoidal type of 10 kHz. Based on the shear wave velocity and
the density (p) of the sample, the small-strain shear modulus was
computed based on the well-known formula of Eq. (3).

Grax = p X Vsz 3)

Details of the interpretation of the bender elements signal
adopted in the study may be found in He and Senetakis [17]. Based
on their analysis, He and Senetakis found minimum effect of the
excitation frequency on Vs as well as a satisfactory agreement
between bender element tests and torsional resonant column tests
with respect to the resultant Gpax.

2.5. Sample preparation and dynamic testing program

From each fraction, three to five samples were prepared in a
dry state in the resonant column or the triaxial apparatus using a
split plastic mold of appropriate dimensions. The samples were
prepared at variable initial densities. Medium dense to very dense
samples were compacted in layers and for each layer vibration was
applied through a plastic thin rod with rounded edges, while for
medium dense to loose samples, the air-pluviation method was
used. In total, eighteen samples (summarized in Table 2) were
prepared and tested in a dry state under isotropic conditions of the
confining pressure (p’), varying from 25 or 50 to 800 kPa. Note the
very low unit weight and relatively high void ratio of the samples
as shown in Table 2. Vacuum of 5 kPa was applied to the sample
before the set-up of the system. For each sample, low-amplitude
torsional resonant column tests in the resonant column or bender
element tests in the triaxial apparatus were conducted at variable
confining pressures (p’).
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Table 2

Dynamic testing program on dry samples.

H. He, K. Senetakis / Soil Dynamics and Earthquake Engineering 89 (2016) 208-218

No. Specimen code Fraction (mm) Dynamic testing method Preparation method [N Ydo (KN/m?)
(1) (2) (3) (4) (5) (6) (7)
1 RCA02-1 0.15-0.30 Resonant column Air-pluviation 1.384 10.78
2 RCA02-2 0.15-0.30 Resonant column Compaction 1.274 11.30
3 RCA02-3 0.15-0.30 Resonant column Air-pluviation 1.368 10.85
4 RCA02-4 0.15-0.30 Bender elements Compaction 1.190 11.74
5 RCA02-5 0.15-0.30 Bender elements Compaction 1.347 10.95
6 RCA03-1 0.30-0.60 Resonant column Compaction 1.056 11.83
7 RCA03-2 0.30-0.60 Resonant column Compaction 0.934 12.58
8 RCA03-3 0.30-0.60 Bender elements Compaction 1.054 11.84
9 RCA04-1 0.60-1.18 Resonant column Air-pluviation 1.264 10.70
10 RCA04-2 0.60-1.18 Resonant column Compaction 1175 1114
11 RCA04-3 0.60-1.18 Resonant column Compaction 1136 11.34
12 RCA04-4 0.60-1.18 Resonant column Compaction 1171 11.16
13 RCA05-1 1.18-2.36 Resonant column Compaction 1.233 10.85
14 RCA05-2 1.18-2.36 Resonant column Compaction 1.200 11.01
15 RCA05-3 1.18-2.36 Resonant column Compaction 1.248 10.78
16 RCA06-1 2.36-4.75 Resonant column Air-pluviation 1.255 11.27
17 RCA06-2 2.36-4.75 Resonant column Compaction 1.214 11.48
18 RCA06-3 2.36-4.75 Bender elements Compaction 1171 11.70

Note: e, and yq4, denote initial void ratio and unit weight while the samples were supported by a vacuum of 5 kPa.

The present study focused on the effect of dsq on the elastic 100 =

shear modulus (Gax) of the RCA fractions. He and Senetakis [17] |

studied two fractions (RCA0O4 and RCAO5), in particular in- — :

vestigating through piezo-element (bender/extender element) T 801 o A o

tests, the S-wave and P-wave velocities and the small-strain o ! - 0

Poisson ratio, as well as, through high-amplitude resonant column [y % &

. . . = o -
tests, the small-to-medium strain modulus degradation and o 9
.. . . . S /

damping increase. A discussion on comparisons between resonant s | % é

column and piezo-element tests is also presented by He and Se- &= oL

netakis [17]. In that study, Gnax of the RCA04 and RCAO5 fractions c - g A———— A RCA02-2

was compared with the predicted values from two models pro- g 1 O RCA02-3

posed by Senetakis et al. [30]; one G,.x model derived on the basis 2 2 X RCAO3-1

of rounded-river sand and one G,,,x model derived on the basis of o< < RCAD3-2

crushed rock of irregular-shaped grains. In the present study, the 1

evaluation of variable models from the literature is thoroughly 0 i . . . . . i . . .

examined for all the RCA fractions by means of estimated over ° 5 4 & 2 -

measured Gpax as well as, for the fraction RCA04, by means of the
state parameter concept as discussed by Payan et al. [25].

3. Results and discussion
3.1. Representative test results

Typical plots of resonant frequency (f,) against the confining
pressure (p’/pa), normalized with respect to the atmospheric
pressure (pa), and Gmax against (p’/pa) are given in Figs. 8 and 9,
respectively, for fractions RCAO2 and RCAO03. f, depends on the
type of the geo-material in consideration, its density as well as the
size of the resonant column specimen [33]. For the particular
fractions and size of specimens (50 mm in diameter and 100 mm
in length), f, ranged from about 30-45 Hz at p’=50 kPa, to about
70-90 Hz at p'=600 kPa. For a given level of (p’), f,, decreased for
samples with a greater void ratio, as illustrated in Fig. 8. Similarly,
Gmax increased with (p’) and decreased for samples with a greater
void ratio (Fig. 9). In order to investigate the elastic constants of
the RCA samples (Ag and ng), Gmax, Normalized with respect to the
void ratio function, F(e), was plotted against the normalized con-
fining pressure, (p'/pa). In the study, the following void ratio
function was adopted [20], which expression has been widely used
for variable types of granular soils.

Normalized confining pressure p'/pa

Fig. 8. Typical plots of the resonant frequency against the normalized confining
pressure for the fraction RCA02 (0.15-0.30 mm) and the fraction RCA03 (0.30-
0.60 mm).

1

F(e) = el.3 (4)

The normalization of Gp,x with respect to the void ratio func-
tion, eliminated in a satisfactory manner the effect of sample
density on Gnax, as shown for representative samples in Fig. 10,
which samples were prepared at variable initial densities. Through
this procedure and a best-fit of the experimental data with a
power-law type curve, the elastic constants Ag and ng for all the
samples were determined and discussed in the next section.

3.2. The effect of dsp on Guax

For all the RCA samples, the elastic constants Ag and ng against
dso are plotted in Figs. 11(a) and (b), respectively. Within the
scatter of the data, Ag was found not strongly dependent on the
mean grain size, whereas there was observed a slight decrease of
the power ng for the coarser RCA fractions. The average value of
the constant Ag within the total range of the mean grain size of the
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Fig. 10. Typical plots of normalized elastic shear-modulus with respect to a void
ratio function against the normalized confining pressure for the fraction RCA02
(0.15-0.30 mm) and the fraction RCA03 (0.30-0.60 mm).

study, was found equal to 67.7 MPa, with a standard deviation of
7.9 MPa. ng could be expressed as a function of dso with a power-
law type formula as shown in Eq. (5), in which expression dsq is
expressed in mm.

ne = 0. 54 x (dso) > )

Previous research works have shown a clear tendency of de-
creasing ng values for sands with more regular-shaped grains than
that of sands with more irregular-shaped grains (e.g. [13,30,25]).
Based on the quantification of the particle shape descriptors
(Fig. 7), the RCA fractions had slightly more irregular-shaped
grains with an increase of dsg, thus the decreasing values of the
power ng could not be the result of particle shape effects, which
would give rise, otherwise, to the opposite trend, i.e. increasing ng
values for the coarser fractions. Therefore, for the RCA fractions of
the study, the variation in the relative percentages of aggregate
and cement mortar components with mean grain size is the pos-
sible factor that controls the sensitivity of Gpax to pressure which
was demonstrated from the SEM-EDS analysis and the variation of
the ratio (Si/Ca) in Fig. 5. The finer the size of the RCA, the more
pronounced the percentage of cement mortar component was
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Fig. 11. The effect of the mean grain size on the elastic shear-modulus constants:
(a) Elastic constant Ag against dso and (b) Power ng against dso.

found which trend is aligned with the reported results in the lit-
erature [36], thus, the presence of cement mortar component
seems to play an important role in the fabric changes of the
samples during the increase of (p’), which fabric changes were
mirrored from the greater ng values with a decrease of the RCA
fraction size.

A previous study by Cha et al. [10] demonstrated that the
power ng is linked to the compressibility of the sand which is
expressed through the compressibility index (C.) and that for
more compressible sands, greater values of ng are observed. The
authors examined the compressibility of the RCA fractions through
one-dimensional compression tests, but these results are
not shown in the present work. However, it is noticed that there
was not observed a tendency of higher compressibility of the
samples for the finer fractions, thus, there could not be observed a
clear relationship between the power ng and the compressibility
of the RCA fractions. This may be the result of the coupled effect of
particle shape, with higher compressibility for samples with more
angular grains (coarser RCA fractions), and cement mortar com-
ponent which gives rise to higher compressibility for the finer
fractions. Similarly, during the increase of the confining pressure
(p'), the records of sample axial strain of the samples, did not
demonstrate significant difference in the axial strains observed for
the variable fractions. On the other hand, the grading curves of the
samples were examined through a series of sieves, after the per-
formance of the resonant column tests. For the range of confining
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pressures in the study, between 25 and 800 kPa, there was not
observed a significant global grain breakage that would lead to an
alteration of the grading curves of the samples in comparison to
the parent grading curves. Therefore, the slightly higher sensitivity
of Gmax to pressure for the finer fractions, is related, partly, to the
greater cement mortar component for finer RCA fractions.

3.3. Summary of expressions proposed in the literature for the pre-
diction of Gnax Of granular soils

In the literature, there have been proposed numerous expres-
sions for the prediction of the elastic shear modulus of granular
soils, which expressions follow the general formula of Eq. (2) with
differences on the proposed void ratio functions, F(e), or the ap-
proach to normalize the confining pressure (p’). The common
practice in evaluating an expression for Gn,x with respect to its
predictive capacity, is to plot the estimated-predicted stiffness
against the measured stiffness. Six models proposed in the lit-
erature for the prediction of G« of sands and gravels are eval-
uated with respect to their predictive capacity for the stiffness of
the RCA fractions. These six models are summarized in this
section.

(a) Hardin and Richart [16] expression

Hardin and Richart [16] proposed two different expressions for
the prediction of Gn,a.x of sands; one expression for sands of
rounded grains and an other expression for sands of angular
grains. The expression for sands of angular grains, which
might match better to the shape of the RCA particles, is used
in the study. This expression is given in Eq. (6), where (p’) is
expressed in kPa and G,.x is expressed in MPa. Hardin and
Richart [16] did not apply a normalization to the confining
pressure and they incorporated the effect of the shape of
grains solely through the void ratio function by proposing
different F(e) formulae for sands of rounded and angular
grains.

2
2.97-
Gpax = 3-3 % [( T ee) ] x (p)**

(6)

(b) Senetakis et al. [30]
Senetakis et al. [30] proposed three different expressions for
the prediction of Gn.x of sands; (i) an expression for a river
sand with relatively regular-shaped grains (ii) an expression
for a crushed rock of sand-size with irregular-shaped grains
(iii) an expression for a volcanic sand composed of rhyolitic
crushed rock. The expression for crushed rock, given in Eq. (7),
is used in the present study. In Eq. (7), C, is the coefficient of
uniformity and Gp.x is expressed in MPa.

0.63
1 D’
Giax = (—9.45 x G, + 57.01) X | —5ec—aa | X | =
max ( u ) (60.28><Cu+0.98) [pA] %)

Senetakis et al. [30] incorporated the effect of C, into the
constant Ag as well as the void ratio function, but they did not
incorporate, quantitatively, the effect of C, into the expression
for the power ng or, the effect of particle shape into the
expressions for Ag and n¢. Note that Eq. (7) could be applicable
for C, less than six in magnitude with respect to sands of
irregular-shaped grains.
(c) Senetakis and Madhusudhan [32]

Senetakis and Madhusudhan (2015) proposed an expression
for the prediction of G« of a crushed rock of gravel-size and
irregular-shaped grains, incorporating the effect of C, into the
expression for Ag and ng, but they used into their model a
constant value for the power of the void ratio function, equal

to 1.3. This expression is given in Eq. (8), where Gpax is
expressed in MPa. Note that this formula could be applicable
for C, less than 24 in magnitude.

]0.485><Cu0'13

Gorax = (~3. 36 x C, + 81.80) (i) x ["’

e?) "\, ®)

(d) Yu and Richart [39]
Yu and Richart [39] proposed an expression for the prediction
of Gnax Of sands based on experiments on three different types
of soils. This expression is given in Eq. (9), where (p’) is
expressed in kPa and G,.x is expressed in MPa. Yu and Richart
[39] did not apply a normalization to the confining pressure.

2
2.17-e )
Gax = 7. 0 % [%] > (p/)o 50

9
Note that Eqgs. (6) and (9) are very similar but they use
different constant values for Ag and slightly different con-
stants into the void ratio function.

(e) Wichtmann and Triantafyllidis [40]

Wichtmann and Triantafyllidis [40] proposed an expression
for the prediction of G,.x of granular soils based on experi-
ments on sands and gravels with varying the mean grain size
and the coefficient of uniformity. Their expression is given in
Eq. (10), where Gax is expressed in MPa, while Wichtmann
and Triantafyllidis applied a normalization to the confining
pressure (p’).

Ginax = 1072 x (1563 + 3. 13 x (%)

(1. 94 x exp(—0. 066C,)-e)’

0.40xC 218
1+e x(P)

X

)1 -0.40xC018

x (s (10)
Note that Eq. (10) incorporates the effect of C, into the
constant Ag, the power ng as well as the void ratio function.
This formula was developed on the basis of a quartz granular
material of sub-angular grains.

(f) Payan et al. [25]

Payan et al. [25] proposed recently an expression for the
prediction of Gn.x of sands incorporating the effect of both
the coefficient of uniformity (C,) and the shape of particles, by
means of the regularity descriptor (p), into the prediction of
the constant Ag and the power ng. Their expression is given in
Eq. (11).

. 1
Gonax = (84. 0 x ;%1 x p°%8) x (em)

C213%(~0.23xp+0.59)
,
X e
Pa

an

In Eq. (11), Gmax is expressed in MPa and the confining pressure
(p’) is normalized with respect to the atmospheric pressure (pa).
Note that Payan et al. [25] proposed, based on their experiments, a
very similar power for the void ratio function (equal to 1.29) with
the one used in the proposed formula by Senetakis and Madhu-
sudhan [32] (equal to 1.30). The formula by Payan et al. [25] is the
first proposed expression for Gnax of granular materials that in-
corporates the effects of both the grading characteristics and
particle shape, quantitatively.

These six expressions for Gyax of granular soils (Egs. (6) - (11)),
were evaluated in the present study with respect to their
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Fig. 12. Comparison of predicted against measured Gp,.x using the expressions proposed by: (a) Hardin and Richart [16] (b) Senetakis et al. [30] (c) Senetakis and Mad-
husudhan [32] (d) Yu and Richart [39] (e) Wichtmann and Triantafyllidis (2009) (f) Payan et al. [25].

predictive capacity for the elastic stiffness of the recycled concrete
aggregate fractions. This evaluation was implemented by means of
predicted Gax,p against the measured Gmax m-

3.4. The evaluation of G,qx €xpressions proposed in the literature for
the RCA fractions of the study by means of predicted against mea-
sured stiffness

In order to apply Egs. (6) — (11) in the present study, the
coefficient of uniformity and the mean value of the regularity that
corresponded to each RCA fraction (summarized in Table 1) were
used. For a given (p'), the corresponding void ratio of the samples
at that level of confining pressure was used in the literature ex-
pressions. The comparison between predicted against measured
Gmax is given in Figs. 12(a) — (f).

The results in Fig. 12 showed that the expressions proposed by
Hardin and Richart [16], Senetakis et al. [30] and Senetakis and
Madhusudhan [32] (Egs. (6), (7) and (8)) had a reasonably sa-
tisfactory prediction of the G, of the RCA fractions, with the best
prediction demonstrated by the expressions proposed by Seneta-
kis et al. [30] and Senetakis and Madhusudhan [32]. On the other
hand, the expressions of Eqs. (9), (10) and (11) systematically
under-estimated the elastic stiffness of the RCA fractions. It should

be mentioned that Eq. (11), proposed by Payan et al. [25], would
predict a greater sensitivity of G,ax to pressure, expressed through
greater values of the power ng, for sands with irregular-shaped
grains, which is the general trend observed in previous studies as
well [13,30]. For the RCA fractions of the study, it was found that
the coarser fractions had slightly lower values of the mean reg-
ularity, but the results of the study showed that the power ng
decreased with an increase of dsg, which trend was attributed,
partly, to the higher content of cement mortar component for the
finer RCA fractions as demonstrated from the SEM-EDS analysis.
The change of composition with the grain size led to an increase of
the sensitivity of G,ax to pressure with a decrease of dso. Thus, due
to the presence of aggregate and cement mortar components in
the RCA fractions and their varying content with dso, the expres-
sion of Eq. (11) would not provide a reliable estimation of the Gax
for the particular demolition material.

3.5. The evaluation of G,qx expressions proposed in the literature for
the RCA fractions of the study by means of the state parameter

Payan et al. [25] showed that the predictive capacity of Gmax
models should be evaluated not only by means of predicted
against measured values, but also by means of the state parameter.
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Fig. 13. The definition of the state parameter on the void ratio - pressure plane.

The state parameter (&) was introduced by Been and Jefferies [7].
Considering that for granular soils, the limiting isotropic (ISO)
compression line is normally reached at relatively high pressures,
and that the compression path curve is given in Fig. 13 in the void
ratio (e) - LN(p’) plane, (€) is defined as the vertical distance (or
difference in void ratio) between the current state of the soil,
which current state is expressed from the void ratio (e) that
corresponds to the compression path curve, and the critical state
line (that expresses for a given p’ the critical state void ratio e),
expressed through Eq. (12).

f=e-¢ey (12)

Positive values of the parameter () imply that the current void
ratio is greater than the critical void ratio and that the soil is on the
wet side of the critical [5]. Note that in Fig. 13, parameter (I") ex-
presses the critical void ratio at p’=1 kPa (or at LN(p')=0) and
parameter (A) expresses the slope of the critical state line in the e -
LN(p’) plane. If an expression for G.y is truly valid for a particular
soil, then in case that the ratio of the measured over the predicted
elastic stiffness (Gmax,m/Gmax,p) is plotted against the state para-
meter (), (Gmaxm/Gmaxp) Should be close to unity and in-
dependent of (&). Payan et al. [25], showed that while some Gax
expressions had a satisfactory performance for particular soils by
means of predicted against measured values, when the ratio (Gmax,
m/Gmax,p) Was plotted against the state parameter, there was ob-
served a clear trend of decreasing or increasing (Gmax,m/Gmaxp)
with an increase of ().

In the present study the evaluation of G,.x expressions with
respect to their predictive capacity for the recycled concrete ag-
gregate fraction RCAO4, by means of the state parameter, was also
examined. Out of the six models presented in the previous section,
only the models by Hardin and Richart [16], Senetakis et al. [30]
and Senetakis and Madhusudhan [32] were evaluated by means of
the state parameter, because these three models showed a sa-
tisfactory performance by means of predicted against measured
Gmax for the RCA fractions as shown in Fig. 12. For the fraction
RCAO04, monotonic triaxial tests were carried out (summarized by
[17]) and the critical state parameters were found equal to I'=2.56
and A=0.21. In Fig. 14, the ratio (Gmax.m/Gmaxp) is plotted against
the state parameter. Note that the lower values of the horizontal
axis (i.e. the lower values of the state parameter &) corresponded
to denser samples and lower confining pressures (p’), and the
samples were on the dry side of the critical, and that the higher
values of the horizontal axis corresponded to looser samples and
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Fig. 14. Ratio of the measured over the predicted elastic shear-modulus against the
parameter based on literature formulae for G, prediction: (a) Hardin and Richart
[16] (b) Senetakis et al. [30] (c) Senetakis and Madhusudhan [32].

higher confining pressures (p’), and the samples were on the wet
side of the critical.

In Fig. 12(a), it was shown that the G,.x expression proposed
by Hardin and Richart [16] had a satisfactory prediction of the
measured stiffness of the RCA, but there was observed a slight
under-estimation of the measured G,ax. This was mirrored in the
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greater than unity values of the ratio (Gmax,m/Gmaxp) Shown in
Fig. 14(a). This figure also showed a dependency of the ratio (Gmax,
m/Gmaxp) to the state parameter. Similarly, a slight dependency of
the ratio (Gmax,m/Gmax,p) to the state parameter was observed in
Fig. 14(c), in which figure the G,ax expression proposed by Sene-
takis and Madhusudhan [32] was used. On the other hand, the
results of Fig. 14(b) showed a much better performance of the
model proposed by Senetakis et al. [30] for crushed rock, with
values of the ratio (Gmax,m/Gmaxp) close to unity and almost in-
dependent on the state parameter.

4. Conclusions

In the study, the effect of the mean grain size (dsg) on the
elastic stiffness (Gnax) of uniform fractions of a recycled concrete
aggregate was examined. A set of resonant column tests in tor-
sional mode of vibration and bender element tests using piezo-
element inserts embedded in a triaxial apparatus were carried out
on isotropically consolidated dry samples. The mean grain size of
the samples ranged from 0.21 to 3.35 mm and the applied con-
fining pressure ranged from 25 to 800 kPa. Denser samples were
prepared with compaction in layers using vibration and looser
samples were prepared with the air-pluviation method. The shape
of the recycled concrete aggregate (RCA) particles was examined
through visual observation in an optical microscope of a re-
presentative number of grains. Particle shape was quantified by
means of three shape descriptors; the sphericity (S), the roundness
(R), and the regularity (p). It was found the coarser fractions had
slightly lower values of the regularity, thus more irregular-shaped
grains than the finer fractions. SEM-EDS analysis was carried out
on representative fractions of the RCA as well as on a sample
composed dominantly of cement. This analysis indicated a clear
increase of the ratio Silicon over Calcium for the coarser fractions,
which trend indicated a decreasing content of cement for coarser
RCA fractions. The dynamic test results were plotted by means of
Gmax Normalized with respect to a void ratio function F(e), against
the normalized pressure (p’/pa), Where pa is the atmospheric
pressure. Through best fitting with a power-law type formula, the
constant Ag and the power ng of the (Gnax) - (P’/pa) relationships
were evaluated. The analysis of the results showed that Ag was
almost independent on dsg, but the power ng decreased slightly
with an increase of the mean grain size, thus the sensitivity of
Gmax to pressure was dependent on the grain size of the fraction.
This trend was attributed, partly, to the increase of the cement
mortar component for fractions with finer grain size as demon-
strated from the SEM-EDS analysis. Six Gmax expressions from the
literature, derived on the basis of sands and gravels, were eval-
uated with respect to their predictive capacity on the elastic
stiffness of the RCA fractions. This evaluation was implemented by
means of predicted (Gmax,p) against measured (Gmax,m) stiffness for
all the fractions, as well as by means of the ratio (Gmax,m/Gmaxp)
against the state parameter (&) for a particular fraction. The opti-
mum expression with respect to its predictive capacity was a
model proposed in the literature for crushed rock of irregular-
shaped grains.
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