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Abstract

In the current study, the primary focus is to investigate the effect of Styrene Butadiene Rubber (SBR), silica fume and fly
ash on compressive and flexure strengths of cementitious mortar. Three types of specimens are prepared; the first series
comprises of control specimen; the second one consists of the mortar’s specimen modified with SBR and the third one
consists of the mortar’s specimen modified with SBR in a combination of fly ash and silica fumes. Mortar samples are
cast in the weight ratio of 1:2.75 (cement: sand). The SBR is added at a rate of 20% of the mass of cement. The water to
cement ratio (W/C) is kept at 0.5 for control specimens and the quantity of mixing water in SBR-containing samples is
reduced by the same amount as the SBR is added: The adjustment is meant to obtain same consistency for all the
specimens. 20% fly ash and 2.5% silica fume are added to the mortar as replacement of cement. Compressive and flexure
tests are carried out according to ASTM standards. Moreover, SEM is also performed on samples at the age of 28 days.
Studies reveal that SBR and SCMs reduce the mechanical strength of the mortars. SEM and EDS studies show that SBR
hinders the formation of albite, whereas silica content from silica fumes and fly ash converts CaCO3 to Wollastonite (a
white loose powder), which is responsible for the reduction of mechanical strength. The study also confirms that the
addition of SBR in place of water hinders the formation of primary and secondary hydration products.
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1. Introduction

A material that imparts plasticity, consistency, and bonding properties when mixed with water with or without
aggregate is designated as cementitious material [1]. Supplementary cementitious materials are used as a partial or
complete substitution of ordinary Portland cement in concrete mixtures. The resultant mix improves the workability of
fresh concrete by reducing the thermal or differential cracking in mass concretes by decreasing heat of hydration [2, 3].
Ground Granulated Blast Furnace Slag (GGBS) is a useful by-product obtained from the blast furnace and can be used
both as coarse aggregates (un-ground) and supplementary cementitious mater (Ground form) [4]. Fly ash is also waste
materials produced from electric arc furnace, and coal-fired power stations resemble pozzolanic characteristics and
therefore can be constructively used [5-7]. Using of industrial by-products like GGBS, silica fumes, fly ash and
combination of them in concrete, reduces the problem of CO2 which is higher during cement production and
eliminates the usage of natural resources like clay, limestone and sand [8-10]. Besides, they also increase the strength
by secondary hydration reactions.
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Polymers have been used widely in the construction industry to improve the mechanical performance of mortar and
concrete [11, 12]. Styrene-Butadiene Rubber (SBR) latex having characteristics of high-polymer dispersion emulsion
and capable of bonding with other materials, is extensively used material in engineering construction. Many types of
research have been carried out on concrete incorporating SBR latex [13-15]. In the following paragraph, a brief
literature review concerning the use of SBR in cementitious composites is provided.

Shirshova et al. evaluated cement slurry containing 14% SBR by mass of cement: They have reported that in SBR
cement paste, a continuous polymer network was formed due to polymer latex, which exhibited negative impact on the
compressive strength, while increased strain to failure ratio [16]. Schulze studied the effect of water to cement ratio
and cement content on the characteristics of mortars containing polymers: They have reported that the flexure strength
of SBR modified mortar increased as the content of the SBR improved up to 20 % and then showed fluctuation [17].
Wau et al. have reported that the water-proofing property of the mortar was greatly enhanced by using SBR [18]. Issa et
al. have reported that the SBR polymer-modified concrete could improve the toughness of the overlay concrete [19].
Hadithi et al. studied the effect of fibers reinforcement on polymer-modified concrete and have reported that the
addition of polymer in mortar developed better polymer film accompanied with cement and aggregate and showed
effective results as compared to that of the conventional mortar [20]. Singh et al. have suggested that workability and
mechanical performance like flexural strength; tensile strength can be improved by increasing polymer content [21].
Tchetgnia et al. have described that polymer-modified mortar in different environmental condition revealed effective
strength and durability properties as compared to conventional cement mortar [22]. Wang et al. researched the
mechanism of polymer latex modified cement and concluded that polymer latex without active groups demonstrated
similar physical modification mechanism [23].

The active groups interacted with the hydration products in the process of chemical alteration, binding the polymer
latex chains together. Such chemical reactions produced a 3D network structure that enhanced the altered cement's
flexural strength. According to Singh et al. and Liu et al., the introduction of SBR significantly changed the concrete
and mortar's mechanical and permeability properties [24, 25]. SBR latex consistency depends on both the water-to-
cement ratio and the latex percentage. Barluenga et al. are of the view that polymer-modified mortars are associated
with a reduction in compressive strength and elastic modulus, improved flexural strength and increased cone
permeability [26]. Xin et al. evaluated mortars incorporated with polyester fibers and SBR in terms of mechanical
strength [27]; They have reported that the mechanical properties of SBR latex modified mortar depend on dosage
parameter. Compressive strength in the first case containing polymer to cement ratio of 15% decreases as the
percentage of latex increases and the flexural strength does not depend on the latex percentage. For 10% polymer to
cement ratio, compressive strength does not depend on the percentage of latex and improves the flexural strength with
latex level. The correlation showed an increase in strength between 28 days and 90 days, which was over 50% for a
total polymer content of 20%. Based on the above studies, and numerous others, it can be concluded that the
introduction of polymers (SBR) leads to reduction in mechanical strength of the cementitious composites. SBR is
normally required to impart adhesive properties, and datasheets recommend to reduce the water content of the mix by
an equivalent amount of SBR in order to enhance strength owing to lesser w/c ratio. But cement needs optimum
hydration and any scarcity of water might lead to un-hydrated cement particles, which adversely affects the mechanical
characteristics of the material. Further, for enhancing the quality of the bond, cement is supplemented with SCMs. The
pozzolanic SCMs require hydrated compounds (Ca(OH),) for secondary hydration and any scarcity of water at primary
hydration (due to SBR) might hinder the usefulness of the SCMs at secondary hydration level.

In this study, the effects of SBR and SCMs i.e. Fly ash and Silica Fume as partial replacement of cement on
compressive and flexure strength of mortar are investigated. The acquired materials and the standard ASTM methods,
used during this study are presented in Materials and Methods section. The test results and materials behaviour are
shown in the Results section. As the adhesive properties of SBR are well documented and proven in literature, the
focus was fixed on the strength characteristics. Previous studies suggest that SBR-modified cementitious composites
exhibit lower mechanical strength. The high strength of cement is mainly associated with C-S-H, and SCMs like silica
fumes and fly ash promote the formation of C-S-H [28]. A series of polymer-modified samples, containing SCMs were
cast and their strength was compared with that of the control specimen. The effect of SBR and SCMs on the strength
of the mortar was confirmed by examining the microstructure of mortar by using scanning electron microscopy/energy
dispersive spectrometry (SEM-EDS). The microscopic study (SEM+EDS) clearly diagnosed the reasons for the lower
strength of SBR-modified mortars: This is presented in the Discussion section.

2. Materials and Methods

The research methodology is shown in Figure 1. The details of the materials and the methods are presented as
follows:
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2.1. Cement

Ordinary Type-I Portland cement from Askari cement has been used for mortar compressive and flexure strength.
Cement properties are listed in Table 1.
2.2. Sand

The fine aggregate used in this research was obtained from Attock. The physical characteristics of sand are
described in Table 2, while the sieve analysis results are shown in Figure 2.

Collection of Materials

Testing of Materials: Cement, Sand, aggregates, Styrene Butadienne Rubber (SBR) and Supplementary Cementitious
Materials (SCMs)

Mixing, Casting and Curing of specimens

I Testing and Analysis I

Compressive and Flexural Strengths, Scanning Electron Microscopy/ and Energy Dispersive Spectroscopy

Control Specimens Specimens containing SBR Specimens containing SBR and SCMs

Figure 1. Research Methodology

2.3. SBR Latex

Aquaplast (SBR Waterproofing Admixture) was used for the manufacture of modified mortar. The technical
specification of the SBR used is revealed in Table 3.
2.4. Silica Fume

Silica fume from SIKA was incorporated in this research. The physical and chemical properties were listed in
Tables 4 and 6.
2.5. Fly Ash

For this research, fly ash collected from the power plant for Hyderabad (Pakistan) was used. Tables 5 and 6 show
the physical and chemical properties.
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Table 1. Properties of Cement used

SI. Number Property Results
1 Fineness 2.5% by wt.
2 Soundness 1 mm
Initial 34 min
3 Setting time
Final 380 min
4 Compressive strength 55 N/mm?
5 Standard consistency 33%
6 Specific Gravity 2.6%

Table 2. Physical Characteristics of Sand

SI. Number Property Sand
1 Specific Gravity 2.68
2 Particle Size 0.25mm
3 Absorption 0.5%

Table 3. Technical specification of SBR

Test Method Results Control
Tensile strength 3.3 N/mm? 2.7 N/m ASTM C-190-85
Flexure strength 9.0 N/mm? 7.9 N/mm? BS 6319, P3:1983
Slant Shear Bond 20.0 N/mm? 2.6 N/mm? BS 6319 Pt4; 1984
Mixed density 1750 kg/m?®

Application Temp Minimum 50°C

Table 4. Physical properties of Silica Fume

Sl. Number Physical properties Observed values
1 Specific gravity 2.2
2 Bulk density 1400 kg/m?®
3 Fineness 20,000 m?
4 Particle size 0.1um (approx.)

Table 5. Physical properties of fly ash

Sl. Number Physical properties Observed Values
1 Specific gravity 2.50
2 Initial setting time 45 min
3 Final setting time 281 min
4 Consistency 34%
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Figure 2. Sieve Analysis results of Sand
Table 6. Chemical properties of cement, Fly ash and silica fume
Chemical compositions % Sio2 Al203 Fe203 SO3 CaO MgO K20
Cement 22.8 6.5 2.3 2.7 60.2 19 0.54
Fly ash 42.04 23.60 13.40 0.40 12.73 0.98 2.46
Silica fume 96.0 0.1 0.6 - 0.1 0.2 0.4

2.6. Mixture Proportions

The Cement-to-sand mortar samples were cast by weight ratio of 1 to 2.75. The polymer (SBR) was added to the
cement mass at a rate of 20 percent as proven by many researchers in the literature that exhibited feasible performance
over strength parameters [17, 27]. For control specimens, the water-to-cement ratio (W/C) was kept at 0.5 and the
quantity of mixing water in samples containing SBR was decreased by the same quantity as the SBR. Firstly, SBR was
introduced pursued by the water by constantly monitoring the consistency of the mix. The control and SBR added
specimens were ensured to have the same consistency. Modified mortar samples are casted with 20% fly ash and 2.5%
silica fume as a replacement for cement with the same SBR content. Cement and sand were mixed in a regular 30-
second laboratory mixer in the mixing process. Water and SBR were added to the mix later, mixing the whole mixture
for a minute. Mixing was stopped for a minute after that and then continued for another minute.

Table 7. Design of Mortars

Specimen ID Cement (@) Sand (g) SBR (ml) Silica fume (g) Fly Ash (g) WIC
Mo 493 1350 0 0 0 05
M1 493 1350 100 0 0 05
M2 382.075 1350 100 12.35 98.6 0.5

2.7. Specimens Preparation

Firstly, the material used to prepare the mortar sample, such as cement, sand, fly ash, SBR and silica fume, was
accurately weighed. When the mixture has been prepared, it was placed in the thoroughly cleaned and oiled mold (on
the inside face) on the vibrating machine and the mold was filled with the complete quantity of mortar using the
appropriate hopper and vibrated it for minutes to achieve complete compaction as shown in Figures 3 and 4.
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2.8. Testing Procedure

The compressive test was carried out in accordance with the standards of ASTM C 349 [29]. The sample size was
160x40x40 mm. Before experimenting, the net surface area of the samples was determined. Multifunctional Control
Console (MCC) was used for testing as shown in Figure 6 with the least accuracy of 1%. The load was applied in
compliance with the requirements until the point of failure reached and the failure load was noted. After that
compressive strength of mortar was calculated. For each sample, this analysis was carried out. The compressive
strength test was performed at 3, 7 and 28 days of age. Each mix was made of nine cubes. The average of the results
obtained from three cubes was the final compressive strength recorded.

The cubes with a size of 40x40x160 mm were casted according to ASTM 348-02 [30]. The samples were
demolded after 1day and then cured as shown in Figure 5. The flexure strength test was performed at 3, 7, and 28 days
of age. The concluding flexural strength noted was the average of the result attained from three cubes.

Figure 5. Curing of samples
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Figure 6. Multifunctional Control Console (MCC) machine

3. Results and Discussion
3.1. Compressive and Flexure Strength Results

Table 7 shows the compressive strength of the tested mortar specimens. Test results showed that there was greater
compressive strength of the control specimen without the addition of SBR and admixture. For mortar specimens
incorporating 20 percent SBR, 2.5 percent Silica fume, 20 percent fly ash, approximately 42% reduction in
compressive strength compared to control specimen was observed as shown in Figure 7. There was also a decreasing
trend when Mo was compared with M1, where compressive strength decreased by up to 44 percent as shown in Figure
7. Control mortar specimens showed a compressive strength of 15.5, 25.5 and 27.34 MPa, for 3, 7 and 28 days
correspondingly. The compressive strength of 8.4, 10.46 and 12.17 MPa had been shown for 20 percent replacement
of SBR. Similarly, there was compressive strength of 9.3MPa, 9.43MPa and 11.52Mpa for mortar samples with 20
percent SBR, 2.5 percent Silica fume, and 20 percent fly ash. Therefore, it can be concluded that the compressive
strength shows decreasing trend after adding admixture and SBR.

Approximately 70 percent decrease in flexure strength was observed for mortar as shown in Figure 8, when
specimens containing 20 percent of SBR were compared to the sample without SBR for 28 days. As M2 was
compared with Mo, a 61 percent reduction in flexure strength was observed. 20 percent replacement of SBR showed
flexure strength of 3.81 MPa, 3.8 and 4.5, Likewise SBR modified mortar with admixtures had shown 2.68, 3.37 and
3.94 MPa respectively as shown in Table 8.

Table 7. Comparison of compressive strength of control and modified mortar

S.NO Comp strength 7 days Comp strength 14 days Comp strength 28 days

MO 155 25.2 27.34
M1 8.4 10.46 12.17
M2 9.3 9.43 11.52

Table 8. Comparison of flexure strength of control and modified mortar

S.NO flexure strength 7 days flexure strength 14 days Flexure strength 28 days
MO 4.91 5.48 6.46
M1 3.81 3.8 45
M2 2.68 3.37 3.94
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Figure 8. Comparison of flexure strength of control and modified mortar

3.2. SEM Analysis

The high strength of cement is mainly associated with C-S-H. The structure of C-S-H could be studied by X-ray
and electronic microscope. C-S-H elements are not adequately crystallized according to the studies; even they have a
characteristic closeness to amorphous structure in nature. These elements mostly differ in the form of fibers and thin
plates. A hexagonal crystalline Ca (OH)- is formed by the generation of hydrated units of calcium silicate, which acts
as a bridge between hydrated units. The increase in C-S-H units in time enhances the size of fibers and plates to enter
and merge each other. As a result, the increase in strength of cement in time happens [31, 32].

To investigate the influence of SBR, fly ash and silica fume on the mechanical properties of mortar, the
morphology of control and modified mortar at the phase of 28days were observed by SEM. The results are shown in
the Figures 9 to 11. The hydration products, calcium silicate hydrate (C-S-H), Wollastonite, and CaCO3, of some of
the samples, were easily visible after 28 days of curing in water. It is once again iterated that Mo corresponds to the
control specimens, while M1 and M2 correspond to the specimens with SBR only, and SBR with silica fumes and fly
ash respectively. The control specimens as shown in Figure 11(a, b, ) are characterized by the formation of Albite and
K-Feldspar in hydrated form. The following hydration reactions are responsible for the formation of Albite and K
Feldspar:
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Na20+Al203+3Si02 > 2NaAlsi308 (Albite)

K20+AI203+3Si02 - 2KAISi308 (Feldspar)

On the other hand, there is a significant formation of Wollastonite (CaSiO3). Wollastonite is formed as a solid
phase reaction of CaCO3 with silica fume (or smoke): This compound is shown as a white cooler phase in the
Scanning electron microscopic view, shown in Figure 11(a, b, c) below M2 specimens. Figure 10(a, b, c) reveals that a
little scattered polymer film formed. The ingredients of paste are loosely joined and the mortars exhibit penetrating
structure. Moreover, the high percentage of SBR affects the cement hydration process that results in loss of strength.

- e $4 f 3 = > = - ¥
> . N < el B 3 0 A O . - o
& s - - > - > ¥ o
SEM HV: 20.0 kV ‘WD: 13.50 mm SEM HV: 20.0 kV ‘WD: 13.60 mm VEGA3 TESCAN|
View field: 55.4 pm Det: SE 10 pm

View field: 277 ym Det: SE

Spectrum 2

. ;A 7

SEM HV: 20.0 kV WD: 13.67 mm VEGA3 TESCAN
View field: 13.8 ym Det: SE 2 pm

| SEl-i HV: 20.0 kV WD: 13.51 mm ‘WD: 13.46 mm
View field: 55.4 pm Det: SE

View field: 154 pm Det: SE
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Figure 11(a, b and c). SEM and EDS images for SBR, Silica Fume and Fly Ash mortar at the age 28days

3.3. EDS Results

EDS stands for Energy Dispersive Spectroscopy. This technique identifies the particular elements and their relative
proportions (Atomic % for example). The summary of the results is presented in the Table 9.
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Table 9. EDS Result

MO M1 M2
Elements Form
% weight % atomic % weight % atomic % weight % atomic
C CaCoO3 5.82 9.12 20.9 30.7 9.32 15.54
Sio2 57.3 67.4 41.5 45.8 49.2 61.56
Na Albite (NaAISi308) 0.76 0.62
Al Al203 7.04 0.62 1.38 1.02
Si Sio2 20.8 14 36.9 23.2 8.13 5.8
K Feldspar (KAISi308) 8.24 3.97
Mg MgO 0.37 0.31
S FeS2 0.6 0.38
Ca CaSiO3 0.78 0.35 30.3 15.16
Fe Fe 0.68 0.25
Total 100 100 100 100 100 100
4. Discussion

It has been observed that with the addition of SBR (M1) and SBR, silica fume, fly ash (M2) in various proportions
as a replacement for the cement and water, the compressive strength and flexure strength decreased when compared to
the specimen without replacement (i.e. Mo). Normally, the datasheets of SBR suggest to reduce water content of
cementitious materials by an equivalent amount of SBR for the sake of same consistency: While it makes the
cementitious composites harder and adhesive, it might also reduce the necessary water content needed for hydration.
It is clear from the above study that SBR if used as a replacement of water in a cement mortar, leads to the reduction
of its strength. The strength gets further reduced if silica fumes and fly ash are added. For mortar specimens M1 (i.e.
containing only SBR), the strength decreases since 20% water were replaced by SBR; the cement could not get
enough water for its hydration. As the hydration did not complete, the strength also decreased. For mortar specimens
M2 (i.e. containing SBR as well as Silica fumes and fly ash), there is no improvement in the strength. Silica fumes and
fly ash are very fine particles; they need even more water for lubrication and hydration, which is already scarce due to
its replacement by SBR. As SEM/EDS studies revealed that excessive formation of Wollastonite happened during the
reaction process. Wollastonite was formed as a result of a reaction between CaCO3 and a high percentage of SiO2 in
silica fume as well as in Fly Ash. The addition of silica fumes and fly ash is intended to increase the CSH content, as
revealed by various past studies [33, 34]. CSH is the key binding phase of cement, and thus the strength of a
cementitious composites depends upon its content. CSH is the outcome of the reaction between the silicate phase of
cement and water and is normally described by the following equation [35]:

Ca;SiOs+H,0->Ca0-Si02-H,0 (CSH)
CasSiO5+H,0->Ca0-Si0,-H,0 (CSH)+Ca(OH), (Portlandite)

On the other hand, the formation of Wollastonite is a reaction between calcium and silicate phases and is shown as
follows [36]:

CaCO3+Si0O; > CaSiOs(Wollastonite)+CO,

The EDS results shown in Table 9 also indicate higher percentages of CaCOs, and SiO; in M2. The formation of
Wollastonite had a negative impact on strength parameters by increasing the surface area which leads to an increase in
the water demand for cementitious materials [2]. The matrix did not have an adequate quantity of water for hydration
leading to a decrease in its strength. There is a need to readjust the water quantity, once the basic composition (i.e.
control) is added with SBR or SBR plus SF plus FA.

5. Conclusions

e The test results show that adding SBR to the mortar matrix adversely affects the compressive and flexural strength
of the hardened mortar specimens. For silica fumes and fly ash, the strength is further reduced. This is attributed to
insufficient formation of CSH and CH. The lesser quantity of CSH reduces strength and that of CH makes the
SCMs less effective. The success of SCMs is largely dependent on primary hydration products.

o At maturity (i.e. 28 days), the flexure strength reduces to 70% of control specimen for SBR containing mortar;
whereas the flexure strength reduces to 61% of control specimen for SBR containing fly ash and silica fume.

e The compressive strength for 28 days reduces to 44% of control specimen for SBR containing mortar; whereas for
mortar incorporating fly ash and silica fume, compressive strength reduces to 42% to that of control mortar.
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e The EDS study reveals that no albite is formed in SBR mortar and mortar mixed with fly ash and silica fume. The
SiO2 content in M2 and M3 is being utilized in the formation of Wollastonite which is responsible for lower
strength. The formation of Wollastonite also reveals that the SBR hinders the formation of hydration products
(CSH and CH).

e To regain the loss of strength due to lesser water available for hydration, a superplasticizer is recommended for
future studies.

e There is a need to study the mortar properties at lower SBR proportions. A future study with a varying polymer to
cement ratio can be carried out to find an optimum value of polymer for a mortar specimen.

e The water quantity should also be adjusted if SBR is added to a cement mortar so that its cementitious ingredients
get sufficiently hydrated.
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