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Abstract

Mortars containing glass waste as a partial substitution for natural sand have been
formulated. Alkali activated fly ashes have been used as a binder. The selected cullets
are those deriving either from the discarded lamps collection or the fraction of the
selective urban glass collection (about 10 wt% on the whole amount) that, because of its
highly heterogeneous composition, cannot be used in the production of new glass items.
Mechanical properties of the obtained mortars have been investigated as well as their

durability. In details, the reactivity towards alkali silica reactions and sulphates
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diffusion, as well as the stability to freeze-thaw cycles have been compared to the ones
of unmodified mortars. Both types of waste do not lead to a decrease in the durability of
the obtained materials. The inertness of these cullets towards alkali silica reaction is
quite remarkable since both wastes are highly reactive in Portland cement matrix. This
introduces a possible reuse in the formulation of low-impact renders for these fractions
that presently have no alternatives to landfilling.

Keywords

Glass waste; separated urban collection; lead containing glass; aggregates for building

materials; alkali activated fly ashes; ASR; durability.

1. Introduction

Glass recycling is not a closed-loop system. Due to the scanty quality of the urban
collection, to the erratic conferring of many domestic items and to the limits of the
separation that can be performed in sorting plants, around 10% of the overall collected
amount of glass is disposed in landfills [1]. According to the European Waste Catalogue
(EWC) [2], the code (19 12 05) is assigned to this fraction. The composition of this
material is rather heterogeneous. Crystal items (containing at least 25 wt.% of lead
oxide), ceramics (including porcelain), Pyrex (borosilicate glass), light bulbs, neon
tubes, mirrors, television and computer monitors (like cathode ray tubes (CRTs) and

liquid crystal displays (LCDs)) and other inert materials, are wrongly considered to be



©CO~NOOOTA~AWNPE

assimilated to packaging glass and consequently delivered in the bottle bank. A further
example of unrecycled glass is that deriving from the separated collection of discarded
lamp cullets. In this case, the presence of a small amount of lead oxide (< 1% wt) again
classify this waste as special ones (European catalogue Code 19 12 05).

A possible way to prevent damping is the use of cullet as a substitute of natural sand in
mortars [3-17]. Soda-lime glass recycling in building materials creates many benefits to
the environment and justifies the presence of many researches present in literature.
When using a Portland cement matrix, the main problem arising from the presence of
glass cullets is the occurrence of alkali-silica reactions (ASR). Soda-lime glass [18-24],
the first composition to be studied, being the more diffused one since it derives from
packaging items, shows a limited reactivity towards alkalis. This partial reactivity
depends on the presence of chromophore ions in the amorphous network, indeed to the
glass colour. For example, flint glass is less reactive than brown and green ones [23].
Glass having more complex chemical composition and different origin, especially those
containing heavy metals like lead, barium and strontium, have proved to be extremely
deleterious forming highly expanding reaction products [25-29]. Although the problem
can be prevented by the use of pozzolanic binders as a partial Portland substitution [30-
33] or by some surface treatments that can change the glass chemical composition [34-
36], other solutions can prove to be more convenient. In the last years, great attention

has been attracted by alkali activated materials [37-40]. These binders have lower
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carbon dioxide footprint than Portland cement and can give rise to large environmental
benefits when deriving at least partially from industrial wastes. Moreover, preliminary
researches [41-43] have also underlined how aggregates expanding in Portland cement
mortars can became innocuous with alkali activated binders. In the present research, the
durability of mortars formulated with alkali activated fly ashes and the two different
types of waste glass previously described, i.e. the discarded fraction of the separate
urban collection and separately collected fluorescent lamp are investigated. Both types
of cullet had proved to be extremely reactive towards ASR in Portland matrix
composites [44]. It seemed thus interesting to study their behaviour in a different matrix,
to determine whether this could inhibit alkali silica reactions. Moreover, other durability
aspects, such as the resistance to freeze-thaw cycles and the possible deleterious
reactions triggered by sulphates diffusion on geopolymer binders play an important role
in the future development of these materials. Many researches have been recently
carried out on these subjects [45-49]. Consequently, in this research the effect of these
recycled cullets on the durability of mortars has been studied in presence of these
environmental stresses. An unmodified standard Portland mortar has been tested in the

same conditions for comparison sake.

2. Experimental

2.1 Materials
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2.1.1 Glass wastes

Crashed residuals of separate glass waste collection (that will be defined as Residuals of
Urban Collection, RUB in the subsequent text) were kindly supplied by CoReVe
(Consortium for Glass Recycling, Italy). This is a rather heterogeneous material.
Fragments of ceramics, pebbles, mirrors splinters and light bulbs are mixed with glass
cullet of different colour. Figure 1 shows the morphology of the wastes. The material is
used without any sorting, that is to say, with all its contaminants. Consequently, the
average chemical composition of the material was obtained by insulating a
representative sample of 1 kg, collected by quartering. The sample was remelted at
1450°C in electric oven and quenched at room temperature. A homogeneous glassy
specimen was obtained. Fragments herein obtained were analysed by energy-dispersive
spectrometer EDS (microanalyzer Inca-350, Oxford Instruments) in different areas of its
surfaces. The average chemical composition is reported in Table 1.

Lamp glass (LMP in the subsequent text) is deriving from a separated collection whose
composition, derived with the same procedure, is also reported in Table 1.

Table 1. Oxide content of the investigated materials.

Material | SiO, | Al,Os | Na,O | K,O | CaO | MgO | PbO | BaO | Fe,0; | SOz | LOI

RUB 66.25 | 1.88 | 942 | 598 | 560 | 1.65 | 691 | 221 | 0.00 | 0.00 | 0.00

LMP 68.47 | 2.26 | 1765 | 1.61 | 513 | 298 | 0.79 | 0.95 | 0.00 | 0.00 | 0.00

Flyash | 49.37 | 29.23 | 0.05 | 0.60 | 6.63 | 1.05 | 0.00 | 0.00 | 2.71 | 0.33 | 3.28
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Figures 1(a) and 1(b) show the morphology of the crashed material obtained by optical
microscopy. The as-received RUB and LMP wastes were dry-grounded in a laboratory
ball mill to get particles between 0.075 and 2.00 mm with size distribution close to that

of normalized sand that is reported in Figure 2.
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Fig. 2. Size distribution of natural sand and glass cullets.
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2.1.2 Natural aggregate

Normalised silica sand conforming to the EN 196-1 Standard [50] was used. The size
distribution is reported in Figure 2.

2.1.3 Binders

Fly ashes (Type F), whose chemical composition is reported in Table 1, deriving from
the plant of Torrevaldaliga (Roma, Italy) were used. They have an average dimension
(D50) of 22 um.

Portland cement Type 11 / AL 42.5 was used (Italcementi, Bergamo, Italy).

2.1.4 Activators

The sodium silicate solution used was a viscous liquid produced for the cement industry
(Ingessil, Verona, Italy) with a water content of 56 wt%, the SiO,/Na,O oxide
composition ratio of 2.07 and a density of 1.53 glcm®.

An 8 M water solution of sodium hydroxide (reagent grade form Carlo Erba, Milano,
Italy) was used.

2.2 Mortars preparation

Mortars containing glass wastes (M-RUB and M-LMP in the subsequent text) were
mixed by substituting 20 wt.% of natural siliceous sand. The binder/aggregate (b/a)
ratio was 1.00/3.00. For samples to be submitted to ASR expansion test, a b/a ratio of
1.00/2.25 was used instead. Table 2 reports the mix design of all the investigated

mortars and their relevant denomination, which will be used afterwards in the text. Mix
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design, that is the ratio between fly ashes, activators and water was performed according

to a previous research [39] in order to obtain Na,O/SiO, and Na,O/Al,O3 ratios of 0.12

and 0.42 respectively. This composition allowed to obtain good mechanical properties.

As a reference, M-REF mortar was prepared with 100 wt.% of natural sand. Mixing was

performed by first adding sodium hydroxide to the fly ashes and subsequently pouring

the silicate in the vessel. After 3 minutes of stirring, glass waste was added to the paste,

followed by the natural sand. The whole procedure lasts for 10 mins. In order to provide

a benchmark, a mortar with standard composition (water/binder w/b 0.5 and b/a

1.00/3.00) was formulated using a traditional Portland 42.5 Type cement [50] (M-PRT

in the subsequent text). Mixing procedures for this mortar followed the instruction of

EN 196-1 [50].

Table 2. Composition and labelling of all investigated samples.

Mortar Natural Glass Sodium silicate NaOH H,O | Fly ash Portland
sample | sand (g) | waste (g) solution (g) 8M solution (g) | (9) (0) cement (g)
M-REF 1350 0 188 38 35 500 -
M-RUB 1080 270 188 38 35 500 -
M-LMP | 1080 270 188 38 35 500 -
M-PRT 1350 0 0 0 225 - 450

8
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After the mixing process, mortars were cast in a truncated conical mould having a
circular base (100 mm of diameter at the bottom, 70 mm of diameter at the top and 60
mm height, according to EN 1015-3 [51]). The mould was subsequently removed and
the mortar shaken by means of a jolting device. The final dimension (i.e. the diameter)
of the collapsed mortar was measured in two perpendicular directions and the
workability (W) was thus calculated according to Eq. (1)

W =100 x (dm—d°)/d° (1)

where dm is the average diameter of the two readings and d° is the lower diameter of the
truncated conical ring, i.e. 100 mm.

The mixed mortars were cast in steel moulds to obtain 40 x 40 x 160 mm samples. In
order to partially eliminate entrapped air and ensure an efficient filling of the moulds
mortars were subjected to a defined number of jolts applied by means of a standardized
jolting apparatus. Mortar samples were subsequently demoulded after a 24 h storage at

98 % R.H. and kept at 20 £ 1 °C in sealed polyethylene bags.

2.3 Instruments and methods
2.3.1 Density and porosity
Mortars density has been determined according to the EN 772-13 Standard [52] at 28

days of curing.
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Porosity was calculated by determining the amount of absorbed cold water at
atmospheric pressure following the EN 772-21 Standard [53] at 28 days of curing.

2.3.2 Expansion test

Alkali silica reactivity was evaluated according to the procedure described by ASTM
C1260 [54], i.e. curing the specimens in moisture saturated conditions for 28 days, one
day water curing at 80°C and subsequent storage at 80 °C in a 1 M solution of sodium
hydroxide. The test was performed on three different samples for each of the
investigated compositions.

2.3.3 Mechanical test

Mechanical tests (compression) on all samples were performed at room temperature and
R.H. 50 + 10 % by means of 100 kN Volpert Amsler equipment with a 50 mm/min
displacement rate. The test was repeated on six samples at 28 days of curing.

2.3.4 Sulphates penetration

Samples with the standard dimension (40 x 40 x 160 mm) after 28 days of curing were
soaked in a 1M Na,SO, solution. At scheduled times, the dynamic elastic modulus was
determined by means of a MATEST mod C369 (Treviolo, Italy). Equation (2) was

applied to calculate the modulus value:
E=p. V> (2
where:

V is the measured pulse velocity (m/s) and p is the density expressed in kg/m®.

10
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2.3.5 Freeze-thaw cycles

Samples having the same geometry and curing as before were submitted to freeze-thaw
cycles according to ASTM C666 [55] that is (a) keeping samples at —10 ° C (b)
subsequent thawing at 4 °C. At scheduled times the dynamic elastic modulus was
determined according to the previous procedure.

2.3.6 Microstructure

Analyses were performed by means of a Quanta (FEI) scanning electron microscope
equipped with an EDS X-ray detector. The fractured surfaces to be examined were
coated by graphite to ensure electrical conductivity. Accelerating voltage of 20 kV was

applied during all measurements.

3. Results and discussion

Table 3 reports the workability (expressed according to equation 1) of all the
investigated mortars. The addition of both LMP and RUB increases the workability of
mortars as compared to the one containing only natural sand. This effect has been
already observed in literature for similar cullet additions [21, 43, 56] and has been
ascribed to the smoother and less porous surface of the particles that tends to absorb less
water than natural sand, thus changing the viscosity of the matrix. The density and the
open porosity of the samples are also reported in Table 3. Both parameters remain

almost constant as the natural sand is substituted for the wastes. The slight reduction in

11
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density of M-RUB and M-LMP samples can be explained by the lower density of the
cullets compared with the one of natural sand. The benchmark mortar (M-PRT) has a
lower workability and a higher porosity.

Table 3. Physical properties of the investigated mortars.

Sample M-REF M-LMP M-RUB M-PRT

Workability (%) 59.1+0.6 69.6 £ 0.9 69.0+0.4 41.3+0.8

Density (g/cm®) 2.11 2.07 2.03 2.11

Porosity (vol %) 10.76 10.69 10.86 19.50

Figure 3 reports the expansion (1M NaOH solution, 80°C) of mortar samples
formulated with and without the wastes. The acceptable limit, defined by the ASTM
C1260 Standard [54], as the one ensuring an innocuous behaviour of the aggregates is
of 0.1%. Although this limit has been formulated for traditional Portland cement
composites, the same value will be used for alkali activated composites. Indeed, all the

investigated mortars fall below this limit after the prescribed curing time of 14 days.

12
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Fig. 3. Expansion at 80°C.
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Figure 4 shows an example of the morphology of LMP cullets on the fractured surface
of M-LMP mortar treated at 80°C after 14 days of curing. The transition zone between
the aggregate surface (white arrow) and the matrix shows no expanding products and
appears as unreacted. The morphology of RUB cullets in the same conditions is

reported in Figure 5 for M-RUB mortar, disclosing a similar aspect.

13
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Fig. 4. Sharp unreacted contour (arrows) of one LMP cullet in contact with the alkali

activated matrix (fracture surface of M-LMP cured at 80°C in NaOH solution).
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Fig. 5. Sharp unreacted RUB cullet cured at 80 °C in NaOH solution from M-RUB

mortar.
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Figure 6 reports the expansion of mortars cured at 38°C. As recorded before, all
samples behave similarly and a quite limited expansion is detected even at the longest
curing time. SEM observations (Figures 7 and 8) disclose the non-reactive behaviour of
both LMP and RUB cullets respectively, showing unreacted surfaces. These results
confirm that alkali activated fly ash systems are quite efficient in preventing ASR as
found elsewhere [41, 42]. On the contrary, Portland cement mortars had previously

shown strong expansion of both type of cullets [44].

0,020 e

Lo
.
=]
—
L% /]

Expansion (%o)

0.010

——M-REF

—e—M-LMP
0,005
¢- M-RUB
0,000
0 10 20 30 40 50 60

Curing time (days)

Fig. 6. Expansion vs curing time at 38°C.
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Fig. 8. Unreacted RUB cullet at 60 days of curing (38°C) for M-RUB mortar.

The average compressive strength of mortars after the different curing conditions (28

days at room temperature, end of the accelerated test for alkali reactivity at 80 °C and

16
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38 °C) is reported in Figure 9. It should be noted that the alkali activated binder
provides, in all cases, values comparable to the Portland mortar after 28 days of curing
at room temperature. M-RUB and M-REF samples show comparable values of strength,
while M-LMP samples have slightly higher values (about 10% ). Mechanical results
obtained after the accelerated ASR tests both at 38 and 80 °C show increased values
than those obtained after 28 day of curing. This confirms that no expanding reactions
take place during the tests since the mechanical properties are not compromised.
Moreover, the higher temperatures and, in the case of the 38 °C the longer curing times,
favour the development of the alkali activated network. The higher strength values
found in M-LMP samples, especially cured for 28 days at 20°C and for 14 days at 80 °C
in a 1M NaOH, is probably deriving from the sharp flat morphology of the cullets that
provides higher mechanical interaction with the matrix than that of the roundish sand
particles. A further contribution could arise from the increased alkalinity present at the
interphase between matrix and cullet. The partial glass dissolution, taking place in the
alkaline environment, as recently found in other researches [57], can influence the
chemistry of the reactions involved in the matrix development. The extent of glass
dissolution in this system should however be limited, since no clear evidence of

dissolution could be detected from SEM observations.

17
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Fig. 9. Mechanical properties of samples in different curing conditions.

(*) Portland samples not reported since showing expanding behaviour

As to what concerns the effect of sulphates diffusion, in Figure 10 the value of the

elastic modulus determined though the pulse velocity (Equation 2) is reported.

18




©CO~NOOOTA~AWNPE

40
30 ﬁm

10

Elastic Modulus (GPa)

- M-PRT 4M-REF --M-LMP —<-M-RUB

0 20 40 60 80 100 120 140 160 180
Time (days)

Fig. 10. Plot of the dynamic elastic modulus vs time of mortars in sulphates solution.

All samples formulated with the alkali activated matrix show an increase in the elastic
modulus during the first stages, reaching an asymptotic value at the longest curing times.
This trend is not depending on the aggregate type and it is thus depending only on the
matrix strength. Mortar formulated with Portland cement (M-PRT) shows a clear
decrease after about 120 days of exposure. In order to confirm the induced damage in
these mortars, SEM observations were carried out collecting samples at the longest
curing times (180 days). Figure 11(a) shows the ettringite crystals on M-PRT mortars
and 11(b) the microstructure of M-RUB sample, similar to M-LMP and M-REF, for

sake of comparison.
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Fig. 11. (a) ettringite samples in M-PRT sample (b) alkali activated matrix of M-RUB

sample.

Figure 12 reports the trend of the elastic modulus of all the investigated mortars
submitted to freeze-thaw cycles. The values of the modulus show a slight decrease as
the number of cycles increases in all the samples. The extent of this progressive

decrease is comparable in all formulations ranging from a 9.4 % in M-REF to a 6.1 % in

20
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M-RUB sample of the initial value (Portland mortar shows an 8% reduction, M-LMP an
8.6%). Alkali activated materials prove thus to perform similarly to traditional standard

Portland composites. Moreover, the use of both wastes does not compromise the

durability.
= 45
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Fig. 12. Elastic modulus vs freeze-thaw cycles.

Up to now, alkali activated materials are not usually applied in structural application

mainly due to the absence of ad-hoc standards. Their use can thus be limited to low

demanding application such as renders, conduits, sewer pipes or drainage channels. In

21
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this context, the low-impact environmental characteristics of the investigated materials
as well as their increased sulphates durability compared to traditional Portland cement
mortars, offer an important advantage. It is thus possible to prevent cullet damping and
reduce natural sand extraction, both factors reducing also the overall final cost of the

composite.

4. Conclusions

Alkali activated mortars obtained from the alkali activation of fly ashes and containing a
20 wt% amount of waste glass as natural aggregate substitution have been formulated.
Their rheological properties in the fresh state are improved when compared to the
unmodified material. The microstructure of the mortars in terms of density and open
porosity is almost unchanged as well as their mechanical properties.

Accelerated tests at 80 and 38°C underline an inert behaviour of the wastes towards
expansive, deleterious reactions. Modified mortars show the same stability towards
freeze-thaw cycles and sulphates diffusion as the unmodified ones. All the alkali
activated composites are more stable that traditional Portland ones that are affected, at
the same curing time, by Delayed Ettringite Formation (DEF) reaction and show the
same stability towards freeze-thaw stresses.

From an environmental point of view, these results are quite interesting since lamp glass

and the discarded fraction of glass urban collection cannot be reused in the production

22
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of new glass items and cannot be recycled without previous chemical treatments in
traditional binders containing Portland cement since they develop alkali-silica reactions.
The absence of expansion reactions (either ASR or DEF) further promotes the use of
alkali activated binders that are already considered as green, low carbon dioxide

footprint materials.
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Table 1. Oxide content of the investigated materials.

Material | SiO, | Al,O; | Na,O | KO | CaO | MgO | PbO | BaO | Fe,0; | SO; | LOI

RUB 66.25 | 1.88 | 9.42 | 598 | 560 | 1.65 | 6.91 | 221 | 0.00 | 0.00 | 0.00

LMP 68.47 | 2.26 | 17.65 | 1.61 | 513 | 298 | 0.79 | 0.95 | 0.00 | 0.00 | 0.00

Flyash | 49.37 | 29.23 | 0.05 | 0.60 | 6.63 | 1.05 | 0.00 | 0.00 | 2.71 | 0.33 | 3.28
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Table 2. Composition and labelling of all investigated samples.

Mortar Natural Glass Sodium silicate NaOH H,O | Fly ash Portland
sample | sand (g) | waste (g) solution (g) 8M solution (g) | (9) () cement (g)
M-REF 1350 0 188 38 35 500 -
M-RUB 1080 270 188 38 35 500 -
M-LMP | 1080 270 188 38 35 500 -
M-PRT 1350 0 0 0 225 - 450




Table 3. Physical properties of the investigated mortars.

Sample M-REF M-LMP M-RUB M-PRT

Workability (%) 59.1+0.6 69.6 £ 0.9 69.0+0.4 41.3+0.8

Density (g/cm®) 2.11 2.07 2.03 2.11

Porosity (vol %) 10.76 10.69 10.86 19.50




Figure revised
Click here to download Figure: FIGURES revised.doc

Fig. 1. Morphology of LMP (a) and RUB (b) cullets.
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Fig. 2. Size distribution of natural sand and glass cullets.
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Fig. 3. Expansion at 80°C.
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Fig. 4. Sharp unreacted contour (arrows) of one LMP cullet in contact with the alkali

activated matrix (fracture surface of M-LMP cured at 80°C in NaOH solution).
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Fig. 5. Sharp unreacted RUB cullet cured at 80 °C in NaOH solution from M-RUB

mortar.
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Fig.7. Unreacted LMP cullet at 60 days of curing (38 °C) for M-LMP mortar.
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Fig. 8. Unreacted RUB cullet at 60 days of curing (38°C) for M-RUB mortar.
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Fig. 9. Mechanical properties of samples in different curing conditions.

(*) Portland samples not reported since showing expanding behaviour
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Fig. 10. Plot of the dynamic elastic modulus vs time of mortars in sulphates solution.
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Fig. 12. Elastic modulus vs freeze-thaw cycles.





