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Abstract: this paper presents the results of a study in which the combination of two polymeric 
additives in concrete with the intention of improving its mechanical and durability performance is 
analysed. The additives are a synthetic latex and a biopolymer – chitosan. An evaluation of the 
mechanical properties as well as the phases formed based on scanning electron microscopy (SEM) 
and X-ray diffraction (XRD) was performed. The concretes were prepared with each of the 
polymers separately, and the results were ordinary. However, when combined, the results show an 
interesting interaction improving the mechanical strengths of the concrete. Several concrete samples 
were prepared with 0 – 4 % of each polymer with 1 % increments. The mechanical properties were 
shown to be sensitive to the incorporation of polymers. The desired effect of the interaction between 
the biopolymer and the latex was observed, because the strengths increased when both additives 
were present, namely for the combination of 2 % of each polymer. SEM images revealed a 
heterogeneous distribution in the polymer cementitious matrix, mainly with regards to latex. The 
presence of well defined polymer fibers on a fracture surface of composites prepared with 
biopolymer (4 %) was observed, indicating that the fibre pullout and not fracture was the cause of 
failure, resulting from the poor adherence of the fibers in matrix. Composites prepared with both 
polymers revealed abundant formation of C-S-H and the absence of ettringite, explaining the 
improvement of mechanical properties. The presence of reticulated structures of C-S-H dispersed in 
the microstructure and involving the calcium hydroxide corroborates the results of mechanical 
properties, mainly for the percentages of 3 % of biopolymer and 1 % of latex. 

Introduction 

Concrete is a composite typically composed of aggregate and cement paste. It is the connection 
between these phases – the interfacial transition zone (ITZ) that is most important. . The ITZ is the 
weakest link in the composite system with lowest mechanical properties of the three [1-4]. The ITZ 
can affect the overall elastic module and the stress distributions in a concrete material. The ITZ is 
comparatively more porous than that of bulk cement paste, and often less well bonded to the 
aggregate [3]. This region can have a low formation of calcium-silicate-hydrate (C-S-H gel), a 
product of Portland cement hydration responsible for the good mechanical properties and durability 
[5]. 

The inclusion of polymers in concrete usually increases the mechanical properties of the ITZ, 
resulting in concrete with better mechanical properties as a whole [6-9]. It is expected that in the 
ITZ there is a greater production of C-S-H. In principle, the greater the amount of C-S-H, the 
greater the adhesion between aggregate (sand and gravel) and cement paste. This expectation refers 
to the results obtained by Bezerra [10] and Nóbrega [11], where the inclusion of chitosan 
biopolymer promoted the reduction of water mobility, making the distribution of hydration products 
of Portland cement were uniform, which resulted in the presence of all hydrates in all regions of the 
concrete microstructure. 

The study of the microstructure of concrete today is almost as important as the characterization 
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of its mechanical properties. According to Aïtcin [12], the difficulty of understanding the behavior 
of concrete may be resolved when research begins to study its nanostructure, and comprehend the 
consequences of microstructural behaviour. The study of the microstructure of concrete seems 
insufficient for a proper understanding of its behavior, mainly with regards to the behavior of C-S-H 
[13]. 

This paper presents the results of a study into the effect of two polymeric additions for concrete 
(latex and the biopolymer chitosan) on a microstuctural scale (by means of SEM and XRD), as well 
as on the mechanical performance of concrete (compressive and tensile testing). Several concrete 
samples were prepared with 0-4 % of each polymer with 1 % increments. The concrete samples 
where tested at 7 and 28 days. 

Materials and Methods 

Materials 
In this research, a CEM II/A-L 42.5 type cement was used. Table 1 presents the chemical, physical 
and mechanical properties of the cement. Two aggregates were used: river sand with a module 
finesse of 2.9 and a maximum particle size of 2.4 mm; and a crushed granitic gravel aggregate with 
a finesse module of 6.6 and a maximum particle size of 20 mm. 

The chitosan additive is a naturally occurring polymer that is produced commercially by 
deacetylation of chitin, which is the structural element in the exoskeleton of crustaceans and cell 
walls of fungi. Chitosan is a linear polysaccharide composed of randomly distributed deacetylated 
and acetylated units, with a 90 % degree of deacetylation. Today, chitosan has many commercial 
uses [14]. 

Commercially available synthetic latex with a 50 % solid content was used. The latex is an 
anionic water dispersion of a styrene-butadiene copolymer with an antifoam agent. This latex is 
produced in Portugal. 
 

Table 1. Chemical (a), physical (b) and mechanical (c) properties of the cement used. 
(a) Chemical composition (b) Physical properties 
Composition % Properties Value 
SiO2 17.96 Density (g/cm3) 3.08 
Al 2O3 4.59 Dry residue < 45 µm (Wt.%) 5.1 
Fe2O3 2.46 Surface area, Blaine (cm2/g) 4379 
CaO 6.06 Expansion Le Chatelier (mm) 11 
MgO 2.15   
SO3 0.41 (c) Mechanical characteristics 
Cl- 0.02 Test MPa 
Free CaO 1.68 Flexural strength (28 days) - 
Loss on Ignition 6.43 Compressive strength (2 days) 34.3 
Insoluble Residue 1.87 Compressive strength (28 days) 51.6 

 
The concrete mix design is presented in Table 2. After mixing, several specimens (10 cm and 15 

cm cubes; 10 cm x 20 cm cylinders) were moulded and stored in a conditioning chamber (20ºC/95 
% r.h.) for a day, after which they were demoulded and stored in water at 21ºC until testing. No 
admixtures where used so that the effect of the polymers, both combined and separately, could be 
assessed without influence. 
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Table 2. Concrete mix design. 
Constituents Concrete [kg/m3] 
Cement 448 
Sand 840 
Course aggregate 840 
Water 224 
w/c 0.50 

Methodology 

The research was performed in two phases: the first refers to the assessment of mechanical 
properties of concrete with varying percentages of both additives, and the second the analysis of the 
microstructure by SEM and XRD. 

Initially, it was planned to incorporate up to 9% of polymer (by mass of cement), but preliminary 
tests indicated that the mechanical strength of concrete incorporated with the polymers was 
increased significantly when their concentrations were in the range from 0% to 4%. A test plan 
based on a simplification of the traditional Box model was adopted (Figure 1) [15]. 
 

 
Figure 1. Planning of tests adopted. 

 
The mechanical properties of concrete evaluated were the compressive and tensile strengths, at 7 

and 28 days. Each result represents an average of 3 specimens. The compressive strength tests 
where performed according to the NP EN 12390-3 [16], where as the tensile strength test adopted 
was the Brazilian method, according to NBR 7222 [17], which determines the tensile strength by 
diametrical compression of specimens. 

For the SEM analysis the samples were not polished so as to be able to assess the fracture 
surface obtained without changing its morphology. The microscope used was a Leica Cambridge. 
For tests of XRD the samples were ground until passing through sieve with 45 µm opening. The 
diffractometer used was a Rigaku Geigerflex powder diffractometer. Both SEM and XRD were 
conducted at the University of Beira Interior, located in Covilhã, Portugal. 

Other characterization tests were performed, such as porosimetry by mercury intrusion, thermal 
analysis and density by intrusion of helium, but the main characterization was possible from the 
tests already cited. As part of a more comprehensive characterization still in progress, other tests are 
being performed, namely durability performance tests such as penetration of chloride ions, electrical 
resistivity, capillary absorption and oxygen permeability. The results presented in this paper refer 
only related to the mechanical properties of compressive and tensile strength. 
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Results and Discussion 

Compressive Strength 
The compressive strength results are given in Tables 3 and 4 below, for 7 and 28 days, respectively. 
The graphic representations of Tables 3 and 4 can be seen in Figures 2 and 3, which show the trend 
of the mechanical behavior of concrete containing both polymeric additives. 

Acting alone, 3 % biopolymer showed an increase of 14 % in the compressive strength of 
concrete for 7 days, and 8 % for 28 days. In the case of latex, the addition of 4 % resulted in a 
reduction of the compressive strength of 24 % for 7 days, and 14 % for 28 days, e.g., the simple 
addition of latex is not recommended when we want to increase the compressive strength. However, 
in the case of polymers acting together, we obtained an increase of 29 % in compressive strength for 
7 days (Figure 2), and 21 % for 28 days (Figure 3), equivalent to the percentage of 1 % of latex and 
3 % of biopolymer, e.g., the combined effect of the polymer increases the compressive strength and 
keeps in time. 

Table 3. Compressive strength results for 7 days [MPa]. 
Latex [%] 0 1 2 3 4 

B
io

po
ly

m
er

 
[%

] 

0 19,92 19,2 18,32 16,8 15,03 
1 19,3 19,33 18,7 17,01 16,4 
2 18,81 21,0 20,24 18,4 17,12 
3 22,7 25,79 21,8 19,07 17,1 
4 22,17 23,4 22,17 18,8 14,96 

Obs.: values in italic correspond to interpolations of experimental values obtained. 

Table 4. Compressive strength results for 28 days [MPa]. 
Latex [%] 0 1 2 3 4 

B
io

po
ly

m
er

 
[%

] 

0 28,09 26,9 25,65 24,6 24,01 
1 28,2 27,06 27,5 24,12 24,1 
2 29,48 30, 9 33,11 27,0 24,05 
3 30,3 33,96 31,2 26,70 25,0 
4 27,51 30,7 31,04 27,3 24,12 

Obs.: values in italic correspond to interpolations of experimental values obtained. 

  
Figure 2. Compressive strength for 7 days 

[MPa]. 
Figure 3. Compressive strength for 28 days 

[MPa] 
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Tensile Strength 
The results of the tensile strength of all combinations are made in Tables 5 and 6 and in Figures 5 
and 6 following. 

For tensile strength, the optimum point of the results differs somewhat from that obtained for 
compressive strength. At that point the optimum condition was maintained for the ages, but the 
tensile strength has a range that extends from 2 % of each polymer to the condition of 3 % of latex 
and 1 % of chitosan. Thus, the choice of the ideal percentage of the two polymers should be given 
on the purpose of the concrete. For concretes submitted predominantly to compressive stress the 
composition with 3 % of chitosan and 1% of latex is recommended, while for tensile stresses, the 
ideal is around 3 % of latex and 1 % of chitosan. In any event, the magnitude of the tensile strength 
of concrete is still very small compared with the compressive strength. 
 

Table 5. Tensile strength results for 7 days [MPa]. 
Latex [%] 0 1 2 3 4 

B
io

po
ly

m
er

 
[%

] 

0 2,33 2,4 2,49 2,6 2,69 
1 2,3 2,40 2,5 2,49 2,6 
2 2,25 2,5 2,75 2,5 2,48 
3 2,4 2,45 2,4 2,30 2,3 
4 2,36 2,3 2,19 2,2 2,05 

Obs.: values in italic correspond to interpolations of experimental values obtained. 

Table 6. Tensile strength results for 28 days [MPa]. 
Latex [%] 0 1 2 3 4 

B
io

po
ly

m
er

 
[%

] 

0 3,27 3,3 3,49 3,5 3,37 
1 3,1 3,24 3,5 3,63 3,4 
2 2,92 3,2 3,58 3,3 3,22 
3 2,9 3,06 3,0 2,88 2,9 
4 2,89 2,9 2,63 2,7 2,46 

Obs.: values in italic correspond to interpolations of experimental values obtained. 

 

 
Figure 4. Tensile strength for 7 days [MPa]. Figure 5. Tensile strength for 28 days [MPa]. 

 
X-Ray Diffraction (XRD) 
Four experiments of XRD were conducted on the concrete samples: reference concrete, concrete 

3,6-3,8

3,4-3,6

3,2-3,4

3,0-3,2

2,8-3,0

2,6-2,8

2,4-2,6
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with 3 % of chitosan and 1 % of latex; concrete with 4 % of chitosan, and concrete with 8 % of 
chitosan. 

The XRD patterns reveal the presence of the most common phases of hydrated Portland cement, 
e.g. C-S-H gel, portlandite, ettringite and quartz from sand used in the mixture. 

From the results the tendency of ettringite formation can be observed in those samples that do 
not have latex. In fact, this phase showed a significant reduction in peak intensity, possibly 
indicating that the latex inhibits its formation due to reduction of sulfate/aluminate ratio (Figures 6 
and 7). Ettringite is a phase that does not remain in the concrete at ages over 28 days; with time it 
gradually incorporates hydrated monosulfate [18]. 
 

  
Figure 6. XRD: (a) reference concrete; (b) concrete with 1 % latex and 3 % biopolymer. 

 
Both XRD and SEM show, as expected, that the C-S-H gel formed in the samples was C-S-H 

type I [19] typical of ordinary Portland cement. It is more abundant in the sample with 3 % of 
biopolymer and 1 % of latex (Figure 7a and Figure 8). This result is interesting because it explains 
why the concrete prepared with this concentration of polymers shows higher mechanical strength, 
note that in the remaining concrete samples the C-S-H formation is not as abundant (Figures 9 and 
10) meaning that the combination of polymers adopted does not favors the formation of C-S-H gel. 

 

  
(a) (b) 

Figure 7. XRD of (a) concrete with 4 % biopolymer; (b) concrete with 8 % biopolymer  
 
In the concrete sample with an excess of biopolymer (Figure 7b), silica has an increased peak 

intensity, perhaps indicating that no reaction of this surface and the cement hydrates, which would 
explain the low concrete strength obtained, e.g., the formation of C-S-H gel in the transition zone 
and in the paste as a whole was being committed to the excessive presence of the biopolymer, so 

C-S-H 

quartz quartz 

portlandite portlandite 

C-S-H 

quartz quartz 
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there seems to be an optimal value around 3 %, which favors the formation of C-S-H gel. 
 
Scanning Electronic Microscopy (SEM) 
The image in Fig. 8 is one of the most interesting results of the SEM. The formation of C-S-H gel 
type I can be seen, indicated in the XRD (Fig. 6b). This concrete had the highest compressive 
strength at 28 days. The intertwining of reticulated C-S-H gel explains why the resistance increases, 
since it has more secondary bonding distributed throughout the microstructure joining the 
portlandite particles and other hydrates. 

In Fig. 9 the presence of latex is viewed. It was revealed to the setting of the electron beam in the 
region indicated by the arrow. Fig. 9 shows the appearance of the area before and after a few 
seconds of action of the beam. The capture of both images shows the burning of the material, which 
does not occur with the hydrates of Portland cement, or with the biopolymer to a reduced time of 
exposure to the electron beam. Moreover, the fact that the image is in the backscattered electrons 
mode, corroborates this finding because the region is in darker shade of the cement hydrates, since 
the atomic weights of chemical constituents of latex are low. 
 

 
Figure 8. SEM of chitosan (3 %) and latex (1 %) (C-S-H). 

 

  
Figure 9. SEM of concrete with 3 % chitosan and 1 % latex – evidence of latex. 
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(a)                                                                        (b) 

Figure 10. (a) SEM of concrete with 2 % biopolymer and 2 % latex - evidence of latex; (b) SEM of 
concrete with 4 % biopolymer - presence of ettringite 

 

 
Figure 11. SEM of chitosan (8 %) - presence of chitosan. 

 
Another interesting occurrence observed in Figure 9 and also in Figure 10 is the abundance of 

microspheres of latex indicating an insufficient mixture of the starting materials, e.g., the 
mechanical properties probably would have been better if the energy mix of concrete had been more 
intense. 

Figure 10b illustrates the abundant formation of ettringite. It is interesting to note that the 
acicular forms of ettringite present with small size (few micra), unlike the ettringite usually formed 
at the beginning of the hydration process of Portland cement that has a length greater than 100 
micrometers. In this case, it is possible to be before the conversion of ettringite in hydrated 
monosulfate, which was to be expected in concrete older than 28 days of hydration. 

Evidence of the presence of the biopolymer can be seen in Figure 11, which shows a large 
particle polymer (arrow). This particle we fixed the beam for a while until they get a reduction in 
cross-section of material. 
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Conclusions 

The mechanical properties evaluated (compressive and tensile strengths) were sensitive to the 
incorporation of polymers. The effect of each polymer separately is not very interesting. An 
increase of compressive strength by 8 % was observed for the biopolymer, whereas for the latex a 
reduction of 14 % was observed. The latex should not be used in concrete for increased the 
compressive strength. The interaction between the chitosan biopolymer and the latex was observed 
since both mechanical strengths increased upto 21 % for 28 days, especially for the combination of 
3 % of biopolymer and 1 % of latex. 

The analysis by SEM and XRD of the microstructure of the concrete with both additions shows 
why it is stronger than the standard concrete. The chitosan has fixed electrostaticaly the calcium 
from Portland cement (chelation), which implies lower mobility of water, thereby increasing the 
resistance of the interfacial transition zone, increasing the tensile strength and promoting the pore 
refinement by the elimination of excess water of hydration. The presence of latex was also observed 
in the form of networks connecting the pores of concrete, but to a lesser degree due to the 
insufficient mixing time necessary to promote a homogenous distribution of the polymer. 

The use of polymers must be accompanied by the adoption of a greater mix of energy, so that its 
effects are more intense and evenly distributed in the cement matrix. The analyze of concrete 
microstructure is a good way to assess the behavior of mechanical properties and others properties, 
by the visualization of formed hydrates of Portland cement and its distribution. Research into the 
combination of polymers with different characteristics appears to be a noteworthy path to continue. 
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