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Environmental concerns on the impact of sand dredging in India have led to severe restrictions on this activity, with 
direct impact on concrete construction. At the same time, waste plastic is rarely recycled, and left untreated in open 
landfill. Work funded by the British Council under the UKIERI (United Kingdom India Educational Research 
Initiative) programme, has been investigating how recycled plastic might be used as a replacement for sand in 
concrete, providing a solution to both problems. This paper details 180 day carbonation tests under accelerated 
conditions in a 4% CO2 environment, comparing concrete with 10% sand replaced by recycled plastic with a plain 
concrete mix. The accelerated test method is estimated to predict the performance of the material after 25.7 years 
in service. It is seen that the carbonation depth after 180 days is only 5% greater in the concrete with recycled 
plastic. 

1 Introduction 
Cement manufacture in India reached 280Mt in 

2014 (Van Oss, 2015), second only to China. India 
exports only small volumes of cement, with internal 
demand for concrete being driven by a growing 
economy, growing population, and rising living 
standards (World Bank, 2016). Mass extraction of 
sand, usually via river dredging, has been a problem in 
India for a number of years and is mainly fed by 
construction demand. A high court ruling in 2010 put a 
stop to sand dredging (Zeenews, 2010) and has led to 
severe supply problems within much of India. 

The Indian central pollution control board (CPCB) 
reported in 2008 that approximately 15,000 tons of 
plastic waste is dumped every day in India (Anon, 
2015). Non-biodegradable plastic waste is inert and 
breaks down very slowly once buried in landfill. A 
solution to both of these problems may be to substitute 
sand in concrete mixes with processed waste plastic, 
which would otherwise remain as waste in landfill. This 
would not only encourage the collection and use of 
waste, but would provide alternative sources of fine 
material in place of sand in concrete mixes. 

 

2 Plastic as a replacement for sand in 
concrete 

Partial replacements of sand in concrete using 
plastics have been attempted by a number of 
researchers. Work to date has mainly focused on the 
changes in compressive and tensile strength of the 
material as a result of introducing the plastic. Variables 
such as the plastic replacement percentage, the shape 
of the plastic, surface texture, material, and concrete 
mix design all have the potential to modify the 
performance of the resulting concrete. 

Some research on the effects of plastic aggregate 
substitution on concrete compressive strength was 
undertaken by Al-Manaseer and Dalal (1997). It was 
found that the compressive strength decreased as the 
plastic aggregate content increased, with the loss in 
strength attributed to poor bond characteristics 
between plastic and cement paste. Saikia and de Brito 
(2014) tested mixes with replacement ratio ranging 
from 5%-15% and also found that the higher 
replacement ratios led to a more significant loss of 
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strength. This was attributed to the lack of chemical 
interaction between the plastic and cement paste. 

Albano et al. (2009) tested a variety of mixes, and 
studied the effect of plastic particle size. The larger 
plastic particles led, as expected, to more significant 
losses in compressive strength. Formation of 
honeycombing, cavities, and poor workability were 
seen in samples with high replacement ratios. 

It may be advantageous to replace sand with a 
material that has the same particle size and grading. 
Frigione (2010) used granulated PET sand to achieve 
this, and found that smaller losses of strength could be 
achieved (2% loss, with a 5% replacement). This 
indicates that although the use of plastic will cause a 
decrease in compressive strength because of a poorer 
bond to the cement compared to the sand, the loss can 
be limited by appropriate mix design and choice of 
plastic. 

Thorneycroft (2016) undertook a range of tests on 
mixes with five different types of plastic at a constant 
replacement ratio of 10%. It was seen that the most 
effective plastic aggregate was the appropriately 
graded PET fragments. Good results were also 
achieved when fibres or shredded plastic bags were 
used, as these long slender fibres can be beneficial to 
the tensile capacity of the mix. 

Further discussion can be found in Thorneycroft et al. 
(2016) and Savoikar et al. (2015). 

3 Durability  
Internal steel reinforcement in concrete structures is 

primarily protected from corrosion by the high alkalinity 
of concrete. Carbonation of the concrete mix, 
precipitated predominantly by the presence of carbon 
dioxide in the atmosphere, reduces the alkalinity of the 
concrete through the conversion of calcium hydroxide 
in the cement paste to calcium carbonate and water. 
Carbonation occurs primarily by gaseous diffusion 
through air filled pores, and is often described using 
Fick’s law. To determine the resistance of concrete to 
carbonation over its service life accelerated testing can 
be undertaken by exposing samples to an atmosphere 
of elevated carbon dioxide levels. Test methods vary 
from BS EN 13295 (2004) which recommends a 1% 
CO2  concentration, to a TFB1  ‘Bulletin du Ciment ’ 
(Dunster, 2000) which uses a 100% carbon dioxide 
concentration. By comparison atmospheric carbon 
dioxide is currently estimated at 400 parts per million 

or 0.040% of the atmosphere by volume, 
demonstrating the accelerated nature of such 
methods. 

A key aspect for the future use of concrete using 
plastic as a partial replacement for sand is long term 
performance issues. Durability tests have been 
undertaken at the University of Bath. This section 
details accelerated testing of concrete samples over a 
period of 180 days in a 4% CO2 environment. The 
literature (Jones et al., 1999 and Ho and Lewis, 1987, 
both cited by (Dunster, 2000)) suggests that under 
such a regime, one week in the carbonation chamber 
is equivalent to one year in natural indoor exposure 
conditions. 180 days of testing thus represents 25.7 
years in service conditions. The tests were undertaken 
based on the NordTest NT BUILD 357 (1989). 

3.1 Specimen details 

Building on work presented by (Savoikar et al., 
2015, Thorneycroft et al., 2016) samples were tested 
with the concrete mix design shown in Table 1. 10% 
replacement of sand by volume was chosen. Graded 
PET sand was used as the partial replacement for 
sand, Figure 1. Fifteen 100mm cubes were cast for 
each mix for durability testing, along with additional 
samples for strength testing. 

Table 1: Mix designs per m3, all values in kg 

Mix Cement Water Coarse Fine Plastic 

1 550 220 780 780 0 

2 550 220 780 702 33 

 

Figure 1: Graded fine particle PET sand. 

3.2 Test method 

All specimens were cast at the same time. They 
were removed from the moulds after 24 hours, and 
cured in water (20ºC ±2ºC) for 14 days, before being 
cured in air of 50±5% relative humidity, 20ºC ±2ºC until 
28 days, after which they were subjected to the 
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carbonation test. Four sides of the cube were coated in 
paraffin wax, before the specimens were exposed to 
an atmosphere containing 4% carbon dioxide with a 
relative humidity of between 55 and 65% by placing 
them in a carbonation chamber. 

3.3 Results  

A summary of the carbonation depth measurements 
are provided in Table 2. Photographs from each stage 
of testing are shown in Figure 2 and all results are 
presented graphically in Figure 3. The concrete mix 
used had an average compressive strength at 28 days 
of 50.9MPa for Mix 1 and 35.6MPa for Mix 2. 

Table 2: Summary of carbonation results 

Age (days) Mix 1  
average 
carbonation 
depth (mm) 

Mix 2 
average 
carbonation 
depth (mm) 

% Change 
(Mix 1 – 
Mix 2) 

7 0.00 0.00 - 

14 0.79 2.14 172% 

28 2.25 3.32 48% 

90 6.05 5.79 -4% 

180 8.71 9.14 5% 

 

 

Figure 2: Carbonation photos, mixes 1 and 2. 
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Figure 3: Summary of all carbonation test results with time

3.4 Analysis 

The results show that the behavior of the two mixes 
was quite different over the 180 day test period, but 
that the final readings were within 5% of each other, 
suggesting that in the long term the addition of plastic 
does not make a significant impact on carbonation 
depths. Mix 2, containing plastic waste, had a final 
carbonation depth of 9.14mm, just 0.43mm greater 
than the 8.71mm carbonation depth of the reference 
Mix 1. Such a difference is within the error margins for 
carbonation testing.  

The range of results at each test date is shown in 
Figure 3 in the ‘Mix 1’ and ‘Mix 2’ series. The average 
values, shown darker in the figure, are also reported in 
Table 2. 

During the test, it was seen that Mix 2 had a much 
faster initial carbonation period, showing a much 
greater carbonation depth at both 14 and 28 day tests 
(Table 2). This initial behaviour could be attributed to a 
change in the surface porosity of the concrete as a 
result of the plastic particles. However, this effect 
reduces over time and final carbonation depths are 
within expected parameters.  

Available models for the prediction of concrete 
carbonation depth with age (Hunkeler, 2005) can be 
summarized by Eq.(1): 

Ca = B ta   (1) 

Where Ca is the carbonation depth (mm); B is a 
coefficient of carbonation; ta is the accelerated 
exposure time in days 

The coefficient ‘B’ chosen in this analysis 
encompasses a range of variables and analytical 
methods that are beyond the scope of this 
investigation. Further models are presented by 
Steffens et al. (2002) Saettaa and Vitaliani (2004) that 
incorporate effects of heat, moisture and gas flows 
through concrete.  

To demonstrate the applicability of the ‘root time’ 
approach, the results presented in Figure 3 are 
redrawn in Figure 4 with a ‘root time’ x-axis. 
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Figure 4: Root time results presented for Mixes 1 
and 2. 

From the results two equations were determined using 
linear fitting in Excel to compare and predict the rate of 
carbonation for the two concrete mixes. These are 
given in Eq.(2) and Eq.(3): 

Ca,Mix 1 = 0.606 ta  (2) 

Where Ca,Mix 1 is the carbonation depth (mm) for 
concrete without plastic waste; The coefficient of 
carbonation is 0.606; ta is the accelerated exposure 
time in days. 

Ca,Mix 1 = 0.651 ta  (3) 

Where Ca,Mix 2 is the carbonation depth (mm) for 
concrete with 10% plastic waste; The coefficient of 
carbonation is 0.651; ta is the accelerated exposure 
time in days. 

The result of using Eq.(2) and Eq.(3) as a prediction for 
carbonation depth is shown in Figure 3 (‘Mix 1 
Prediction’ and ‘Mix 2 Prediction’). 

Where estimated in-service carbonation depths are 
required (i.e. not at an accelerated test age), then 
Eq.(2) and Eq.(3) should be modified to account for the 
accelerated nature of the tests.  

The correlation between the test conditions and the in-
situ behaviour of concrete has been described above 
and is incorporated in this analysis by the ratio η, 
Eq.(4), which estimates that one week in a 4% CO2 

environment is equivalent to one year under 
atmospheric conditions. 

η = Accelerated days
In situ days

= 7
365.25

  (4) 

The in-situ carbonation depths are thus modified to 
give Eq.(5) and Eq.(6). 

Ci,Mix 1 = 0.606 η( )ta  (5) 

Ci,Mix 2 = 0.651 η( )ta  (6) 

Where Ci is the estimated in-situ carbonation depth in 
mm after ti days. The carbonation coefficients remain 
at 0.606 for Mix 1 and 0.651 for Mix 2.  

Extrapolating these equations to a 90 year service life, 
Mix 1 would be expected to have a carbonation depth 
of 15.2mm, and Mix 2 of 16.3mm. Such a difference 
would be within error margins of carbonation testing. 

4 Conclusions 
Tests on fifteen 100mm cubes under accelerated 

test conditions have been undertaken. It was seen that 
concrete with 10% waste plastic had a quicker initial 
carbonation rate than the reference mix. This more 
rapid carbonation subsequently slowed, and the final 
carbonation depth was within 0.5mm of the reference 
mix after 180 days in a 4% CO2 environment. This test 
is estimated to represent the carbonation behavior of 
concrete after 25.7 years in service conditions (0.04% 
CO2 environment). 

5 Future work 
The data presented represents only one type of 

plastic, and one replacement percentage (10%). 
Further work is required to expand our understanding 
of the durability performance of concrete with waste 
plastic. Studies considering other environmental 
effects, including chloride ingress, should be 
undertaken in addition to extra work on carbonation 
rates. The fire performance of such concrete mixes is a 
further area of required testing and analysis. 
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