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Copyright © 2018 José Manuel Gómez-Soberón et al. ,is is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is
properly cited.

Due to the current problems related to the generation of diverse wastes and the extraction of nonrenewable materials to be used in
the construction sector, the alternative use of waste glass could be a sustainable option with environmental and economic benefits,
in case of being feasible its use as a replacement of the usual aggregates to manufacture recycled mortars. In this research, one
presents a study of the fresh-state properties of the mortars containing 15, 30, 60, and 100% recycled glass aggregates as
a replacement for the usual aggregate, providing the experimental results of consistency, density, and air content. Using the
experimental results, and by means of a numerical and statistical analysis of these, a diagram of triple interaction that allows us to
unify the behavior of the studied properties is constituted; making feasible with this, the prediction of the behavior of these
properties with respect to variables as their ratio water/cement, aggregate/cement, and different percentages of replacement
of aggregates.

1. Introduction

,e application of materials derived from recycling is an
alternative that should be promoted nowadays, as they may
be capable of providing suitable properties to the elements to
which they are added, even being favorably comparable to
the traditional “virgin” materials that they replace [1]. A
large amount of the natural materials currently extracted (in
2002, 55 billion tons) are used—directly or indirectly—in
construction (42% of the total material extracted) [2].

As a result, there has emerged the requirement and a need
not to waste what have until now been considered “waste”
materials to prevent the contamination that their dumping (in
a landfill) produces and ultimately to slow the extraction of
nonrenewable materials for use in construction. ,erefore,
the advances in the feasibility of using recycled materials
applied to construction may lead to a rational use of the
available resources, while also safeguarding natural resources

for future generations [3]. Glass is one of the different types of
recyclable materials available which may help us to satisfy the
demand for construction materials [4], and has been cate-
gorized as a solid residue which currently shows a gradual
increase in its use; when added to the fact that it is non-
biodegradable, it may cause serious environmental problems
in landfills [4–9]. On the contrary, the alternative of reuse is
unfeasible in many cases due to problems in collection, the
mixture of different qualities, or the economic cost involved
[10]; therefore the alternative of recycling as a building
material seems feasible as a mitigation of its own condition
[7, 11, 12].

Glass is quite easily segregated from other residues, and
the study of its physical and chemical characteristics has led
to experimentation in its ability to replace “natural” sands in
mortars and concrete [13]. ,is type of praxis is considered
ecofriendly, of particular interest in certain construction
applications (waterproofing in the structure, resistance
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properties, durability, and aesthetics), and even on occasion
for its profitability [4, 14]. However, for the residue to bond
effectively with the matrix of these composites, its properties
and resulting products must be established, in order to
ensure the suitability of the new recycled composite for use
in construction [13].

Previous studies into the behavior of the properties of
recycled mortars that incorporate recycled glass aggregate
(RGA) to replace the usual aggregate (UA) have dealt with
different areas, such as the effect of the quantity of re-
placements (substitution percentages of UA by RGA)
[7, 8, 15], the variations attributable to the color of the glass
[10, 16], the effect of the RGA particle size [17–20], and the
side effects caused by the type of RGA and its previous use
(e.g., proceeding from glass bottles and cathode ray tubes)
[15, 21]. Similarly, there are also precedents in the use of
glass with dust-sized particles as a cement substitute, which
has permitted more studies to be included, such as the
pozzolanic properties that they provide [1, 22, 23] and the
effect of the size of the dust particles themselves [9, 24].

Previous studies have focused on explaining the behavior
of the mechanical properties of the mortars in their hard-
ened state; few have been aimed specifically at the study of
their behavior in their fresh state. Although in part this is
justified, as the former are the desired properties and the
latter should not be ignored, as the final mechanical behavior
is partly linked to the behavior in their fresh state.

Regarding the consistency of mortars with recycled glass
(RGA substituting UA) (RGM) and in comparison with the
usual mortars (UM) of reference, it has been established that
higher substitution percentages lead to increases in con-
sistency, which has been shown by the increase of the di-
ameter reported in the flow table test [15, 25]. As a direct
implication of the former, it has been deduced that the water
needs of the RGM mixtures can be reduced in order to
obtain a similar flow to that of the reference UM and,
consequently, a lower is possible water/cement (w/c) ratio
without causing later side effects [26]. Similar conclusions
were obtained regarding the RGM in which the RGA came
from different types of glass (drinks bottles and TV cathode
ray tubes); however the latter have greater flow values caused
by an increase in their particle size (greater fineness modulus
and therefore smaller specific surface) which leads to less
need for water to cover the particles [21]. ,e use of fly ash
(FA) or ground-granulated blast-furnace slag (GGBFS) to
replace up to 25% of the cement has also been tested, as well
as different RGA contents, showing in this study that the
mineral composition of the materials for substitution of the
cement and the percentage of RGA used may cause varia-
tions in the consistency of the RGM; the previous behavior
(exclusive use of RGA in RGM) may even be reversed when
75% of RGA and 25% of GGBFS are used [27].

Other studies have managed to stabilize the flow of RGM
with different RGA contents by means of superplasticizer
additives; contents of between 0.5 and 1.5% of super-
plasticizer per weight of cement manage to establish as
a constant the quantity of water needed for flows of similar
consistency (between 243 and 259mm) with up to 75% of
RGA [7, 12]. In a similar study (the use of superplasticizer

and RGA), which also made changes in the size of the
particles, the previous behavior remained in force, with the
exception that the increase in RGA particle size permitted
a reduction in the additive contents to be used, i.e., the
increase in the RGA particles causes an increase in flow, due
to the RGA showing a smoother surface and an absorption
coefficient close to zero [19].

Another similar case is presented, of RGM with 100% of
glass from drink bottles, and RGMwith 100% of cathode ray
tube glass (CRT) (particle size< 5mm) has shown an in-
crease in the fluidity due to the smoother surface of the glass
and a lower water absorption capacity. However, in this very
same study, RGM with smaller particles caused a reduction
in fluidity, most notably in the mixture with the finest
particles (<600 μm), this behavior being attributed to the
fineness of the aggregate with the greatest total surface per
unit of volume [20]. ,e study presented by Öznur Öz et al.
[28] reported similar reduction behavior; this as a conse-
quence of the use of RGA in powder form.

A contrary situation is reported in another study, which
shows that the use of glass (irrespective of its color) reduces
the flow capacity, showing reductions inverse to the increase
of RGA used, this being due to the irregular shape and lower
density of its particles [16]. Another work coincides with this
behavior, as the increase in substitution of RGA by UA,
required higher doses of water to reach the same value by
means of the flow table [17]. On the contrary, in another
study, no significant differences were shown between the
water requirements of the RGM and the reference UM; this
behavior (compared with other studies) was attributed to the
different types of glass used and the water absorption, which
depends on the size of the aggregates [29].

Regarding the density property of the mortars in their
fresh state, previous studies show reductions in the RGM,
presenting an inverse behavior to the increased RGA sub-
stitution for UA; this is due to the lower specific gravity of
the RGA compared with the UA [16, 30], as well as the more
angular form of the glass compared with the sand, which
results in a greater volume of spaces [29]. ,e opposite is
shown in another study, in which 100% of RGA replaces the
UA; the RGA is characterized by two different sizes (studied
separately), and both of the final RGMs showed a greater
density than the UM. ,e explanation for this behavior may
be the same as in the previous study, in which the density in
the fresh state is attributed to the density of the RGA itself
compared with the UA, which in this case was due to the use
of cathode ray tube glass [25].

Finally, there is very little information in the literature
regarding the air content property; among the published
works, the use of fine RGA is mentioned (of between 2.36
and 5mm), which results in a greater air content in the
mixture due to the irregular shape of the particles, leading to
greater relative surface which in turn creates larger areas that
retain air voids [19, 31]. Other studies have also reported
greater air contents in RGM, showing increases when the
RGA replacement is higher [30, 32], for example, reaching
a maximum difference of 54% for mortar with 100% RGA
(air content of 12.6%), compared with the reference mortar
[29]. ,is behavior is attributed to the lower density of the
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particles and their shape, with sharper edges showing a greater
relation of aspect which allows more air to be retained in the
surfaces of the RGA particles; it has also been commented that
microcracks have been noticed in the case of transparent glass
particles, which could have affected the packing of the ag-
gregates mainly in the case of high contents [16].

Based on the aforementioned, it can be asserted that
documental evidence is scarce and therefore the information
about the fresh properties of RGM is minimal, which in general
makes it difficult to predict the behavior that these mortars can
show before manufacture, as they do not present established
behavioral tendencies.,e aimof this study is to provide a triple
interaction diagram with which to predict the w/c ratio, the
density, or the air content that the RGM may show with
different RGA percentages substituting the UA and with three
different aggregate/cement (a/c) ratios.Moreover, it can be used
for decidingwhat percentage of substitution is needed for use in
the RGM to obtain a particular density; in general, the link
between the fresh-state properties can easily be determined, as
well as predicting the ratios shown by the different RGMs from
the design phase of the mixtures. Both the diagram, to be
presented later, and the regression equations are the result of
numerical and statistical analysis performed on the data of an
experimental campaign, which establishes the properties of the
consistency, density, and air content of the different ratios of
a/c, w/c, and the replacement factor (RF) in the RGM.

2. Materials

Transparent glass residues with a particle size of between
0 and 1.8mm, obtained from a local waste glass processing
company, were used as RGA; specifically, the glass used
came from laminated glass (commonly used in windows,
doors, and car windscreens). A UA composed of silica sand
with the particle size of 0–4mmwas used to manufacture the
reference mortars; the silica sand came from a local supplier
of aggregates for construction.

,e adjusted granulometric curves of both aggregates, as
well as the limits established by the ASTM C144 standard
[33], are shown in Figure 1. As the original granulometric
profile of the UA was positioned outside the lower limit of the
ASTM, and that of the RGAwas located above the upper limit
of the same, a granulometric adjustment was made to dis-
tribute the particle sizes in the two aggregates used; conse-
quently, both granulometric curves conformed—as much as
possible—to the limits, also achieving a similarity in profiles.
,e adjustment procedure involved separating both materials
with a no. 30 sieve (0.59mm), where the particles that passed
through the sieve being established as fine fraction (FF) and
those retained in the sieve as coarse fraction (CF); then
mixtures of different FF and CF combinations were made
until the proportions with the maximum compactness were
obtained (RGA and UA separately). In the case of the RGA,
the combination that fulfilled the requirement was that of 70%
FF and 30%CF; and for UA, the combinationwas 50% of each
fraction [34]. After making the adjustment, it can be seen in
Figure 1 that the adjusted granulometric profile of the RGA is
located very close to the upper limit, demonstrating that the
majority of these aggregate’s particles are composed of fine

particles; in Table 1, the fineness modulus (FM)� 1.8, which
places it outside the desired specified range for sands (2.3 to
3.1, according to the ASTM C33 standard). ,e opposite is
seen in the case of the adjusted profile of UA, generally found
within the established limits, with the exception of 4% of the
material which comes from the lower limit (sieve no. 8
(2.38mm)); the MF of the UA (2.4) locates within the desired
range for sands. For both aggregates, the percentage of fine
particles with sizes less than 75 μm is below 10% (requirement
specified by the standards). To sum up, it can be said that the
adjustment allows both aggregates to be compared with
minimum profile modifications, meaning that the re-
placement of both materials does not lead to variations of
their properties due to the effect of the distribution of their
particle sizes; in addition, the adjustment permits their
profiles to be closely aligned to that recommended by the
standards, thereby guaranteeing better behavior of the
mixtures.

Consequently, the procedures specified by the ASTM
C128 [35], C136 [36], and C117 standards [37] were carried
out in order to determine the general physical properties of
the aggregates to be used (Table 1). Significant differences
between both aggregates were established for the water
absorption coefficient, which for the RGAmeant a difference
of 1% with respect to that obtained by the UA. Regarding the
dry-state density (OD) and the saturated surface dry (SSD)
state, the UA shows slightly higher values than the RGA
(107.76 and 134.8 kg/m3, respectively).

Finally, Portland cement with the usual properties and
components, classified as CEM I 42.5 N/SR (UNE EN 197-1:
2011 [38]), was used as a binding material in making the
different UM and RGM, along with tap water.

3. Experimental Campaign

,e experimental campaign was divided into two sections:
the first was for obtaining the experimental data, in which
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Figure 1: Granulometric distribution curves.
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the procedure and tests for obtaining data were explained
and the second was the data analysis, which established the
numerical data analysis procedure that allows the regression
coefficients and the triple interaction diagram proposed for
the unified behavior of the RGM to be obtained.

3.1. Obtaining the Experimental Data. Several mixtures of
RGMwere made, composed of different percentages of RGA
as a UA substitute (15, 30, 60, and 100%); for each, three
different a/c ratios were specified (3.25, 4, and 4.75). In order
to simplify the identification of the RGM studied, the fol-
lowing agreement of nomenclature was established: “XX%
RGM-A/B/C,” where XX% is the percentage of RGA (or RF)
and A/B/C represents the three different ratios of a/c studied
(A� 3.25, B� 4, and C� 4.75). ,e reference mortars UM
(0% of RGA) for each of the a/c ratios studied were identified
as UM-A, UM-B, and UM-C. All the mixtures were designed
for an initial w/c ratio of 0.5. Table 2 shows the amount of
materials needed to make the RGM and UM.

,e mixing process for each of the mortars implied
introducing the RGA and/or the UA along with the total
water (obtained from the initial w/c ratio) in the mixing
recipient (one minute at rest) to obtain the saturation of the
aggregates, introducing the cement later. ,en, the recipient
containing the materials was placed in the mixer (Mod. E93,
Matest brand,) and the mixing procedure was carried out in
accordance with point 8.1.3 of the ASTM C305-06 standard
[39]. When the mixing was finished, the tests on the mortar
behavior in the fresh state were carried out.

3.2. Consistency. Once the mixing process of the mortars
had ended, the consistency of the RGM was determined by
means of a mortar flow test according to the ASTM C1437
standard [40], using a flow table with specifications con-
forming to the C230/C230M standard [41]. As a mandatory
step in making a feasible comparison of the different mix-
tures studied, it was decided that they should all reach a flow
of 110± 5% according to the specifications of the ASTM
C109/C109M standard [42] (standardized mortar); as
a standard mold with a 10mm base was used, the diameter
sought at the end of the test was 210± 5mm, which was
determined by the average measurement of the diameters of
the principal axes passing through the center of the extended
sample. If the sample did not present the required flow, more
water was added repeatedly, in small amounts, until the
desired flow was obtained and the mortar could be con-
sidered standardized.

3.3. Density. ,e density of the previously obtained RGM
was determined; for this test, the equipment used was
a standard recipient of the one liter, which was also part of
the equipment needed for the air content test. ,e standard
mixture was put into the recipient in three successive layers,
each individually compacted (20 distributed blows) with
a metal tamper with a flat circular section; then in the final
layer, a metal ruler was used to skim off any excess mixture.
,e resulting specimen was then weighed (Mod. ST-4000
Series ST, GRAM Precision brand, accurate to 0.01 grams).
When the mixture weight was obtained (deducting the
weight of the mold) and considering the volume of the
standardized mold to be a known constant, the density of the
RGM was determined by means of the following equation:

ρ �
M

V
, (1)

where ρ� density (g/cm3), M �mass (g), and V � volume
(cm3).

3.4. Air Content. To finish, the content of the air included in
the RGM study samples was tested; the standard equipment
for determination being a 1-liter TESTING brand Air En-
trainment Meter which included the recipient was also used
in the density tests. ,e test was based on the pressure
method (ASTM C231 standard [43]), with the air content of
each of the studied RGM being obtained with a calibrated
manometer. As validation of the test, the air content was also
determined by means of the method described in the ASTM
C185-99 standard [44]; this uses the density values of the
mortars and materials and the mixture proportions. In this
second method, the air content is obtained by means of

air content, volume % � 100 1−
Wa

Wc
 , (2)

where Wa � actual mass per unit of volume as determined by
this test method (g/cm3) and Wc � theoretical mass per unit
of volume, calculated on an air-free basis and using the
values of the quantities of materials and specific gravities
from each of them—see the complete equation in the
standard ASTM C185-99.

,e reason for the need to validate this property through
its determination by two different procedures was in order to
be able to differentiate, or corroborate, the values obtained
by the different RGM studied; this was necessary when using
aggregates with densities and absorption of different values
to make RGM or to determine whether this property was
sensitive to variation.

3.5. Regression Coefficients and Trend Equations. ,e results
obtained from the tests were used in the statistical analysis
software SPSS v24.0.0.0 of IBM for Windows, into which the
data were introduced with the aim of finding the regression
coefficients that would allow the trend equations to be
determined; consequently, the ratios between the RF and the
different properties of RGM in the fresh state could be
established. It was noticed in the dispersion graphs for each

Table 1: Physical properties of the aggregates.

Property RGA UA
Density (OD) (kg/m3) 2473.84 2581.6
Density (SSD) (kg/m3) 2488.8 2623.6
Water absorption (%) 0.6 1.6
Fineness modulus 1.8 2.4
Materials finer than 75 μm (%) 5.3 2.9
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ratio studied that the variables were closer to regressions
with curvilinear estimates; additionally, in all the ratios
studied, they did not comply with the requisites of linear or
simple distribution (distribution of the normal dependent
variable, for each value of the independent variable; the
variance of the dependent variable distribution is a constant
for all values of the independent variable; there is a linear
relationship between the dependent variable and each in-
dependent variable; and all observations are independent).
On the contrary, all the necessary requirements for de-
termining a curvilinear regression are satisfied; in particular,
the second grade quadratic regressions adjust better, in
accord with the acquirement of the highest R2 parameter
(measurement of the goodness of the fit or reliability of
estimated data model, R2≤1.0). ,e requirements to be met
for a quadratic regression were as follows:

(1) ,e dependent and independent variables are
quantitative

(2) ,e model’s residues are distributed normally and
randomly

(3) ,e quadratic model was adapted to the studied
series with a “detached” or damped distribution

In each pair of variables studied, it was considered that the
RF represented the independent variable—because it has no
precedent in this area of knowledge—and density, and thew/c
ratio and air content were the dependent variables; this
allowed the obtained regression equations to be established
for the mathematical formulation which best predicted the
group of data for the dependent variables. ,e trend curves
were determined by calculating the study points (grouping of
independent and dependent variables) by means of adjusting
the squared minimums and using the following Equation as
the structure of the mathematical formula:

y � ax
2

+ bx + c, (3)

where x� value xi of the independent variable; y� value yi of
the dependent variable; and a, b, c� constant coefficients of
any value, except for a� 0.

4. Results and Discussion

,e experimental results of the fresh-state properties of the
studied RGM corresponding to the consistency (quantity of
water and final w/c ratio), density, and air content are
presented in Table 3.

,e regression coefficients that defined the different
behavior equations of this research were obtained from the
previous values by means of quadratic regressions; Figure 2
shows the experimental results of the density, the w/c ratio,
and the air content with regard to RF—for the three different
a/c ratios (A, B, and C)—as well as the equations with their
regression coefficients.

It can be seen that, in the case of the RGM density with
regard to RF, a damping ratio is established, which means
that the higher the independent variable (RF), the lower the
value of the dependent variable (RGMdensity).,e previous

behavior is similar (parallel trends) for the different a/c
ratios studied, following an initial increasing order in the a/c
ratio (A followed by B and then C), which causes decreases in
the density. When RF is close to 40%, the order between B
and C is inverted, which may be due to a balancing or better
fit of the particles (RGA and UA) in the RGM with the
variable C (a/c� 4.75), improving their compactness and,
therefore, their density.

With regard to the RF ratio and the dependent variable
w/c, this shows an ascendant distribution; this should be
understood in terms of the need for more water in the RGM
as the RF is increased.,is is related to the irregular shape of
the RGA particles, which generates a greater need for water
in order to obtain a standard comparable consistency. In
order to corroborate this, the shape of the particles forming
the RGA was observed, using a JEOL JSM-6510 scanning
electron microscope (SEM) to study the samples previously
embedded in a resin and then with their surfaces polished.
Figure 3 shows SEM images in which the wavy shape of UA
can be seen in Figure 3(a); while Figure 3(b) shows the RGA
particles (more angular and of longer proportions).

Regarding the a/c ratio, the established experimental
order was ascendant (A, B, and C); this is a natural response,
as any increase in the aggregate content of a mixture also
requires an increase of water (angled and elongated particle
shape of the RGA).

As for the representative equations of the air content, it
can be seen that the increase of RF causes damping, with two
important differential zones: one comprising the values
lower than RF 30% to 60%, which results in a damping of the
curves proportional and incremental, and following it,
a decelerated damping that tends to a constant (similar
behavior to the density property but in the inverse sense).

Using the regression equations presented in Figure 2, the
theoretical values that make up the curves of each ratio can
be obtained by numerical simulation, thereby establishing
the triple action diagram (Figure 4) which provides with the
unified global behavior of the RGM in the fresh state. ,e
following are some of the observations obtained from the
graph:

(i) ,e behavior of the density reduction due to the
effect of the RF might be caused by the low density
of the RGA, having an effect on the matrix of the
RGM. However, for RF≥ 53.82%, and with a high
a/c ratio (C), the density values of the RGM are
similar (in curve B), thereby losing the effect of the
RF factor in reducing density.

(ii) ,e bigger the RF, the greater the w/c ratio; this
situation is caused by the increase in the need for
water in the RGM to obtain the same standardized
consistency in the mixtures. ,e previous behavior is
also valid for the a/c ratio, as a mortar mixture
containing more RGA (with respect to an equal
amount of cement) will need more water (and
therefore a higher w/c ratio), which is necessary to
give more “mobility” to the aggregates in the mixture
(workability).
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Table 3: Results of the fresh-state properties of RGM.

Water needed for
1 dm3 (g) Final w/c ratio Density

(g/cm3)
Air content (%)
ASTM C231

Air content (%)
ASTM C185

UM-A 327.35 0.68 2.18 2.0 0.2
15RGM-A 314.63 0.70 2.02 8.3 7.0
30RGM-A 300.14 0.71 1.87 13.7 13.1
60RGM-A 297.70 0.81 1.63 22.1 22.3
100RGM-A 278.39 0.93 1.57 22.3 22.6
UM-B 334.44 0.84 2.16 2.0 0.2
15RGM-B 293.83 0.84 1.96 10.1 8.9
30RGM-B 303.43 0.90 1.78 16.7 16.2
60RGM-B 301.54 0.99 1.57 23.6 24.1
100RGM-B 304.32 1.12 1.48 25.0 26.1
UM-C 334.28 0.98 2.15 1.8 0
15RGM-C 316.49 0.99 1.91 11.7 10.4
30RGM-C 286.15 1.01 1.77 17.4 16.8
60RGM-C 302.84 1.15 1.59 22.4 22.7
100RGM-C 327.67 1.40 1.50 22.9 23.8
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Figure 2: Experimental values of the UM and RGM, and regression equations with their resulting reliability.
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Figure 3: SEM images. (a) UM-B (UM with 100% UA). (b) 30RGM-B (RGM with 30% RGA).
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(iii) ,e effect of the increase in REF leads to greater air
content in the RGM; this is due to the irregular shape
of the RGA particles, which cannot obtain the best fit
to improve the mixture’s compactness, while also
causing more air to be trapped between them. ,is
effect also holds true for a higher a/c ratio; however,
mortars with RF≥ 47.06% and ratio C show a similar
behavior to that reported in the densities, with the
difference that here it is in the opposite, or de-
creasing, sense; the air content in the mortar is
maintained even when the quantity of RGA is
increased.

,e triple interaction diagram obtained has two different
forms of use, which allow the reference values of design and
fresh-state properties to be obtained simply and quickly
from different RGM mixtures with any value of RF. Ex-
amples of the diagram’s use might be as follows:

(iv) For predictive use in the design of an RGM mixture.
One example might be defined as follows: what
content range of RF should be used to obtain an
RGM with a determined density or air content?

(v) For estimation or revision of an RGM mixture. For
example, what density and air content does an RGM
show when starting from the data of the RF and the
a/c ratio?

With the aim of calibrating the degree of certainty in the
obtained diagram, Table 4 presents the theoretical values of
the different properties studied and approximation errors
(which were determined by the previously prepared re-
gression equations). Identical RF contents were established
for a comparison of the estimated and experimental values.
In the case of the properties of the w/c ratio and the RGM
density, the maximum approximation error was of only
0.02%, with a general average error of only 0.0067%, thereby

clearly validating a correct application. Regarding the air
content, the maximum approximation error established was
of 0.53% (UM-C), with a general average error of 0.0847%.

With the aim of revising the proposed diagram’s
adaptability strength, the results presented in previous works
were included in order to observe their relative graphic
positioning. ,e resulting graph is shown in Figure 5, with
the addition of previous research (all broken lines); the green
lines refer to the density (values on left axis), the blue lines
show the w/c ratio, and the red line shows the air content.

Regarding the density properties, the values of Tan and
Du’s 2013 research [16] establish densities higher than those
of this study. However, they are similar for RF� 0%, which
indicates that these variations do not originate (at least
directly) in the difference between the density of the UA in
their study and that used in this research. It should be
pointed out that, in this research, the RF effect has very little
emphasis on the change in this property, which could be
explained by the low a/c ratio used (2.75); as they contain
fewer aggregates and therefore a lower amount of RGA, they
cause no significant losses of density. Finally, the direction of
their damping curves does coincide with that shown in this
research, although in this case it is closer to a straight sloping
line than to a curve typical of a quadratic equation.

In the case of the data of Penacho et al. [29], at up to
RF� 20%, they show density values inferior to the curves of
the proposed diagram; nevertheless at higher RF values, the
density is greater and the trend decrease regarding the RF is
also weakened, although at a lower rate of change and with
a similar a/c to the diagram proposed for B. In this last case,
the deviation may be explained by the influence of the RGA
density (an average of 1030 kg/m3), being 42% lower than
that used in this research; the former also leads to decreases
in density for high RF values, although with fewer accen-
tuated changes than those shown in the diagram (effect of
the RGA density).
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Figure 4: Triple interaction diagram of the fresh-state properties of the RGM.
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In regard to the particular case of the w/c ratio, two
previous studies provide results applicable to the diagram of
this research: Corinaldesi et al. [17] and Corinaldesi et al. [26],
both allowing the curves proposed for this property in the
diagram to be validated. Both studies used an a/c� 3 ratio,
close to the curve A of the diagram proposed here. In the first
study, when RF≤ 40%, the order, position, and precision of
the data can be considered acceptable and congruent with the
proposed diagram; this is also the case of the second study,

with the only value provided being RF� 50%. Beyond
RF> 40%, the data are positioned above the curve A
(a/c� 3.25) with a type of the ascendant curve very similar to
those found in this research.

Finally, given the scarcity of previous information about
the properties of the air content of RGM, only the data of one
study were suitable for inclusion in the proposed diagram:
the work of Penacho et al. [29], with the RFs of 0, 20, 50, and
100%, showing an ascendant curve with a distribution like

Table 4: ,eoretical values of the RGM properties and approximation errors.

Mortars of study

Property
Final w/c ratio Density (g/cm3) Air content (%)

Estimated
value

Approximation
errora (%)

Estimated
value

Approximation
errora (%)

Estimated
value

Approximation
errora,b (%)

UM-A 0.68 0.01 2.19 0.01 1.55 0.21
15RGM-A 0.70 0.00 2.01 0.00 8.58 0.04
30RGM-A 0.73 0.02 1.86 0.01 14.25 0.04
60RGM-A 0.80 0.01 1.65 0.01 21.45 0.03
100RGM-A 0.93 0.00 1.56 0.00 22.49 0.01
Approximate mean
errorc (%) 0.01 0.01 0.07

UM-B 0.83 0.01 2.16 0.00 2.21 0.12
15RGM-B 0.86 0.02 1.96 0.00 9.99 0.01
30RGM-B 0.89 0.00 1.79 0.01 16.22 0.03
60RGM-B 0.98 0.01 1.56 0.01 24.05 0.02
100RGM-B 1.13 0.00 1.48 0.00 24.91 0.01
Approximate mean
errorc (%) 0.01 0.00 0.04

UM-C 0.98 0.00 2.13 0.01 2.87 0.53
15RGM-C 0.99 0.00 1.94 0.01 10.58 0.10
30RGM-C 1.02 0.01 1.78 0.01 16.61 0.04
60RGM-C 1.14 0.01 1.57 0.02 23.63 0.06
100RGM-C 1.40 0.00 1.51 0.00 22.52 0.02
Approximate mean
errorc (%) 0.01 0.01 0.15

aApproximation error (%)� |(experimental value− estimated value) ⁄ (experimental value)|. bExperimental value� (experimental value ASTM
C231 + experimental value ASTM C185)⁄2. cAverage error (%)� (n

i�1Approximation error)/n.

Tan and Du [16] brown

Tan and Du [16] green
Penacho et al. [29] Tan and Du [16] clear
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Figure 5: Triple interaction diagram and results of previous studies.
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those shown in this research; however, the air content figures
were lower than those proposed. ,e nondirect application of
these data to the proposed diagram may be explained by the
characteristics of the aggregates used, described as signifi-
cantly more angular than the UA [29]. In a paper present in
the literature, with the substitution percentages of 25, 35, 50,
75, and 100% of replacement and with similar experimental
campaign, they report that the incorporated air content in-
creased with the replacement of UA by RGA in almost linear
relation (R2≈ 0.99), similar to that presented in this paper [30].

Once the previous studies had been analyzed and com-
pared with the target diagram of this study, it was possible to
validate its use in predicting the fresh-state properties of RGM
that contains RGA of similar characteristics to those used. As
a necessary future objective, it justifies the need to prepare
a more universal or extensive diagram in which additional
experimental data with more variables can be included; the
analysis should also include values of the continuity of this
research as well as those of other studies. Obtaining this
universal diagramwill improve the prediction and application
of RGM use.

5. Conclusions

,e following conclusions were obtained from the work
presented:

(i) Having the experimental data of the RGM per-
mitted the triple interaction diagram to be made,
which allowed the behavior of the properties in the
fresh state to be unified; this focused both on the
design phase of the mixtures and the prediction of
their properties, with the RF being an important and
decisive parameter

(ii) ,e data obtained from the diagram may be useful in
the composition of other new diagrams in which the
hardened-state properties of RGM, such as com-
pressive strength, can be included

(iii) In order to obtain more reliable predictions, it is
recommended to verify that the characteristics of
the RGA (particle size, density, etc.), to be evaluated,
are similar to those used in the creation of the
diagram obtained in this investigation

(iv) More types of tests should be carried out on RGM,
which will provide a broader knowledge of its
properties; consequently, diagrams containing dif-
ferent variables for multiple alternative uses can be
prepared
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[4] I. B. Topçu, A. R. Boğa, and T. Bilir, “Alkali-silica reactions of
mortars produced by using waste glass as fine aggregate and
admixtures such as fly ash and Li2CO3,” Waste Management,
vol. 28, no. 5, pp. 878–84, 2008.

[5] Y. Shao, T. Lefort, S. Moras, and D. Rodriguez, “Studies on
concrete containing ground waste glass,” Cement and Con-
crete Research, vol. 30, no. 1, pp. 91–100, 2000.

[6] S.-B. Park and B.-C. Lee, “Studies on expansion properties in
mortar containing waste glass and fibers,” Cement and
Concrete Research, vol. 34, no. 7, pp. 1145–1152, 2004.

[7] T.-C. Ling, C.-S. Poon, and S.-C. Kou, “Feasibility of using
recycled glass in architectural cement mortars,” Cement and
Concrete Research, vol. 33, no. 8, pp. 848–854, 2011.

[8] P. S. Bhandari and K. M. Tajne, “Use of waste glass in cement
mortar,” International Journal of Civil and Structural Engi-
neering, vol. 3, no. 4, pp. 704–711, 2013.

[9] A. Khmiri, M. Chaabouni, and B. Samet, “Chemical behaviour
of ground waste glass when used as partial cement re-
placement in mortars,” Construction and Building Materials,
vol. 44, pp. 74–80, 2013.

[10] N. Degirmenci, A. Yilmaz, and O. A. Cakir, “Utilization of
waste glass as sand replacement in cement mortar,” Indian
Journal of Engineering and Materials Sciences, vol. 18, no. 4,
pp. 303–308, 2011.

[11] R. Idir, M. Cyr, and A. Tagnit-Hamou, “Use of fine glass as
ASR inhibitor in glass aggregate mortars,” Construction and
Building Materials, vol. 24, no. 7, pp. 1309–1312, 2010.

[12] C. S. Poon and T. C. B. Ling, “Use of Recycled Glass in
Architectural Mortars,” Journal of Wuhan University of
Technology, vol. 32, no. 17, pp. 231–234, 2010.

[13] A. Karamberi and A. Moutsatsou, “Participation of coloured
glass cullet in cementitious materials,” Cement and Concrete
Composites, vol. 27, no. 2, pp. 319–327, 2005.

[14] T.-C. Ling and C.-S. Poon, “Feasible use of large volumes of
GGBS in 100% recycled glass architectural mortar,” Cement
and Concrete Composites, vol. 53, pp. 350–356, 2014.

[15] T.-C. Ling and C.-S. Poon, “Utilization of recycled glass
derived from cathode ray tube glass as fine aggregate in ce-
ment mortar,” Journal of Hazardous Materials, vol. 192, no. 2,
pp. 451–456, 2011.

[16] K. H. Tan and H. Du, “Use of waste glass as sand in mortar:
part I-fresh, mechanical and durability properties,” Cement
and Concrete Composites, vol. 35, no. 1, pp. 109–117, 2013.

10 Advances in Materials Science and Engineering



[17] V. Corinaldesi, G. Gnappi, G. Moriconi, and A. Montenero,
“Reuse of ground waste glass as aggregate for mortars,”Waste
Management, vol. 25, no. 2, pp. 197–201, 2005.

[18] G. Lee, T.-C. Ling, Y.-L. Wong, and C.-S. Poon, “Effects of
crushed glass cullet sizes, casting methods and pozzolanic
materials on ASR of concrete blocks,” Construction and
Building Materials, vol. 25, no. 5, pp. 2611–2618, 2011.

[19] T.-C. Ling and C.-S. Poon, “Properties of architectural mortar
prepared with recycled glass with different particle sizes,”
Materials & Design, vol. 32, no. 5, pp. 2675–2684, 2011.

[20] T.-C. Ling and C.-S. Poon, “Effects of particle size of treated
CRT funnel glass on properties of cement mortar,” Materials
and Structures, vol. 46, no. 1, pp. 25–34, 2012.

[21] T.-C. Ling and C.-S. Poon, “A comparative study on the
feasible use of recycled beverage and CRT funnel glass as fine
aggregate in cement mortar,” Journal of Cleaner Production,
vol. 29-30, pp. 46–52, 2012.

[22] A. M. Matos and J. Sousa-Coutinho, “Durability of mortar
using waste glass powder as cement replacement,” Con-
struction and Building Materials, vol. 36, pp. 205–215, 2012.

[23] R. B. C. Sales, F. A. Sales, E. P. Figueiredo, W. J. Dos Santos,
N. D. S. Mohallem, and M. T. P. Aguilar, “Durability of
Mortar Made with Fine Glass Powdered Particles,” Adv.
Mater. Sci. Eng., vol. 2017, article 3143642, 9 pages, 2017.

[24] L. A. Pereira-de-Oliveira, J. P. Castro-Gomes, and
P. M. S. Santos, “,e potential pozzolanic activity of glass and
red-clay ceramic waste as cement mortars components,”
Construction and Building Materials, vol. 31, pp. 197–203,
2012.

[25] Z. Hui and W. Sun, “Study of properties of mortar containing
cathode ray tubes (CRT) glass as replacement for river sand
fine aggregate,” Construction and Building Materials, vol. 25,
no. 10, pp. 4059–4064, 2011.

[26] V. Corinaldesi, A. Nardinocchi, and J. Donnini, “Reuse of
recycled glass in mortar manufacturing,” European Journal of
Environmental and Civil Engineering, vol. 20, no. 1,
pp. 140–151, 2016.

[27] Z. Hui, C. S. Poon, and T. C. Ling, “Properties of mortar
prepared with recycled cathode ray tube funnel glass sand at
different mineral admixture,” Construction and Building
Materials, vol. 40, pp. 951–960, 2013.
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