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Recycled ground glass is an unconventional material for self-compacting concrete (SCC). Nevertheless, its
use is becoming increasingly attractive representing a twofold contribution to economic and eco-efficient
SCC. In fact, on one hand mixed-color glass culets that are not reusable for packaging purposes may be
employed. On the other hand its supplementary cementing potential can be used to replace expensive
materials such as silica fume, metakaolin and cement, reducing CO, emissions. The present paper pro-
vides a comprehensive procedure for the design of SCC mortar mixtures incorporating fine glass powder.
A central composite design was carried out to mathematically model the influence of mixture parameters
and their coupled effects on deformability, viscosity, compressive strength, resistivity and resistance to
carbonation. The derived models and a numerical optimization technique were used to select the best
mixture, which maximizes durability and minimizes cost, while maintaining self-compactability.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Sustainability is becoming a major selection criterion in new
construction as businesses worldwide are attempting to build
structures in a more eco-friendly manner. Civil engineers will be
expected to exercise social responsibility by considering not only
engineering properties and cost but also the ecological profiles of
materials and durability of concrete structures at the designing
stage [1,2]. In fact, in forthcoming codes, design for durability will
have the same value as design for safety and serviceability. Produc-
ing structures that would function more efficiently over time,
through the enhancement of durability is one of the ways by which
the construction industry can become a part of the solution to the
problem of sustainable development. Sustainable building devel-
opment also includes a judicious use of resources, achieved by
the use of industrial by-products and post-consumer discarded
materials [1,2]. Concrete could be a viable solution to environmen-
tal problems since it allows incorporation of solid by-products
from other industries. This would reduce the need to landfill these
materials and the consumption of natural resources while still
maintaining an acceptable, and sometimes even better, concrete
quality [3]. In this line of research, LABEST/FEUP has been studying
the feasibility of various recycled waste materials with cementing
potential to be used in concrete like rice husk ash, biomass fly ash,
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forest waste bottom ash, waste from the paper pulp industry [4-7]
and fine glass powder [8].

Glass is a major share of the total solid waste that is disposed
daily worldwide. Due to the high cost of cleaning and color sorting,
only a tiny proportion is either washed for reuse or re-melted to
manufacture new glass. When the glass colors get mixed, most
waste glass is sent to landfill as residue. Since glass is not biode-
gradable, landfills do not provide an environmental friendly solu-
tion, resulting in a growing interest in the recycling of waste
glass [9,10]. A number of previous studies have examined the use
of waste glass in concrete [11]. The use of waste glass as a raw
material in the manufacture of Portland cement [12,13]; aggregate
replacement [14-18], inert filler or partial cement replacement
[9,17-25], has been investigated. However, most of the previous
studies reported that the use of glass as a coarse aggregate has
negative effects on mechanical properties, primarily because of a
weak interface. Also, larger particle sizes of glass (greater than
1.2-1.5 mm) were found to facilitate alkali-silica reaction (ASR)
in concretes [25,26]. ASR can be very detrimental to concrete un-
less appropriate actions are taken to minimize its effects. Such pre-
ventative actions include grinding glass, using suitable pozzolanic
material such as fly ash, silica fume, metakaolin or ground blast
furnace slag in the concrete mix in appropriate proportions, using
alkali-resistant glass, using lithium additives, sealing concrete to
keep it dry or using low alkali cement [9,14,18,22,27-29]. The
coarse and fine glass aggregates could cause ASR in concrete, but
the glass powder could suppress their ASR tendency, an effect sim-
ilar to other supplementary cementitious materials (SCMs) [27].
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Thus, most of the recent works have concentrated on milling glass
cullet into powder form (glass powder) to replace cement in con-
crete [20,22-24]. The use of ground waste glass as cement replace-
ment has also been investigated due to its pozzolanic properties
[17,20-24]. Glass pozzolanic reactivity depends on the particle
size. It was found that below 38 pm, glass is pozzolanic whereas
between 38 and 75 pm glass has less or no pozzolanic property,
and the finer the glass used the higher the concrete’s strength
especially at a late age [10,23,24]. Recent studies have investigated
the influence of varying dosages of fine glass powder on cement
hydration, and have modeled the degree of hydration of cement
paste containing glass powder. Compared to fly ash concrete, con-
crete containing ground glass exhibited a higher strength at both
early and late ages [24]. Fine glass powder was found to have the
potential to improve some durability related properties of con-
crete. Fine glass powder, when used as a cement replacement
material, besides reducing deleterious expansion due to alkali-sil-
ica reaction as stated, decreased both sorptivity and moisture dif-
fusion coefficient [19,25]. Resistance to chloride transport is also
improved by the use of this addition, indicating some amount of
pore refinement [17,29].

Today, self-compacting concrete allows rethinking of the con-
struction process due to its improved quality, productivity and
working conditions. A self-compacting mixture has the ability to
fill the form and consolidate under its own weight without any
compaction energy. Placing has minimal dependence on available
workmanship with great potential to improve quality of concrete
in the final structure and to extend service life [30,31]. For self
compacting concrete production, a high-volume of very fine mate-
rial is necessary in order to make the concrete more fluid and cohe-
sive. Self-compactibility of concrete is generally achieved by using
a certain amount of very fine particles like fly ash, limestone filler
or granulated blast furnace slag, in addition to cement. Neverthe-
less, limited work has been carried out on the application of
ground glass in SCC. Studies on self-consolidating glass concrete
mixtures proceeded by trial and error, using conventional single
factor experiments [10,14,19,26]. However, for a concrete mixture
(containing six or more constituent materials) which must meet
several performance criteria (e.g. self-compactability, compressive
strength, rapid chloride permeability, carbonation), simulta-
neously, trial and error or “one factor at a time” approaches will
be inefficient and costly. More importantly, they may not provide
the best combination of materials at minimum cost. A better ap-
proach to design concrete mixtures is to conduct a Factorial Design
experiment. This is a design approach that refers to the process of
planning the experiment so that appropriate data can be analyzed
by statistical methods, resulting in sound conclusions with a min-
imum number of experiments. A statistical design approach offers
a valid basis for developing an empirical model that is an equation
derived from data that expresses the relationship between the re-
sponse and the important design factors. This empirical model can
then be manipulated mathematically for various purposes, for
example, mixture optimization [32]. Since mortar properties, ade-
quate for SCC, were sufficiently well defined during the early
development of SCC, at the University of Tokyo, by Prof. Okamura
and his co-workers [33], initial tests can be carried out at mortar
level [34].

The aim of the present paper is to explore the feasibility of using
recycled ground glass powder in self-compacting concrete (SCC).
The ground glass was used as a partial replacement for cement. A
factorial experimental plan was used to establish numerical mod-
els relating mixture parameters to spread flow, flow time, resistiv-
ity and carbonation depth of mortar. The derived numerical models
were used first to find solutions adequate for SCC, within the
experimental domain, i.e. mixtures which exhibit both a spread
flow of 260 mm and a flow time of 10 s. Then, the optimum SCC

mortar mix was selected as that mix which maximizes durability
while minimizing cost.

2. Experimental programme
2.1. Materials characterization

The mortar mixes investigated in this study were prepared with
a typical commercial Type I Portland cement that complies with
the requirements of NP EN 197-1:2001, fine glass powder (GP), ref-
erence sand conforming to CEN EN 196-1:2006 and tap water. The
chemical and relevant physical properties of cement and glass
powder are presented in Table 1. The SiO, and (Na,O + K;0) of
GP are much higher than those of cement. The total reactive com-
ponent (SiO, + Al,O3 + Fe,03) contents of glass are about the same
as those of a typical fly ash [10]. Waste glass was obtained from a
recycling glass industry, in Portugal, where waste glass such as car
windscreen glass is crushed and sold to the container glass indus-
try. Fine waste glass from this industry was ground in a ball mill in
the laboratory. The particle size distribution of GP and cement,
measured by using a laser particle size analyzer, are shown in
Fig. 1. A commercially available polycarboxylate type superplasti-
cizer (SikaViscocrete 3006 ®) was used having a specific gravity
of 1.05% and 18.0% solids content. Reference sand was a siliceous
round grain natural sand (0.08-2 mm) with a specific gravity of
2.57 and an absorption value of 0.68% by mass.

The morphology of glass powder was examined under a scan-
ning electron microscope (SEM). Glass powder was spread on a
conductive double-edged adhesive tape and stuck to a SEM sample
stud. Loose particles were dislodged with a blast of air. The sam-
ples were extensively viewed and then representative photographs
were taken. It was observed that glass powder from the grinding
process consist mainly of fine angular particles with a narrow par-
ticle size range, as shown in Fig. 2.

2.2. Preliminary tests

Alkali-silica reactivity (ASR) is a chemical reaction between
Portland cement concrete and certain aggregates. This reaction
produces a gel (see Fig. 3), which is expansive and could cause
premature cracking in concrete, thereby causing severe damage
in concrete structures or can accelerate the progress of other

Table 1
Chemical and physical properties of cement (CEM I 42.5R) and glass powder (GP).

CEM I 42.5R GP

SiOy (%) 20.36 70

AL,05 (%) 5.1 1.2

Fe,03 (%) 3.12 0.65

Cao (%) 62.72 8.7

MgO (%) 1.81 3.7

SOs (%) 3.44 <0.05

Na,O (%) - 16

K20 (%) - 0.35

Na,0 eq.(%) 0.8 16.23

Cl (%) 0.012 <0.005

Free CaO (%) 1.62

Loss on ignition (%) 2.61 0.92

Insoluble residue (%) 1.33

Specific density (g/cm?) 3.16 2.39

fc (MPa) (mortar prisms)

7d 40

28d 52

Vicat test

Initial set (min) 150

Final set (min) 205
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Fig. 1. Particle size distribution of CEM I 42.5 R and glass powder.

reactions that in turn cause damage, such as freeze-thaw or corro-
sion. This phenomenon, however, takes many months and requires
favorable conditions such as high moisture and temperatures in
excess of 40 °C before being noticed. Glass, due to its silica-rich
nature and amorphous structure, is susceptible to chemical attack
under the high alkali conditions provided by the hydrated cement
phase in the concrete [9].

The potential of expansion due to alkali-silica reaction of the
glass powder used in this study was investigated using an acceler-
ated mortar bar method (slightly modified from ASTM C1547). A
reactive siliceous sand (CEN EN 196-1:2006) was used as the
aggregate. Two 25 x 25 x 275 mm? mortar bars were cast for each
batch. The mortar mixtures had an aggregate-to-cementitious
material ratio of 3 and a water-to-cementitious material ratio of
0.5, differing from those indicated in ASTM C1547 of 2.25 and
0.47, respectively. Immediately after casting, the specimens with
molds were taken into a moisture room at 23 +2 °C and covered
with a plastic sheet. They were demolded 24 + 2 h after the casting
and preconditioned for a further 24 h in water maintained at
80 £ 2 °C. The lengths of these mortar bars after immersion in the
hot water were measured as initial lengths, and then the mortar
bars were subsequently transferred to 1 N NaOH solution main-
tained at 80 * 2 °C and periodically measured for 26 d.

For the ASR study, GP was used to replace 10%, 20%, 30%, 40%
and 50% of the cement in the mortar mixtures. In Fig. 4 length
change with time is presented, as an average of two identical

mortar bars at each age. After 14 d, the expansion of the plain mor-
tar mixture was 0.24%, and 0.38% after 26 d. From Fig. 4, it could be
observed that an increase in glass powder content reduces the
expansion of mortar. Nevertheless, the reduction in expansion (at
the end of 14 or 26 d) was not found to be proportional to the
replacement level of cement with glass powder. For this particular
aggregate, more than 20% replacement of cement by glass powder
will be required to limit the expansion below 0.10%. A specific ce-
ment and a particular aggregate, in combination, demonstrate a
certain behavior in terms of ASR providing a specific expansion
in a standardized test. Findings by other authors [9,23,25] have
proved that glass powder can suppress the ASR tendency of reac-
tive aggregates with which present results are in accordance.

2.3. Experimental design

In the present study experiments were designed according to a
central composite design adequate to fit a second order model [32].
This design consisted on a 23 factorial statistical design (three fac-
tors at two levels) augmented with 6 axial runs plus 5 central runs
to evaluate the experimental error. The generic form of a second
order model is:

k k
Y=Bo+D BXi+ Y BiXi+D > Bxixi+e 8
i=1 i=1

i<j

where y is the response of the material; x; are the independent vari-
ables; fo is the independent term; f;, f;; and f; are the coefficients of
independent variables and interactions, representing their contri-
bution to the response; ¢ is the random residual error term repre-
senting the effects of variables or higher order terms not
considered in the model.

For mortar (or concrete), the sum of volume fractions of the var-
ious mixture components is constrained to sum up to one. There-
fore, the volume fractions cannot be taken directly as variables in
a factorial experiment because they are not independent. One via-
ble option is to reduce g mixture components to (q — 1) indepen-
dent factors by taking the ratio of two components (whether in
volume or weight fractions). In the present study SCC mortar mix
proportions were established based on the following variables x;:
water to powder volume ratio (V,/V,); water to cement weight ra-
tio (w/c); superplasticizer to powder weight ratio (Sp/p); sand to
mortar volume (Vi/V},), as suggested by Okamura et al. [33]. Sand
to mortar volume ratio was kept constant and equal to 0.475.
The effect of the remaining variables was evaluated at five different
levels —a, —1, 0, +1, +o as presented in Table 2. In order to make the

- e ]
mode| WD 50 pm
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(b)
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Fig. 2. Particle morphology of (a) glass powder and (b) cement (x2000).
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Fig. 3. SEM images and XRD diffraction analysis: (a) site of ASR gel formation over a sand particle; (b) location of zones Z6 (gel) and Z7 (sand particle); (c and d) XRD
diffraction analysis of material in zones Z6 and Z7, respectively.

0.4 Table 2
Coded values for the variables used in the experimental design.
. —e— CTL
X : 2822 gﬁ Ref. Point type ValVy w/c Sp/p
g 0.3 A i ig:ﬁ gs G Central 0 0 0
o o soosicp F1 Factor@l -1 -1 -1
© F2 Factorial 1 -1 -1
E F3 Factorial -1 1 -1
cE2~—r—m"mm——r = F4 Factorial 1 1 -1
5 F5 Factorial -1 -1 1
c F6 Factorial 1 -1 1
.g F7 Factorial -1 1 1
% (0 [ - o, 0., AN F8 Factorial 1 1 1
< cc1 Axial —1.682 0 0
w cc2 Axial 1.682 0 0
CcC3 Axial 0 —1.682 0
0.0 T T T T CC4 Axial 0 1.682 0
0 5 10 15 20 25 30 cc5 Axial 0 0 -1.682
Time of immersion (days) cc6 Axial 0 0 1.682

. . a 1 poi li fi i 3
Fig. 4. ASR expansion of mortar bars. Central point was replicated five times

design rotatable (i.e. the standard deviation of the predicted re-  is the number of points in the factorial part of the design [32]. In
sponse is constant in all points at the same distance from the cen- the case treated in this paper, this corresponds to taking o equal
ter of the design) the o value should be taken equal to F/4, where F~ to 1.682. The parameters fo, f; fi and p; of the models are
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Table 3

Correspondence between coded values and actual parameter values.
Mixture parameter -1682 -1 0 +1 +1682
VwlVp 0.732 0.800 0.900 1.000 1.068
w/c 0.40 0.44 0.50 0.56 0.60
Sp/p 1.17% 1.20% 1.25% 1.30% 1.33%

estimated by regression techniques and are valid for mixtures
made within the range of values presented in Table 3.

In this work, experimental mixtures F1 and F8 (see Table 2)
were assessed first and their results were analyzed before proceed-
ing with the rest of the experimental plan, in an attempt to check
the adequacy of the selected range of mixture parameters. Consid-
ering the combination of mixture levels in the F1 and F8 mixes,
these should respectively lead to one of the least fluid mixtures
and to one of the most fluid mixtures, of all mixtures in the exper-
imental plan. Thus, it is desirable that the interval formed by the
results obtained from F1 and F8 mixtures includes the target value
for each mortar test which are a spread of 260 mm and a flow time
of 10 s, in the present work. When this is not the case, the range of
one or more variables should be changed. The final mix propor-
tions of each tested mix are presented in Table 4, where the
replacement percentage of cement by glass powder ranges from
22% to 47%.

2.4. Mixing sequence, testing methods and test results

With the exception of F1 and F8, the run order was randomized
to reduce effects of extraneous variables not explicitly included in
the experiment. The mixes were prepared in the laboratory in 1.4 1
batches and mixed in a two-speed mixer complying to NP EN 196-
1:1996. The mixing sequence consisted of mixing sand and powder
materials with 0.81 of the mixing water during 60 s, stopping the
mixer to scrape material adhering to the mixing bowl, mixing for
another 60 s, adding the rest of the water with the superplasticizer,
mixing for 60 s, stopping the mixer again to scrape adherent
material, mixing for 30 s, stopping the mixer for 1 min and finally
mixing mortar during a further 30 s. The mixer was always set at
low speed except in the last 30 s of the mixing sequence where
it was set at high speed. Mortar tests using the flow cone and the

V-funnel, with the same internal dimensions as the Japanese
equipment, were then carried out to characterize fresh state (see
[33] for details on equipments and test procedures). The mortar
flow test was used to assess deformability by calculating the flow
diameter as the mean of two diameters in the spread area. The
V-funnel test was used to assess the viscosity and passing ability
of the mortar. Test flow time was recorded. After the fresh mortar
tests six (40 x 40 x 160 mm?) prisms were molded: three to eval-
uate resistivity over time up to 90 d; two to evaluate compressive
strength at 28 d; and one to evaluate resistance to carbonation.
Mortar specimens were demolded 1 d after casting and kept under
water in a chamber under controlled environmental conditions
(Temp. = 20 °C and RH = 95-98%) until testing age.

A range of microstructural properties can be evaluated by elec-
trical measurements, including porosity, pore connectivity, water
permeability, and ion diffusivity [35]. Resistivity is an intrinsic
property of the material that relates to the ability of concrete to
carry electric charge and it depends mainly on the hydration pro-
cess (nature and topography of pore structure), changes in pore
solution composition, moisture and temperature conditions. Elec-
trical resistivity of water saturated concrete provides indications
on the pore connectivity and therefore, on the concrete resistance
to penetration of liquid or gas substances, thus resistivity is a
parameter which accounts for the main key properties related to
concrete durability [36]. Regarding the influence of the chemical
composition of pore solution, Andrade [36] stated that its impact
in the total resistivity is small providing the concrete remains alka-
line. At high pH values the pore solution resistivity varies from 0.3
to 1.0 Q m, which is comparatively very small taking into account
that mortar resistivity after several days of hardening is in the
range of a few dozen Q m. Rajabipour and Weiss [35], also found
in their work that the moisture connectivity is the single most
important parameter governing the overall conductivity of a ce-
ment paste specimen. The pore solution conductivity and the vol-
ume fraction of moisture have a far lower influence on the overall
conductivity. However some studies called attention to the fact
that the replacement of Portland cement with supplementary
cementing materials, such as silica fume, can increase the electrical
resistivity of concrete due to the change in the chemical composi-
tion of the pore solution [37]. In the present work, resistivity was
assessed by the two electrodes technique on prismatic specimens
(40 x 40 x 160 mm?) in which stainless steel networks were

Table 4
Mix proportions and properties of fresh and hardened mortar specimens.
Mix Ref. W, (kg/ Wep (kg/ W,y (kg/ W, (kg/ W (kg/ Dflow Tfunnel fc, 28 d Resistiv, 28 d Carb
number m?) m?) m?) m?) m?) (mm) (s) (MPa) (Qm) (mm)
1 C1 497.4 276.9 244.5 9.68 1249.3 269.25 7.37 67.5 256.4 0.0
2 C2 4974 276.9 244.5 9.68 1249.3 284.25 7.89 55.5 252.1 2.1
3 C3 4974 276.9 2445 9.68 1249.3 284.50 7.27 65.9 241.1 1.5
4 C4 4974 276.9 244.5 9.68 1249.3 294.75 6.55 65.4 256.3 1.5
5 C5 4974 276.9 244.5 9.68 1249.3 321.50 6.38 65.4 225.2 1.8
6 F1 529.7 288.7 229.0 9.82 1249.3 158.00 29.80 78.3 345.8 0.0
7 F2 595.9 168.0 258.7 9.17 1249.3 293.00 4.62 71.9 105.1 0.0
8 F3 4171 375.5 229.3 9.51 1249.3 231.75 14.38 56.9 408.0 4.1
9 F4 469.2 265.6 259.0 8.82 1249.3 354.00 3.22 65.3 214.1 4.2
10 F5 529.7 288.7 228.4 10.64 1249.3 199.75 17.22 71.0 288.4 0.0
11 F6 595.9 168.0 258.1 9.93 1249.3 311.75 4.70 72.9 88.3 0.0
12 F7 4171 375.5 228.6 10.30 1249.3 351.00 8.72 66.9 287.5 3.0
13 F8 469.2 265.6 258.4 9.55 1249.3 350.75 3.26 67.7 192.6 3.9
14 CC1 4437 382.4 2171 10.33 1249.3 178.00 31.33 76.7 504.4 0.3
15 CC2 5423 188.6 267.4 9.14 12493 358.25 2.64 66.6 105.7 2.1
16 CC3 6217 181.1 244.2 10.03 1249.3 253.75 9.05 77.9 125.5 0.0
17 CC4 4145 340.8 244.7 9.44 1249.3 349.75 533 57.4 144.5 5.1
18 CC5 4974 276.9 245.0 9.03 1249.3 284.00 7.54 53.7 201.9 2.6
19 CC6 4974 276.9 244.0 10.33 1249.3 317.00 6.28 62.8 225.6 29

We, Wep, W, Way, Wi represent the weight (by unit of mortar volume) of cement, glass powder, superplasticizer, free water and sand, respectively.
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Fig. 5. Mortar resistivity measuring set-up.

embedded to work as electrodes (see Fig. 5) [38]. Applying Ohm’s
Law, as shown in Eq. (2), the relationship between the intensity
of the applied current and the potential difference measured gives
the electrical resistance of the material. The resistivity is obtained
applying to the electrical resistance a geometric factor, which de-
pends on the geometrical dimensions of the specimen and the elec-
trodes used.

R=V/I=p-(L/A)=p=V-A/L-I) (2)

where R is the electric resistance, (2 — Ohm); I, current (Amp.); V,
voltage (Volts); p, electric resistivity (Q m); L, length (m); and A
(m?) the cross area of the test specimen through which current
passes. Since all the specimens were at the same moisture (satu-
rated) and temperature conditions, the resistivity measure can be
used to compare the porous structure of various mortar specimens
and therefore constitute a measure of the amount and interconnec-
tivity of the cementitious matrix pores. This test was selected be-
cause it is a very simple, rapid and non-destructive test, enabling
the use of the same specimens to assess other properties, such as
the compressive strength.

Resistance to carbonation was evaluated generally following
the procedure described in the Portuguese specification LNEC E
391 [39]. The samples were subjected to wet curing for 28 d, and
then were stored in a room with controlled temperature and rela-
tive humidity (20 £ 0.3 °C and 50 + 3%, respectively) during 14 d.
Then, specimens were exposed to 5 + 0.1% carbon dioxide, relative
humidity of 60 + 5% and temperature of 23 + 3 °C, in an accelerated
carbonation chamber. Specimens used were sawn off the ends of
(40 x 40 x 160 mm?>) prisms. Carbonation depth (Carb) was evalu-
ated after about 60 d of exposure in the accelerated carbonation
chamber.

Table 5
Statistics of the results for the total points and for central points.

The average test results of spread flow diameter (Dflow), flow
time (Tfunnel), compressive strength at 28 d (fc, 28), resistivity at
28 d (Resistiv, 28 d) and carbonation depth (Carb) after 60d of
exposure for each mix are shown in Table 4. From the statistics
presented in Table 5 it may be observed that with this experimen-
tal plan a wide range of mortars was covered and the range of
Dflow and Tfunnel results obtained is adequate, since it includes
both targets Dflow and Tfunnel.

3. Response models

In this work commercial software (Design-Expert) [40] was
used to analyze the results for each response variable, by examin-
ing summary plots of the data, fitting a model using regression
analysis and analysis of variance (ANOVA), validating the model
by examining the residuals for trends and outliers and, finally,
interpreting the model graphically. The statistical analysis is de-
scribed in detail for Dflow. The analysis of the other response vari-
ables was performed in a similar manner.

3.1. Model identification and validation

The first step in the analysis is to identify a plausible model. The
design selected permits estimation of a full quadratic model (see
Eq. (1)). The model parameters (fo, fi, f;) are estimated by means
of a multilinear regression analysis. Nevertheless, it may happen
that some of the terms in Eq. (1) may not be significant. The signif-
icance of each factor on a given response can be evaluated using a
Student’s t-test. In the present work, a step-by-step backward
elimination was used to eliminate non-significant terms in the
regression model (the criteria used for the entry and removal of
a variable in the model was o <0.05 and o > 0.10, respectively)
[40]. ANOVA is used to evaluate the regression model in several
aspects, namely, the significance of regression, lack of fit and sig-
nificance of each variable in the model. The ANOVA results derived
from the Dflow data set is shown in Table 6. The Model F-value of
26.20 implies the model is significant. The lack of fit F-statistic of
1.03 implies that the lack of fit is not significant relative to the pure
error. Table 6 also shows that only significant terms were included
in the model. The resulting model for Dflow, in terms of actual vari-
ables, was

Dflow = —6987.45 + 8218.75V,,/V,, + 2964.07w//c
+361350.49Sp/p — 2627.80(V,,/V,, x W/c)

—363750.00(Viw/V, x Sp/p) — 1036.56(Viy/V,)2  (3)

The corresponding estimated model coefficients, in terms of
coded variables, including the respective residual standard devia-
tion, along with the correlation coefficients, are given in Table 7.
The values of both R? and Rgdj close to 1.0 indicate that a large
proportion of the variability of Dflow response is explained by

Minimum Maximum Mean Standard deviation Coefficient of variation (%)
N =5 central points
Dflow (mm) 269.25 321.50 290.85 19.40 6.7
Tfunnel (s) 6.38 7.89 7.09 0.62 8.8
fc, 28 d (MPa) 55.5 67.5 63.9 4.8 7.5
Resistiv, 28 d (2 m) 225.2 256.4 246.2 13.3 5.4
Carb (mm) 0.0 2.1 14 0.8 59.3
N =19 total points
Dflow (mm) 158.00 358.25 285.62 61.72 21.6
Tfunnel (s) 2.64 31.33 10.10 8.83 874
fc, 28 d (MPa) 53.7 78.3 66.6 7.2 109
Resistiv, 28 d (2 m) 88.3 504.4 235.2 105.5 449
Carb (mm) 0.0 5.1 1.8 1.7 914
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Table 6
Anova tests.

Tests for Source Sum of squares Degrees of freedom Mean square F value p-value (prob > F)
Significance of regression Model 60472.34 6 10078.72 26.20 <0.0001

Residual 4616.92 12 384.74

Total 65089.26 18
Lack of fit Lack of fit 3111.84 8 388.98 1.03 0.5245

Pure error 1505.08 4 376.27
Partial significance of each predictor variable VwlVp 33080.56 1 33080.56 85.98 <0.0001

w/c 17327.24 1 17327.24 45.04 <0.0001

Sp/p 3941.14 1 3941.14 10.24 0.0076

(Val V) x (wc) 1953.12 1 1953.12 5.08 0.0438

(VwlVp) x (Sp/p) 2646.28 1 2646.28 6.88 0.0223

(Val Vp)? 1523.98 1 1523.98 3.96 0.0698

Residual 4616.92 12 384.74

Table 7
Fitted numerical models (coded variables).

Response variable Dflow (mm) [Tfunnel (s)]~%° [Resistiv, 28 d (Q m)]~%° Carb (mm)
Model terms Estimate Estimate Estimate Estimate
Independent 294.030 0.3827 0.0651 1.285
VwlVp 49.217 0.1279 0.0155 0.301
w/c 35.620 0.0390 —0.0085 1.732
Sp/p 16.988 0.0134 NS —0.068
(Vul Vp)x(w[c) ~15.625 NS ~0.0074 NS
(VulVp)x(Sp/p) -18.188 ~0.0176 NS NS
(Vi Vp)? -10.366 NS 0.0020 NS
(wfc)? NS NS 0.0035 0.355
(Sp/p)? NS NS NS 0.423
Residual error, ¢
Mean 0 0 0 0
Standard deviation 19.61 0.014" 0.0036"" 0.622
R /R used 0.93/0.89 0.99/0.99 0.97/0.96 0.90/0.86

(NS) non-significant terms.

" Error term is a random and normally distributed variable and no evidence of autocorrelation was found in the residues.

" Corresponding value for (Tfunnel) and (Resistiv, 28 d) is 1.28 and 31.51, respectively.

Table 8
Tests on residuals.

Test Statistic Degrees of freedom Significance
Kolmogorov-Smirnov?®

Unstandardized residual 0.166 19 0.177
Studentized residuals 0.169 19 0.156
Shapiro—Wilk

Unstandardized residuals 0.955 19 0.474
Studentized residuals 0.952 19 0.427
Durbin-Watson 1.574

@ Lilliefors significance correction.

the obtained regression model. A value of residual standard devia-
tion near the experimental error (given by replicate standard devi-
ation in Table 5) is an indication of an adequately fitting model. The
replicate standard deviation value is 19.40, which is very close to
19.61.

The hypothesis testing involved in regression analysis is based
on the assumptions that the errors are independent and normally
distributed with zero mean and constant variance. In the present
work the Normal probability plot of residuals (unstandardized,
standardized and studentized residuals) were examined to check
normality, the plots of residuals against predicted values and the
plot of residuals against values of the individual predictor variables
were analyzed to check the constancy of residual variance. In
addition, the Kolmogorov-Smirnov Lilliefors and Shapiro-Wilk
tests for normality were performed (see Table 8). Analysis of all
of these plots (not included here due to limitations of space) and

test statistics did not reveal obvious model inadequacies or indi-
cate serious violations of the normality assumptions. The Dur-
bin-Watson test statistic was used to detect the presence of
autocorrelation in the residuals from the regression analysis. The
test statistic is compared to lower (Q;) and upper (Qy) critical val-
ues, which vary by level of significance, the number of observa-
tions, and the number of predictors in the regression equation.
For a 5% level of significance, 19 observations and 6 predictor vari-
ables, one obtain Q; =0.751 and Q = 2.022. Since Durbin-Watson
test statistic is in between Q; and Qy, this test was inconclusive.
Nevertheless, the randomness of residuals was confirmed by
computing autocorrelations for data at varying time lags. Autocor-
relations were found to be near zero for all time-lag separations.

Another important issue is the detection of regression outliers
which can have a harmful influence in the process of fitting the
model to the data. Identification of outliers for their eventual re-
moval from the dataset, was carried out by analyzing the Cook’s
distance. If there are no outliers, these distances are of approxi-
mately equal amplitude and less than 1.0 [32]. For the current
Dflow model, the maximum value of the Cook distance measure
was 0.80.

Once a valid model is obtained, it can be interpreted graphically
using response surface and contour plots. Because these plots can
only show two variables at a time (the other variables are set at
fixed conditions), several plots must be examined. Fig. 6 exempli-
fies a surface plot of Dflow as a function of w/c and V,,/V,,, with
the other variable (Sp/p) fixed at the central value. From this plot
it is possible to clearly identify conditions which give optimum
Dflow response (260 mm). This plot also indicates that V,,/V}, has
a larger influence on Dflow as compared to w/c and the existence
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Dflow

0.900

0441 0800 A: Vw/Vp

Fig. 6. Dflow surface plot (Sp/p = 1.25%).

of an interaction effect between w/c and V,,/V,, (this will be further
discussed in Section 3.3).

3.2. Models for other responses

Using the same procedure described above for Dflow the mod-
els presented in Table 7 were fitted to Tfunnel; Resistiv, 28 d; and
Carb. A variable transformation of the form 1/,/y was used for
modeling of both Tfunnel and Resistiv, 28 d in order to stabilize
the response variance and improve the fit of the model to the data.
Notice that the observed value of 144.5 in the variable Resistiv,
28 d (marked with " in Table 4) is not typical of the rest of the data.
This value was identified as an outlier in the statistical analysis
and for this reason it has been excluded from the data when fitting
the model. For the materials and conditions of this experimental
plan a relatively small variation was found for fc, 28 d results
(10.9%) as compared to the experimental error (7.5%) (see Table 5);
for this reason no adequate model was found to fit fc, 28 d
response.

3.3. Individual and interaction effects

The estimates of the model coefficients presented in Table 7, ob-
tained for the coded variables, give an indication of the relative sig-
nificance of the various mixture parameters on each response.
Naturally a negative coefficient means that the response variable
will decrease if the given mixture parameter increases. The results
in Table 7 clearly show that V,,/V}, exhibited a great effect on all re-
sponses, being only exceeded by the effect of w/c on Carb response
It should be noted that (w/c) and (V,,/V},) are related to the glass
powder to cement weight ratio (GP/c) as follows

w/c 1
Vw

GP/c = -—
pw XTP pc

X Pgp 4

where p., pc and pgp represent the specific gravity of water, cement
and glass powder, respectively. Thus, the substitution of cement by
glass powder (an increase of Gp/c) while maintaining the volume of
fines and water content represents a reduction of w/c ratio which
has a strong negative influence on carbonation, based on results
from Table 7. Nevertheless, an increase of GP/c while maintaining

(a) (b)

(c) (d)

Fig. 7. Desirability functions for optimization: (a) to minimize; (b) to maximize; (c)
to target a specific level; and (d) to keep within a specified range.

the w/c ratio represents a reduction of V,,/V,, which has a strong
influence on the workability of mortars, reducing the flow diameter
and increasing the flow time, but significantly improves its micro-
structure, by increasing the resistivity. Jain et al. [29] observed that
glass powder, which has a high Na,O content, releases a small frac-
tion of alkalis into the pore solution, thus increasing the conductiv-
ity of the pore solution. Even with such increase, pastes with GP
presented higher resistivity.

Besides V,,/V,, the variable that most influenced Dflow, (Tfun-
nel)~%> and (Resistiv, 28 d)~*° was wjc. Significant interaction ef-
fects were found between V,,/V, and Sp/p on both responses
related to the fresh state. In addition, an interaction effect
between V,,/V, and w/c was found to be significant on Dflow
response. Other quadratic terms on V,,/V,,, w/c and Sp/p were also
found to be significant for the mortar responses, as shown in
Table 7.

4. Mixtures optimization

The desirability function approach is used in the commercial
software (Design-Expert) [40] for the simultaneous optimization
of one or more goals. First, a desirability function must be defined
for each of the independent and dependent variables. The desir-
ability function takes values between 0 and 1, and may be defined
in several ways (see Fig. 7). The allowable goals are to minimize or
maximize a variable, to target a specific level of a variable; to keep
a variable within a specified range or none (the default goal is to
keep the variable within the low and high limits) [40]. Each goal
is assigned as a weight (number between 1 and 5 with 5 being
the most important and 1 the least important). The individual
desirabilities are then combined using the geometric mean, which
gives an overall desirability function. The optimization software
searches for the greatest overall desirability. A value of one of
the desirability function represents the ideal case. A zero indicates
that one or more responses fall outside desirable limits. The goal
seeking begins at a random starting point and proceeds up the
steepest slope to a maxima. There may be two or more maxima be-
cause of curvature in the response surfaces and their combination
into the desirability function. Therefore, starting from several
points in the desiring space may be necessary to find the best local
maximum.
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4.1. Solutions for SCC mortars

After building the regression models that establish relationships
between mix design variables and the responses, the numerical
optimization technique was used to determine the range of mortar
mixture parameters where deformability and viscosity coexist in a
balanced manner, i.e. to determine the best mixtures which exhibit
a spread flow of 260 mm and a flow time of 10 s, based on previous
experience of the authors [34]. The values of V,,/V,, and Sp/p that
can lead to the best mixtures were searched for each w/c value,
by using the following goals (having equal importance weights)

{target Dflow is 260 mm
target Tfunnel is 10 s

and the restriction

w/c equal to a; with a varying from 0.4 to 0.58 by steps of 0.01
(6)

At this stage, no restriction was established for the other
response variables. Note that since the response models were ex-
pressed as a function of three independent variables, a multiple
optimum will hardly occur. Because the error in predicting the re-
sponses increases with the distance from the center of the modeled
region, the use of the models was limited to an area bound by
coded values +2.3 to —2.3. The adjusted values of V,,/V,, and Sp/p
for each pair of w/c are presented in Fig. 8. The corresponding val-
ues for estimated mortar resistivity, at 28 d, and carbonation depth
are presented in Figs. 9 and 10, respectively. Maximum estimated
value of resistivity for SCC mortars incorporating GP, at 28 d, is
about 314 Q m. Figueiras et al. [38] found similar resistivity re-
sults, at 28 d, for mortars including ternary mixtures of CEM I
42.5 R + limestone filler + metakaolin. It is worth mentioning that
mortar resistivity increases further beyond the age of 28 d, as can
be observed in Fig. 11. Thus, glass powder significantly improved
mortars durability, having a great potential to replace expensive
imported materials, like silica fume or metakaolin, and making
high-performance SCC mixtures more economic.

4.2. Selection of optimum SCC mortar mix

The optimum SCC mortar mix is defined here as that mix which
maximizes durability while minimizing cost (by means of a higher
w/c ratio). Thus, by adding the following goals

maximize Resistiv, 28 d
minimize Carb, 28 d
maximize w/c

400
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Fig. 9. Estimated values of Resistiv, 28 d (€2 m) for optimized SCC mortars.
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Fig. 10. Estimated values of Carb (mm) for optimized SCC mortars.

0.862 1.35e-2
0.860 1 b 1.30e-2
0.858 -

b 1.25e-2

2"‘ »
0.856 T

] =

> L 1.20e-2
0.854 -

0.852 1 —o— Vw/Vp F1.15e-2
+Sp/p
0.850 : : ‘ : . a : ‘ 1.10e-2
0.40 0.42 0.44 0.46 048 050 0.52 0.54 0.56 0.58

wlc

Fig. 8. Adjusted mixture variables (actual values) for optimized SCC mortars.
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Fig. 11. Evolution of resistivity results with time, for all mixtures in the experi-
mental plan.

to the goals from Eq. (5) (all having equal importance weights) the
mix that maximizes the desirability function is: V,,/V, =0.855; w/
c=0.496 and Sp/p = 1.24%. The corresponding mix-proportions, in
terms of kg/m> are: W,.=487.8; Wgp=300.5; W, =237.7;
Wy, =9.75 and W, = 1249.2. The estimated response values for this
mix are: Dflow = 260 mm; Tfunnel = 10 s; Resistiv, 28 d =289 Q m
and Carb, 28 d = 1.1 mm. However, there is uncertainty in the fitted
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models since they are estimated from a sample of data. In Figs. 9
and 10, uncertainty in the Resistiv, 28 d and Carb, 28 d fitted models
is provided for a 95% confidence interval, which depends on the
location of the mix in the experimental region. From these figures
it can be observed that the selected optimum mix is not located
in a zone of larger uncertainty. Concerning fresh state properties,
there is a confidence 95% that the intervals (246.9, 273.1) and
(9.50, 10.54) contain the true Dflow and Tfunnel for the optimum
mix, respectively. In terms of compressive strength (at 28 d), one
can expect obtaining results of the same order of magnitude of fc,
28 d results obtained with the current experimental plan (see
Table 5).

4.3. Concrete mixture design

SCC concrete mixtures can be obtained by fixing the paste mix
proportions given in Section 4.2 and substituting reference sand by
common aggregate (one or two fine aggregates and a coarse aggre-
gate). Tests on concrete are then necessary to optimize the aggre-
gate skeleton and aggregate contents. The experimental design
technique can also be applied to optimize SCC concrete mixtures
considering as independent variables those variables related to
the aggregates. Since a high sand content (V;/Vy, = 0.475) was se-
lected to optimize mortar mixtures, one can expect obtaining SCCs
with higher fine aggregate content and lower paste volume (or
higher total aggregates content), thus resulting in more economic
mixtures [34].

5. Conclusions

Based on presented results the following conclusions can be
drawn:

1. In high performance concrete containing many constituents,
where several properties are of interest, it is critical to use a sys-
tematic approach to identify optimal mixes given a set of per-
formance constraints. Experimental factorial design provides
such an approach.

2. An experimental plan conducted according to a factorial design
is useful to evaluate the effects of mixture parameters and their
interactions on SCC mortar properties while reducing the num-
ber of trial batches needed.

3. Quadratic models provided an adequate representation of each
mortar property over the region of interest (namely, flow diam-
eter, V-funnel time, resistivity and carbonation depth) and were
used to identify optimal mixes.

4. An increase of GP/c while maintaining w/c (or a decrease of V,,/
Vp) strongly influences workability and resistivity of mortar,
more than the influence of w/c. It decreases mortar flow diam-
eter and increases both flow time and resisitivity of mortar.

5. Carbonation depth was most influenced by w/c. As expected an
increase of w/c, increases carbonation depth.

6. It was shown that ground glass can be successfully applied in
SCC mortar, as a high volume cement replacement material,
thus widening the types of additions available for SCC, saving
landfill and reducing CO, emissions by the use of less cement.

7. Results show that fine glass powder enhanced durability, thus
providing great opportunities for value adding and cost recov-
ery, by replacing expensive imported materials like silica fume
and metakaolin.

In future research, tests will be carried out on the concrete level
to further characterize the mechanical, rheological and durability
performance when using this material.
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