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Portland concrete suffers in service brittle failure, extensive crack propagation, and wear rates increasing with time. In 

spite of all the effort expended, these problems persisted when we had started our project. We used several polymeric 

fillers and fly ash. Higher compressive moduli than the starting concrete are seen for some compositions, the highest for 

5 % of one of the polymers + 5 % fly ash. The same composition has the lowest Taber abrasive wear loss. All composites 

show lower wear loss values than Portland concrete. After 25 days of acidic degradation in 4.0 molar aq. HCl, the starting 

Portland concrete suffers stronger degradation that our composites. Polymer swelling mitigates acidic degradation. 

Repetitive freeze-thaw cycles between 15oF and 85oF show disappearance of the deep voids present before the first cycle 

in our composites but not in the Portland cement. While the use of fly ash mitigates contamination of the environment, it 

is the combination of fly ash with polymers which provides significantly improved properties – tribological, chemical and 

mechanical ones – of the Portland concrete.  
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1. INTRODUCTION 

Concretes have been used for thousands of years, first 

mineral concretes, above all in construction and also as road 

and bridge materials [1, 2]. Mineral concretes can carry 

huge loads. However, these concretes are brittle and prone 

to crack formation – a potential problem in all cases, and a 

dramatic one during earthquakes [3]. When a crack appears, 

it can be filled with a polymer – much more flexible and 

resistant to deformation [4 – 6]. Bitumen has also been used 

for improving properties of mineral concrete as a road 

material [7]. The fact that polymers are viscoelastic [2, 8] is 

actually helpful here; polymeric chains can adapt their 

molecular conformations under the application of a 

force – while inorganic constituents can only respond by 

fracture. 

We also note that various waste materials including 

waste marble or fly ash have been used as fillers [9 – 12]. It 

is for this reason that fly ash reactivity in hydrating cement 

has been studied by neutron scattering [13]. Finally, 

polymer-based concretes are also being used and have been 

compared to mineral ones [14, 15].  

We felt that this situation behooves us to modify 

Portland concrete – to significantly mitigate the drawbacks 

known for centuries. Longer durability of structures made 

with Portland concrete should also contribute to 

sustainability. Reviewing the extensive literature, we have 

found that the remedies tried involved inorganic compounds 

– actually not surprising given the chemical nature of the 

Portland concrete itself. Inorganic compounds are not 
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viscoelastic; under the application of a force the Portland 

concrete can either ‘survive’ or fracture into pieces. This 

while the key applications of concretes are based on their 

capability to carry large loads. This led us to recognizing 

that polymeric chains – with their capability to modify 

macromolecular conformations under the applications of a 

force - have a dramatic advantage over non-viscoelastic 

materials. Moreover, as discussed by Briscoe and Sinha 

[16], in the contact of moving surfaces there is formation of 

relatively much softer ‘third body’ particles in the case of 

polymers – while ceramic and other inorganic particles are 

hard and highly abrasive.  

We have applied several polymers as fillers in order to 

study their effect on the mineral concretes. We also kept the 

sustainability approach such that potential waste will find 

useful application. Thus, our fillers contain in turn several 

polymers and fly ash. The advantages of each such 

combined filler is highlighted in its performance in the 

comprehensive testing – over a course of time and use. One 

of the pertinent properties here is abrasion [9, 16, 17]. 

Interesting attempts to relate abrasion to mechanical 

properties – flexural modulus in particular—have been 

reported [16, 17]. 

2. EXPERIMENTAL 

Portland concrete was made from Portland cement, with 

one part the cement, 2 parts sand, and 3 parts gravel. The 

starting masses varied between 22 and 25 g. We recall that 

Portland cement is hydraulic, it sets and becomes adhesive 
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due to a chemical reaction between the dry constituents and 

water. Commercial Quikrete 5000 concrete mix with the 

water to cement ratio of 77.3 ml per kilogram was used. 

Four main polymers were chosen to be incorporated into the 

concretes composition: Rovorene 6090, 6017, 403, and 

Tylac. These polymers involve a strong molecular backbone 

such as acrylic and were the cheapest among their category. 

The polymers were used to replace up to 10 percent of the 

concretes composition; example: 90 wt.% Portland 

concrete, 5 % Rovorene 6090, 5 % fly ash. Each sample was 

prepared under 10 minutes and was allowed to cure for 

7 days. Four main tests were conducted on these chosen 

concrete composites. The first was compression testing, to 

ensure that the composites have a similar elastic modulus to 

the control, that is neat concrete. Following these tests and 

comparison were abrasion testing, crack propagation 

testing, and chemical degradation testing. 

Compression testing (elastic modulus): a MTS machine 

was used. The dimensions of the molds were 

12.7 mm × 12.7 mm × 25.4 mm, according to the 

appropriate ASTM D-695 standard. All materials were 

allotted a total of 7 days to cure. While most of curing 

mineral concretes occurs in the beginning of the process, the 

entire curing takes years, with thermal effects detectable by 

microcalorimetry two years since the beginning of the 

process [2]. However, curing of epoxies and other polymers 

is much faster [18]; hence seven days curing cycles. The 

results after the seven days will be used for comparisons.  

Abrasion testing: samples were molded into a disk and 

placed on a Taber Abrader. This machine abrades the disk 

at a specific angle for 500 cycles. As the turntable rotates, 

the wheels are driven by the sample in opposite directions 

about a horizontal axis displaced tangentially from the axis 

of the sample. One abrading wheel rubs the specimen 

outward toward the periphery while the other inwards 

toward the center. Before and after testing, the weight loss 

caused by debris formation is recorded.  

Chemical degradation tests: samples were placed in 

4.0 molar aq. HCl solution for a specified amount of time. 

Specimens were dried for a full 24 hours and then weighed 

every 1, 4, 9, 16, and 25 days. After weighing, the samples 

were placed back into the solution until the next test date. 

The difference in sample weights before and after exposure 

to the HCl solution can suggest possible chemical 

degradation, perhaps implying some molecular 

vulnerability of the polymer concrete as a filler to the 

mineral concrete cracks and gaps.  

Crack propagation tests: the crack growth in concretes 

was measured in repeated freeze-thaw cycles to simulate 

what happens to concrete during extreme temperatures and 

in industrial applications. SEM micrographs were taken of 

the samples before and after those cycles for 3 weeks with a 

minimum of 3 cycles per week. Thus, there was the total of 

9 cycles. The freezing temperature was set to – 9.4 °C and 

the thawing temperature to 29.4 °C. Weight loss was 

recorded in each cycle.  

Completion of the above tests for various compositions 

and comparing the results to those for neat concrete should 

enable optimization for the successful crack healing of 

mineral concretes. We recall that polymer concretes have 

been compared to mineral ones [14]. 

3. RESULTS AND DISCUSSION 

3.1. Compression testing results 

Compressive moduli of elasticity are compared in 

Fig. 1. Compression testing was aimed at elimination of 

compositions which did not have moduli comparable or 

higher than the neat mineral concrete. As seen in Fig. 1, the 

top peformers contained: a – 90 wt.% Portland concrete, 

5 % Rovorene 6090, 5 % fly ash; b – 90 % Portland 

concrete, 5 % Rovorene 6017, 5 % fly ash. Compositions 

based on these results were then tested for abrasion 

resistance. 
 

Fig. 1. Compressive moduli of elasticity 
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3.1. Abrasion testing 

The results are summarized in Fig. 2. Since the starting 

masses of the samples were all within a relatively narrow 

range, the absolute weight losses are meaningful. 

The original weights of the specimens subjected to 

abrasion testing were comparable. We see that the neat 

mineral concrete (control) is the worst by far from the point 

of view of abrasion. The second worst contains 2.5 wt.% 

Rovorene 6090 and 2.5 % fly ash. The overall winner is the 

one in the middle of Fig. 2, with 5 % Rovorene 6017 and 

5 % fly ash; its weight loss of 4 grams is less than 1/3 of the 

abrasion loss of the control Portland concrete. 

3.2. Acidic degradation 

Results of acidic degradation over a period of 25 days 

are presented in Fig. 3. Again, since the starting masses of 

the samples were all within a relatively narrow range, the 

absolute weight losses are meaningful. 

The worst from this point of view is neat concrete with 

the weight loss of ≈ 0.24 g by Day 25. We can see that 

initially neat concrete had the best performance, or the least 

weight loss. However, as time goes on, the concrete matrix 

becomes more susceptible to degradation than the polymer 

containing concretes. The latter were losing the weight 

initially, but then we see a more stable or slower weight loss 

than the neat concrete. These results can be explained by 

swelling in the polymer containing concretes – resulting in 

improved protection against the acidic degradation. 

3.3. Crack propagation testing 

The results in the form of scanning electron 

micrographs are presented in Fig. 4 for neat concrete, in 

Fig. 5 for specimens with Rovorene 6017 and fly ash, in 

Fig. 6 for materials with Rovorene 6090 and fly ash, in 

Fig. 7 for specimens with fly ash only. 

We see in Fig. 4 that all open deep gaps become much 

shallower as a result of the repetitive freeze-thaw cycles 

between – 9.4 °C and 29.4 °C.  

 
Fig. 2. Abrasive weight loss results 

 
Fig. 3. Acidic degradation in 4.0 molar aq. HCl of selected compositions as a function of time 
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a 

 

b 

Fig. 4. SEM observations for neat mineral concrete: a – before 

crack propagation; b – after crack propagation causes by 3 

weeks of freeze-thaw cycles 

However, the two-dimensional surface areas of the gaps 

are not smaller than before. In Fig. 5 we display SEM 

micrographs for composites containing 5 wt.% Rovorene 

6017 and 5 % fly ash, again before and after freeze-thaw 

cycles. 

We see in Fig. 5 a a cloudy and multi-texture coating of 

the gaps before crack propagation. There are large deep 

voids and lack of the uniformity of the sample surface. 

Fig. 5 b, with a 10 times larger magnification (compare the 

scales at the bottom of both micrographs) show practically 

complete disappearance of the deep voids, in spite of the fact 

that crack propagation has taken place. 

Since we work with two kinds of Rovorene, in Fig. 6 

we show micrograph for composites containing 5 wt.% 

Rovorene 6090 and 5 wt.% fly ash. 

We see in that deep gaps and cracks from Fig. 6 a are 

covered and filled in Fig. 8 b. Fig. 8 b also shows an 

apparent texture difference in the spaces not affected by the 

cracks. We also see in Fig. 8 b some remaining gaps and 

small dot-like holes throughout the resulting product after 

crack propagation. We now consider results for composites 

containing 5 wt.% fly ash only, without the Rovorenes; see 

Fig. 7. 

 

 

a 

 

b 

Fig. 5. SEM for materials containing 5 wt.% Rovorene 6017 and 

5 % fly ash: a – before crack propagation testing; b a – after 

crack propagation testing. Note the change of scale 

between a and b 

We find that gaps and cracks seen in Fig. 7 a have been 

successfully filled by fly ash in Fig. 7 b. Thus, all 

composites containing a polymer and/or fly ash show 

significant improvement of their surfaces after 9 freeze-

thaw cycles. We recall here the statement by Song and 

coworkers [19]: “freeze–thaw damage and steel corrosion 

pose threats to the strength of concrete. Furthermore, ice 

formation on concrete road-surfaces greatly increases injury 

and fatality rates”. Clearly the property changes caused by 

multiple freeze-thaw cycles strongly depend on the 

composition of the concrete. 

We can see a great reduction of weight loss in abrasion 

testing with just a 5 % addition of the polymer. With the 

starting sample masses between 22 and 25 grams, in two 

cases in Fig. 2 we have seen 5 grams lost.  

This can be compared to 13 grams lost by the control 

concrete sample without additives, thus some 50 % loss. 
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a 

 

b 

Fig. 6. SEM observations for specimens containing 5 wt.% 

Rovorene 6090 and 5 % fly ash: a – before freeze-thaw 

cycles; b – after freeze-thaw cycles 

A possible explanation is that the polymer is acting as a 

friction reducer while the samples are being abraded [16]. 

Fig. 3 tells us that the samples with additives placed into an 

HCl aq. acidic bath initially were all losing weight. 

However, after 10 days or so, two of them began to maintain 

a consistent weight. By contrast, neat concrete was losing 

weight continuously and at 25 days there are no signs of 

mitigation of this process. We recall a study of concretes – 

one without and one with steel fibers – subjected to freeze-

thaw cycles in a NaCl solution by Gunasekaran and 

coworkers [20]. In both cases the impact resistance was 

reduced. 

The polymer in the composite concrete seems to be 

absorbing the water from the acidic solution and filling the 

pores within the concrete as it swells. Pore structure of 

polymer-modified Portland cement pastes was studied by 

small-angle X-ray and neutron scattering by Castaño and his 

colleagues [21]. The pores reduce the total surface area of 

the concrete and making the concrete less susceptible to 

corrosion and degradation in an acidic environment. 

This might be an example of material self-organization 

as discussed by Desai and Kapral [22].  

 

a 

 
b 

Fig. 7. SEM observations for specimens containing 5 wt.% 

fly ash; as before: a – micrograph is for a composite 

before freeze-thaw cycles; b – one after those cycles 

SEM photos pertaining to the freezing-thawing cycles 

show us that the composite concrete is more homogenous in 

structure then the neat concrete. 

This applies also after the crack propagation testing – 

suggesting that the composite structure may be more stable 

under thermal and mechanical stresses resulting from 

varying the environment temperatures. 

In earlier work on concretes we have included 

clinoptilolite [23], a natural mineral available among others 

in California and also around the shores of the Aegean Sea. 

Significant improvement of the compressive strength was 

found after such concretes were subjected to 400 °C or 

500 °C treatments. Production of fly ash poses a problem 

since in a variety of locations around the world fly ash 

simply becomes waste. We demonstrate how fly ash can be 

used to improve properties of Portland concrete. We also 

recall how Falayi and colleagues [24] have found a good use 

for desilicated fly ash lime. It seems we have here examples 

of the “thrash to treasure” approach. Interestingly, the 

results reported above show that a combination of a polymer 

and fly ash provides significantly more improvement of 

several properties than either of these additions alone. 
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4. CONCLUSIONS 

Higher compressive moduli than the starting concrete 

are seen for some compositions, the highest for 5 % of one 

of the polymers + 5 % fly ash. The same composition has 

the lowest Taber abrasive wear loss. All composites show 

lower wear loss values than Portland concrete. After 25 days 

of acidic degradation in 4.0 molar aq. HCl, the starting 

Portland concrete suffers stronger degradation that our 

composites. Polymer swelling mitigates acidic degradation. 

Repetitive freeze-thaw cycles between 15oF and 85oF show 

disappearance of the deep voids present before the first 

cycle in our composites—but not in the Portland cement. 

While the use of fly ash mitigates contamination of the 

environment, it is the combination of fly ash with polymers 

which provides significantly improved properties - 

tribological, chemical and mechanical ones – of the Portland 

concrete. 
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