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ABSTRACT

The purpose of this work is the study of the use of waste glass obtained from crushed containers and building
demolition as partial Portland cement replacement in mortar and concrete. For this, the waste glass must have the
characteristics of pozzolanic material. In this context, a study of the pozzolanic activity of two types of glass clear
and green coloured, with varying the particle size of the ground waste glass in the ranges: 100 and 80 pum, 80 and 40
um and lower than 40 pm, was made. The glass cullet was first characterized by XRF and XRD. Then, the
pozzolanic activity was assessed by chemical (Chapelle test), mechanical (compressive strength on mortar bars
containing 20% of ground glass and 80% of cement at 28 days) and physical (dosage of Ca(OH), by DSC) methods.
By chemical and physical methods, it was proved that calcium hydroxide causes the hydrolysis of the waste class,
followed by calcium silicate hydrate formation. By mechanical method, it was concluded that the use of waste glass
as partial replacement of Portland cement requires the grinding of the waste glass to a particle size lower than 40 pm
without regard to samples colour.
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1. INTRODUCTION

The waste glass constitutes a problem for solid waste disposal in several municipalities. The current practice is still
to landfill most of the nonrecyclable glass. Since glass is a nonbiodegradable material, these landfills do not
constitute an environmental solution. For this reason, there is a strong need to valorise this waste glass.

The use of the waste glass in the construction industry is among the most attractive option because it can consume a
significant quantity of these materials; it does not ask for very high conditions of quality and are used in several
widespread building sites of construction [1].

An attempt was put for a long time to test the use of the waste glass like aggregate in the concrete [2-5]. Due to the
strong reaction between the alkali in cement and the reactive silica in glass, the use of glass in concrete as part of the
coarse aggregate was not satisfactory because of the marked strength regression and excessive expansion. Recently
some experiments were made to use this waste like a siliceous raw material for the production of Portland cement
[6-7]. It was proved that the introduction of waste glass in cement production increased the alkali content in cement
which could result in flash setting due to the high alkali content and the formation of 2CaSQO,.K,SO, [7].However,
value addition of glass in concrete is best achieved if it is used as cement replacement material.

Glass is amorphous and high silica content, which is the primary requirement for a pozzolanic material. A particle
size of 75um or less is reported to be favourable for pozzolanic activity [8]. The high alkali content of glass is a
typical concern for its use in concrete, but studies [9-10] have shown that finely ground glass does not contribute to
alkali-silica reaction.

Few studies have investigated the potential of finely ground waste glass powder as pozzolanic material [11-13]. It
was demonstrated that the properties which influence the pozzolanic behaviour of waste glass, and most pozzolans
in general, are fineness, composition and pore solution present for reaction. The pozzolanic properties of glass are
first notable at particle sizes below approximately 300um. Below 100um, glass can have pozzolanic reactivity
which is greater than that of fly ash at low percent cement replacement levels and after 90 days curing [11, 14].
Based on observed compressive strengths, Meyer et al. [15] postulated that below 45um, glass may become
pozzolanic.

The purpose of this study is to evaluate the pozzolanic activity of two types of waste glass, ground at different
finenesses by chemical, physical and mechanical tests.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Portland cement

A typical commercial type | 42,5 N Portland cement that complies with the requirements of specification ASTM C
150-04 is used as a testing cement. Its chemical composition is shown in table 1.

2.1.2. Silica fume

A commercial silica fume, conform to the requirement of the specification of ASTM C 1240-03a, is used as a
reference pozzolan. The chemical composition of silica fume, as supplied by the manufacturer, is summarized in
table 1.

2.1.3. Waste glass
The waste glass used in this study is a typical soda-lime glass obtained from recycled containers. Green and clear
glasses which are the main colours of Tunisia market products are used in order to evaluate the influence of two
types of glass on the pozzolanic activity. Chemical composition of green and clear glass cullet are also illustrated in
table 1. The glass powder is obtained by crushing and grinding the glass in a jar mill in the laboratory, and by
sieving the ground glass to the desired particle size. To study particle size effect, three different classes are used:

o A;: ground glass having particle size in the range 100 - 80 pm;

o A2: ground glass having particle size in the range 80 - 40 pm;

e A3: ground glass having particle size lower than 40 pm.

2.2. Methods

The X-ray fluorescence analysis is conducted on a ARL 8400 apparatus to determine the chemical composition of
cement, glass and silica fume. The particle size distribution of these raw materials is measured by using a laser
particle size analyser (CILAS 920) and their specific surface by Blaine method.

The crystallinity of the glass is examined using X-ray diffraction technique. The X-ray diffraction (XRD) analysis is
carried out using a Philips X'Pert Pro System. The generator settings are 45 kV and 40 mA and the wavelength (A) is
1.5418 A (Cu Ka). A scanning rate of 1° 26/min from 3° to 70° is considered.

The pozzolanic activity is assessed by three methods:

- Chemical method according to Chapelle test [16,17]: one gram of glass powder is mixed with 1g of CaO
and 200 ml of water. The suspension is boiled for 16 h and the free Ca(OH), is determined by means of
sucrose extraction and titration with a HCI solution.

- Mechanical method (pozzolanic reactivity index): the pozzolanic activity of both glasses with different
finenesses is evaluated according to ASTM C311 test method [18]. In the test mixtures, 20% of the mass of
the cement is replaced by glass powder or silica fume. The mix proportions and water requirements for
these mortar mixes are summarized in table 2. The water-to-cement ratio for pure Portland cement
(reference) is 0.485 as specified in ASTM C311. The water-to-cement ratio for other mixtures containing
silica fume and ground glass are tested to reach the same flow than that of the reference.

- Physical method: differential scanning calorimetry (NETSCH TA DSC 204) is carried out on pastes
composed of 25% wt Ca(OH),, 75% wt ground glass with a water/binder ratio equal to 0.60 in order to
measure the remaining Ca(OH), [19], after 7 and 28 days curing.
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3. RESULTS AND DISCUSSION

3.1. Material characterization
The chemical compositions of the raw materials determined by X-ray fluorescence are reported in Table 1.

Table 1: Chemical composition of raw materials

% Green glass Clear glass Silica fume Cem1425N
SiO, 71.44 71.48 93.17 20.59
Al,O4 1.70 1.60 0.32 6.62
Fe,04 0.37 0.07 1.02 3.54
CaO 10.81 11.45 0.58 63.61
MgO 1.65 1.23 0.48 1.39
Na,O 13.24 13.36 0.3 0.13
K,O 0.36 0.48 1.17 0.61
SO3 0.16 0.27 0.12 1.94
TiO, 0.04 0.03 - -
Cr,03 0.19 0.01 - -

First we notice that the principle differences between green and clear glass exist in the Fe,O; and Cr,O3; contents.
These oxides, which are higher in the green glass than in the clear one, are responsible of the characteristic colour of
the green glass.

Compared to silica fume, the waste glass has higher CaO, Na,O and Al,O3, but much lower SiO, content. In
agreement with ASTM C618-02 [20], which requires a sum of SiO,+Al,Os+Fe,O3 higher than 70% for good
pozzolan, the sum for the investigated samples for the two glasses is 73%. The studied glass samples present
satisfactory chemical composition. They can be classified as Class N natural pozzolan and therefore, they are likely
to produce good pozzolan.

The chemical composition, however, should not be used as the only criterion for prediction of the pozzolanic
activity. The amorphous state is also required. It has been confirmed for the two materials by XRD as shown in
figure 1.
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Figure 1 : X-ray spectrum of two waste glasses

Indeed, no peaks attributed to any crystallized compound can be identified except a broad diffraction halo, which is
attributed to the glassy phase. So the soda lime studied glasses are typical amorphous materials.
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Figure 2 : Particle size distributions of glass powders and cement

On the other hand, the comparison between the particle size distributions of the three glass fineness classes and of
cement of the figure 2 shows that the particle sizes of the finest glass powder (<40um) are higher than those of
Portland cement. This result is confirmed by the values of specific surface determined by Blaine method. The
specific surface of cement is of 4030 cm?/g, while that of glass powder <40um is only 2190 cm?/g.

3.2. Evaluation of the pozzolanic activity by chemical method
The chemical activity of the glass powders is determined according to the Chapelle test [16-17]. The results obtained
are presented in Fig.3.
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Figure 3: results of Chapelle test for green and clear ground glasses

First, the comparison of the consumed lime between green waste glass and clear one shows that for all the grinding
finesses, the green powders have higher CaO consumption than the clear glass with the same fineness and
consequently better pozzolanic activity. Second, for both sorts of glass, the CaO consumption increases with
fineness. This can be explained by the fact that the reaction rate between lime and the glass powder increases with
the contact surface of the ground glass. We can conclude that the better pozzolanic activity is observed when using
the finest fraction (<40um) especially in the case of the green glass.

3.3. Evaluation of the pozzolanic activity by mechanical method

As mentioned above, the mechanical method for pozzolanic activity assessment consists on the evaluation of the
compressive strength of 4x4x16 cm mortar bars samples. These mortars are composed of 80% of Portland cement
and 20% of glass powder and compared to a reference mortar containing 100% of Portland cement after 7 and 28
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days hydration. A mortar containing silica fume as a reference pozzolan is also checked. The mix proportions and
water requirements for these mortars mixes are summarized in table 2.

Table 2: Mixing proportions and water-to-cementing material ratio

Mixing batch Cementing materials Water/binder ratio Cement/sand ratio
PC 100% Portland cement 0.485 2.75
0,
GG A, 80% Portland cement 0.485 275

20% Green glass Az

80% Portland cement
GG A 20% Green glass A, 0.465 2.75

80% Portland cement
GG A 20% Green glass A; 0.465 2.75

80% Portland cement
WG A 20% White glass A; 0.485 2.75

80% Portland cement
WG A, 20% White glass A, 0.475 2.75
80% Portland cement
20% White glass A;

80% Portland cement
SF 20% Silica fume 0.575 2.75

WG A; 0.455 2.75

It can be seen that as the fineness of the waste glass increases, the water requirement of the mixture increase. Since
the ground glass A; is very coarse, it has the lowest water requirement while the mixture with silica fume showed
the highest water requirement.

The obtained compressive strengths at 7 and 28 days and the strength activity indexes of these mortars are presented
in figure 4.
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Fig. 4a: Graphical representation of strength Fig. 4b: Strength activity index of mortars development of mortars

Once again, the size effect of the ground glass on the pozzolanic activity is observed. Indeed, it can be seen that the
smaller the particle sizes of the glass, the higher the strength of the glass. This result agrees with that of the
pozzolanic activity tests (Chapelle test).

ASTM C618-02 [20] recommends that a pozzolan must have a minimum strength activity index of 75%. As
prescribed by ASTM C 311 [18] strength activity index is defined as:
Strength Activity Index (SAI) = (A/B) x 100
where A = average compressive strength of blended cement mortar bars
B = average compressive strength of control mortar bars

The mortars made with the glass fraction lower than 40 um (A3) satisfy the minimum strength requirement at 7 days
and continue to increase after additional 21 days in water curing. On the contrary, the strength activity indexes of A;
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(100-80um) and A, (80-40um) mixtures are lower than the limit imposed by the norm (75%) because the size of
these glasses is too coarse to serve as a pozzolan [20]. As expected, the mixture containing silica fume, exhibits high
pozzolanic activity (SAI = 98%). This result is explained by the relative low percentage of components, SiO, +
Al,O3 + Fe,05, in glass (table 1) and by the submicron particle size of silica fume that plays a critical role in strength
development. The effect of glass fineness on the pozzolanic activity was confirmed by preparing a mortar containing
a finer glass fraction, lower than 20pum. The obtained strength activity index was 94%. The relatively high strength
index of 20-pum glass mortar can be attributed to the high content of Na,O in glass. Indeed, it is generally accepted
that alkalis in concrete can act as catalysts in forming calcium silicate hydration at early age, and promoting early
strength development [21].

Finally we notice that the green waste glass finer than 40um has a strength activity index of 82% while the clear
waste glass with the same fineness, developed only 75%. This result is also in accordance with that of Chapelle test.

3.4. Evaluation of the pozzolanic activity by physical method

Differential scanning calorimetry is carried out on pastes composed of 25% wt Ca(OH),, 75% wt ground glass finer
than 40pum with a water/binder ratio equal to 0.60 after 7 and 28 days curing in order to quantify the remaining
Ca(OH),. The thermograms obtained are presented in figure 5.
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Figure 5: Thermograms of the pastes at 7 and 28 days

The thermograms show three phenomena: the first one between 50 and 110°C is endothermic; it is related to the
removal of physically bound water and probably the dehydration of calcium silicate hydrate. The second one
attributed to glass hydrolysis, exothermic around 300°C. Its intensity, which is higher in the pastes made with clear
waste glass, increases with curing age. When silica is kept in contact with a solution of Ca(OH),, hydrolysis of Si-
O-Si bond, which is favoured by high pH, leads to the formation of the SiOH causing silica dissolution which
consequently precipitate as insoluble calcium hydrate silicates [22].

The third phenomenon observed in DSC thermograms situated at 400-500°C, is attributed to the decomposition of
remaining Ca(OH),. We notice that the quantity of the remaining Ca(OH), decreases between 7 and 28 days in both
pastes which proves the evolution of the pozzolanic reaction.. In addition, it can be seen that the remaining calcium
hydroxide in pastes made with clear glass waste is lower than that of the green glass waste. This result is not in
accordance with those of the pozzolanic activity determined by chemical and mechanical methods. Such
discordances in the results of different physico-chemical methods were observed by Donatello et al. [23]. They
explained that it is unsurprising that no correlation exists between these methods because the tests use different
chemical systems: no cement is involved in chemical and physical methods and no bulk solid phase is formed in the
case of the chemical method.

4. CONCLUSION
The pozzolanic activity of two waste glasses in mortars was evaluated. It can be concluded the following ideas:

o X-ray fluorescence and X-ray Diffraction analyses show that the waste glasses studied could be used as
pozzolanic materials.
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e By chemical and physical methods we prove that calcium hydroxide reacts with ground waste glass by
alkaline hydrolysis to give calcium silicate hydrate.

e By mechanical method, we prove that compressive strength index of ground waste glass reaches more than
82% for sizes lower than 40 um.

e The pozzolanic activity of waste glass can be improved by grinding. Indeed the strength activity index was
considerably improved and became comparable to that of silica fume by reducing the glass particle size under
20um.
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