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h i g h l i g h t s

�Waste glass sludge (WGS) can be used as a partial replacement of cement.
� Durability properties of concrete with WGS under a combined action of freeze-and-thaw and de-icing salt were investigated.
� The compressive strengths of the concrete with 5–10% WGS were higher than the reference mixture with 20% fly ash.
� The hybrid-incorporation of 10% WGS and 10% fly ash enhances the compressive strength of concrete.
� The use of WGS improves the durability of the concrete exposed to the combined action of freeze-and-thaw and de-icing salt.
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a b s t r a c t

Waste glass sludge (WGS), a byproduct of glass plate manufacture, was used to improve the durability
properties of concrete under an environmental condition of freezing and thawing, with the existence
of de-icing salts. A total of five concrete mix proportions were prepared, by varying the amounts of
WGS. In order to observe the effects and roles of WGS on the durability performances of concrete mix-
tures, compressive strength tests, freezing and thawing tests, chloride ion penetration and surface scaling
were carried out. Test results showed that the incorporation of WGS as a partial replacement for cement
has beneficial effects on the compressive strength of concrete, especially when used together with fly ash.
Moreover, WGS improved the resistance of freezing and thawing with and without de-icing salts, the
chloride ion penetration and the resistance of surface scaling of the concrete compared to the control
mixture containing 20% fly ash as cement replacement.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In cold weather, pre-wetted salts, consisting of sodium chloride
(NaCl) and calcium chloride (CaCl2) in the ratio of seven to three,
are widely used as a de-icer for road management. In winter
2012, about 213,000 tons of sodium chloride (NaCl) and 41,000
tons of calcium chloride (CaCl2) were used to maintain the safety
and accessibility of Korea highways (4043 km). The extensive use
of de-icing salts has resulted in the deterioration of concrete struc-
tures, such as pop-outs, exfoliations and cracks [1–5]. In particular,
the deterioration becomes more severe in low-strength subsidiary
concrete structures, such as dykes, side ditches and channel

spillways on which snow with de-icing salts is dumped for a long
time, as shown in Fig. 1.

A series of studies has been carried out to improve the durabil-
ity of concrete, by using cement replacement materials, such as fly
ash, ground granulated blast furnace slag, silica fume, and metaka-
olin, as well as waste glass [6–11]. According to previous studies
[12–18], when glass powder with a high amorphous silica content
is finely ground (less than 100 lm), the addition of glass powder
into mortar and concrete reduced the volume of air voids, and
exhibited very good pozzolanic reactivity. As a result, it was shown
that finely ground glass powder could be used as a pozzolanic
admixture, having beneficial effect on the strength and durability
properties of concrete [19–22].

Waste glass sludge (WGS) is a byproduct of a glass plant where
glass panels are cut and polished for manufacturing processes.
Currently, unlike waste glass bottles and jars, most glass sludge,
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is dewatered and disposed of by landfilling, a practice causing
an environmental problem. WGS consists of amorphous glass
with high silica contents and very fine particles. Therefore, the
addition of WGS is also expected to improve the characteristics
of concrete.

This study investigated the strength and durability properties of
concrete with WGS under the combined actions of freezing and
thawing with and without de-icing salts. The compressive strength
and durability characteristics of concrete with WGS were esti-
mated by freezing and thawing, chloride ion penetration resistance
and resistance of surface scaling in tap water, and in chloride solu-
tion. The results were compared to those of a control concrete mix-
ture containing 20% fly ash as cement replacement.

2. Materials and test methods

2.1. Materials

The ordinary Portland cement Type 1, a Class F fly ash and WGS, was used as
binders. The WGS used in this study was obtained from wet glass sludge cakes in
a glass plate processing factory. After being dried for 12 h at a temperature of
100 �C, the sludge was ground into fine powders by Raymond Mill, and sieved
through a sieve #200 (75 lm). Its grain size distribution and particle morphology
are shown in Fig. 2. Table 1 shows the physical characteristics and chemical
compositions of cement, fly ash and WGS. WGS is an amorphous material, with high
SiO2 content of 68.2%. The sum of the major acidic oxides (silicon dioxide, SiO2,
aluminum oxide, Al2O3, and iron oxide, Fe2O3) is 78.54%, which is above the 70%
limit specified for pozzolan by ASTM C618 [23]. The Blaine specific surface area
of the WGS is 414 m2/kg, which is finer than Portland cement and fly ash; 48% of
the particles is smaller than 10 lm (average particle size 14.65 lm).

Natural sand with a maximum size of 5 mm was used as fine aggregate, and
crushed stone with a maximum size of 25 mm was used as coarse aggregate. The
fine and coarse aggregates had a specific gravity of 2.62 and 2.67, and water absorp-
tion ratio of 1.53 and 1.13, respectively. In this study, superplasticizer based on
polycarboxylate ether was selected, to get the designed workability.

2.2. Mixture proportions

The main objective of this study was to examine the durability of concrete with
WGS exposed to the combined action of freezing and de-icing salts. A total of five
concrete mix proportions were prepared. For comparison, a concrete mixture con-
taining 20% fly ash as cement replacement, which is extensively used for subsidiary
highway structures on highways in Korea, was adopted as a control mixture. The
target slump of below 50 mm was chosen due to the automatic construction proce-
dure in field applications for subsidiary concrete structures. The target air content
was 6 ± 1% with the consideration of the freeze–thaw resistance of the concrete.
The detailed mix proportions and measured fresh properties are given in Table 2.

2.3. Test methods

2.3.1. Compressive test
Compressive strength tests were carried out according to ASTM C39 (Test

Method for Compressive Strength of Cylindrical Specimens) [24]. The strengths
were measured at the ages of 7, 14, 28, 56, and 90 days, and the strength at each
age was the average of three specimens.

2.3.2. Freezing and thawing test
In order to simulate the real environmental conditions of freezing and thawing

with de-icing salts, concrete specimens were subjected to repeated cycles of freez-
ing and thawing, in accordance with ASTM C666 (standard test method for resis-
tance of concrete to rapid freezing and thawing; procedure A, rapid freezing and
thawing in water) [25]; and the deteriorations during the test were assessed. For
this test, tap water and chloride solution with 4% (NaCl + CaCl2, 7:3) salt concentra-
tion were used, taking into account former studies which report that the maximum
damage to the concrete surface by scaling occurs at salt concentrations of about
4–5% [5,26]. 100 � 100 � 400 mm specimen size was used, and four specimens
for each mixture were manufactured and cured for the initial 24 h at 20 �C with
over 80% humidity; then, the specimens were demolded and cured in water at
20 �C. All specimens were subjected to freezing and thawing cycles, after moisture
curing for 14 days. The freezing–thawing cycle of this test consisted of lowering the
temperature of the specimens from 4 to �18 �C, and raising it from �18 to 4 �C in
4 h. Concrete specimens were exposed to freezing and thawing cycles, and the rel-
ative dynamic modulus of elasticity of concrete was measured after every 60 cycles.
The tests were progressed, until the relative dynamic modulus of elasticity reached

Fig. 1. Severe deterioration of roadside subsidiary structures; (a) dykes and (b) a
ditch by de-icing salt.
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Fig. 2. Particle size distribution and morphology of WGS.

Table 1
Physical–chemical of properties of materials.

Component Content (%)

Cement FA WGS

SiO2 18.8 48.5 68.2
Al2O3 4.18 27.5 10.1
Fe2O3 3.76 10.5 0.242
CaO 65.3 5.76 9.90
MgO 2.43 1.30 2.94
K2O 1.10 2.68 0.229
Na2O 0.146 0.282 7.62
SO3 3.28 0.463 0.367
Loss on ignition 2.8 2.9 1.1
Specific surface (Blaine) 335 m2/kg 338 m2/kg 414 m2/kg
Density 3140 kg/m3 2210 kg/m3 2630 kg/m3
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