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Abstract  
This paper presents strength results of mortar concretes containing traditional sand and 
synthetic lightweight aggregates (SLAs) – an innovative construction material comprised 
of recycled plastic and coal fly ash – and further augmented by calcium carbonate.  Five 
concrete mixes were created using only ‘coarse sand’; i.e, having an aggregate size 
range of 1.19mm to 4.75mm.  Mix 1 (the control) consisted of traditional, normal weight 
sand only; Mixes 2A and 2B substituted 5% and 10%, respectively, of SLA (by volume) 
for the traditional sand; and Mixes 3A and 3B consisted of the SLA mixes with a small 
quantity of CaCO3 added to the mix (2% by cement weight).  Uniaxial compressive 
strengths (f’c) were determined on all mixes after 7- and 28-days of curing. At 28-days, 
Mix 1 had an f’c of 27.5 ± 1.6 MPa.  The f’c of Mix 2A reduced to 25.5 ± 1.1 MPa, a 7% 
reduction; while that of Mix 2B reduced to 24.1 ± 1.7 MPa, a 12% reduction. However, 
for CaCO3-based Mix 3A, the f’c only decreases to 26.3 ± 1.2, a 4% decrease over Mix 
1.  For Mix 3B, the f’c was 24.6 ± 1.3 MPa; lower f’c than Mix 1 but higher than Mix 2B. 
These results clearly indicate that while increased SLA content in the mortar concretes 
leads to strength reductions, this reduction can be partially mitigated by adding small 
quantities of CaCO3.  More studies are needed to further elucidate the impact of SLA on 
concrete strength and how strength reductions (if any) can be mitigated by CaCO3. 
Introduction 
Currently, concrete is one of the most widely used materials on earth, and cement 
manufacturing is the third largest non-energy emissions source of anthropogenic CO2 in 
the U.S.1 Similarly, each year over 41 million metric tons of thermoplastics are produced 
in the U.S. and Canada; the annual production of coal combustion residuals (bottom 
ash and fly ash) exceeds 45 million tons in the U.S. with only about 55% beneficially 
reused in other applications.2  As these materials continue to occupy space in landfills 
and the potential long term effects of these accumulating wastes are better understood, 
the environmental regulations influencing the costs of their disposal will likely increase. 
In addition to increasing the regulations regarding the disposal of fly ash and plastic, the 
EPA is now moving toward more stringent CO2 reporting. 
It may be possible to proactively address these impending regulations and the 
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continued generation of the aforementioned waste products by integrating them into 
construction applications.  Utilizing fly ash and waste plastics into a concrete mixture 
that also serves as a stabilizing medium for CO2 would not only prove environmentally 
favorable, but also lead to a concrete that possesses mechanical properties that rival, if 
not outperform, those of traditional concrete. 
This paper presents the results of a laboratory study that evaluated the mechanical 
properties of a concrete that incorporates synthetic lightweight aggregates (SLAs) 
comprised of recycled mixed plastics and fly ash, and calcium carbonate (CaCO3) 
mineralized from a simulated flue gas. Both of these materials have been shown to 
influence the mechanical properties of concrete. Their successful use in concrete would 
also provide a number of potential environmental benefits, such as the reuse of waste 
materials in concrete, and the utilization of concrete as a sink for sequestered CO2, 
potentially leading to an overall decrease in the net CO2 emissions from concrete 
production.3,4 
Background 
Synthetic Lightweight Aggregates in Concrete 
The creation of synthetic lightweight aggregates (SLAs) comprised of plastic and fly ash 
began with the intent of developing a substitute for normal weight aggregate (NWA). It 
was important that this substitute lead to concretes with appropriate and adequate 
mechanical properties, while also transforming the voluminous amount of plastics and 
fly ash produced in the US from waste into a viable building material.4 
SLAs are manufactured through a heat and pressure process that co-mingles the plastic 
and fly ash, followed by extrusion and rapid cooling. Once cooled, the composite is 
granulated to a desired particle size for use in various applications, including as 
aggregate in concrete.  Malloy et al. (2000) investigated different types of SLAs; some 
containing a single type of plastic and others with mixed plastics. In addition to changing 
the type of plastic, the fly ash:plastic ratio can also be varied from 0:100 to 80:20 
formulations. Type F fly ash, with a relatively high carbon content (> 15% residual 
carbon), has been the predominant ash utilized in SLA manufacturing.  
Mechanical Impacts of SLA in Concrete 
Numerous research efforts have shown that substituting SLA for NWA in concretes 
impacts its mechanical properties. 5, 6, 7  For example, Jansen et al (2001), Malloy et al 
(2000), and Swan et al (2001) show that concretes containing SLA exhibit reductions in 
elastic modulus, split tensile strength, and compressive strength.  Although increasing 
SLA content decreases ultimate concrete strength, its use provides concretes with a 
more ductile response. This can be an extremely useful property in earthquake prone 
areas where seismic loading may cause buildings or bridges to collapse. Concretes 
containing SLA have also exhibited higher salt scaling resistance than NWA-only 
concretes. Both post-peak ductility and salt scaling resistance are desirable 
characteristics of concrete, showing that SLA substitution for NWA increases its 
durability, which may decrease the frequency of maintenance and replacement.5 
Calcium Carbonate in Concrete 
The incorporation of calcium carbonate in concrete has been investigated in many 



 

ways, most commonly in the form of limestone. Earlier studies have shown that 
limestone substitution for cement is often done to reduce the use of cement and 
consequently the associated cost and energy necessary for concrete production.8 It has 
been shown that in concretes with limestone contents greater than 10% by weight of 
cement, the limestone primarily acts as filler. However, when amounts less than 10% 
were utilized, increases in early compressive strength were observed, but long term 
strength data has varied, leading researchers to question the role limestone plays in 
cement hydration and thus strength development.9 
Due to the relatively simplistic chemical composition of calcium carbonate (CaCO3), its 
precipitation is a relatively easy and low energy process, often utilizing waste products 
to supply the reagents for precipitation.18 For example, Ramme et al (2010), 
investigated the effectiveness of fly ash, blast furnace slag, lime-kiln dust, and recycled 
concrete fines to sequester CO2 from ambient atmospheric gas, CO2 gas, and coal 
combustion flue gas to create stable carbonate minerals.19  Studies by Jo et al (2012) 
and Sun et al (2012) further illustrated that CaCO3 can be precipitated by reacting fly-
ash-enriched water with coal combustion flue gas, and Sun et al exhibited the ability to 
sequester 264kg of CO2 per ton of fly ash.20, 21 Thus, these studies provide evidence 
that CaCO3 can be created as a by-product of CO2 sequestration. In other words, rather 
than being released into the atmosphere, CO2 from coal combustion and/or limestone 
calcination can be successfully stabilized to form CaCO3. 
Additionally, several studies have shown that CaCO3 can be beneficially reused in 
concrete, often causing higher early strengths (after 7 days of curing).10, 11, 12, 13, 14, 15, 16  
For example, Xu et al (2012) and Mei et al (2011) have demonstrated that adding 
CaCO3 to concrete results in increased compressive and split tensile strengths up to 
18% and 20%, respectively.15, 16  Early strengths are often attributed to calcium 
carbonate providing additional nucleation sites for hydration, thus expediting the 
formation of early mineral assemblages. Additionally, nucleation site availability 
increases due to the high specific surface area of calcium carbonate, further increasing 
the rate of hydration.17  Although most research agrees with the potential for early 
strength gains in concretes with the addition of CaCO3, it is still unclear how it impacts 
later overall strength, thus it has not been classified as a cement strength accelerator.  
There is also a potential environmental benefit of utilizing CaCO3 in concrete associated 
with increased mineralization of aluminum trisulphate (AFt) or ettringite. It has been 
shown that the ettringite crystal lattice can accommodate substitutions of oxyanions of 
heavy metals such as chromium, boron, arsenic, and selenium, in place of the sulfate 
anion.22 This is particularly useful in concretes containing fly ash, as these heavy metals 
are typically associated with the coal combustion byproduct.  [Note: This may not be the 
case for the ash in SLAs as the aggregate tends to immobilize the ash’s heavy metals.]  
In summary, previous concrete research has shown the benefits of wastes derived from 
cement manufacturing (CaCO3) and coal burning (fly ash) in concretes. It may be 
possible to utilizes both SLAs and CaCO3 in concretes that provides a means to (1) 
sequester greenhouse gases (CO2) in a stable mineral form, (2) divert waste materials 
from landfill, (3) enhance the concrete’s ductility and durability, and (4) provide a 
concrete with a compressive strength comparable to ordinary concretes. 



 

Research Questions 
In order to appropriately test the effects of combining CaCO3 and SLAs on the 
mechanical properties of concrete, the following questions were investigated: 

(1) Will the combination of CaCO3 and SLAs provide a more mechanically desirable 
concrete than their individual use?  

(2) Can the addition of CaCO3 make up for the strength decreases due to addition of 
SLAs?  

The following research effort was performed to examine these research questions. 
Materials and Methodology 
Materials - several batches of mortar concrete were developed and tested.  Concrete 
mixes consisted of four components – coarse sand-size aggregate, cement, CaCO3, 
and water.   

• Aggregate - In accordance with ASTM Standard 192/C, which outlines the 
maximum aggregate size with respect to the sample size, sieve analyses 
were performed on both SLA and NWA to obtain grain sizes ranging from 
4.75mm (0.187 in) to 1.19mm (0.0469 in), which correlate to – No. 4 to + 
No. 16 US standard sieve sizes.23 The NWA consisted of a granitic sand; 
the SLA formulation used was 80% high carbon fly ash comingled with 
20% mixed thermoplastics (HDPE, PET, PP, and PS)  

• Cement - Type I/II Portland cement was utilized as the cementitious binder 
material. 

• CaCO3 – A precipitated CaCO3 was obtained from Specialty Minerals Inc 
(Multifex-MM®). This CaCO3 was chosen given its ultrafine average 
particle size (0.07 microns), purity (98% CaCO3), and lack of surface 
treatment. The CaCO3 was added to various mixes (but not as a substitute 
for cement) at 2% and 5% of the weight of cement in each batch.  Only the 
data for the 2% addition is presented in this paper. 

• Water – Tap water available in the laboratory was used in all mixes.  The 
amount of water used was determined based on a water / cement ratio 
(w/c) of 0.5 with additional water provided to account for aggregate 
absorption.  Previous research determined the absorption of SLA and 
NWA as 8% and 1.3% respectively, which were used to calculate the 
amount of water needed for each batch.5 

Water content was not adjusted with the addition of CaCO3 as it was not considering as 
a cementitious material. 
In order to evaluate the influence of CaCO3 on concretes containing SLA, five total 
batches were cast.  Mix 1 consisted of a batch of concrete with no SLA and no CaCO3, 
Mix 2A and 2B were concretes with substitutions of part of the NWA by SLA (5% and 
10%).  Mixes 3A and 3B added 2% CaCO3 to Mixes 2A and 2B (see Table 1). Each 
batch contained identical amounts of cement, but since SLA has a higher absorption 
value than NWA, additional H2O was added to batches that contain SLA. Mix 1 is 



 

considered the ‘control’ batch and the strengths of the other experimental mixes are 
compared to its value. 

Table 1 
Mix Proportions of the Various Concrete Batches 

Mix % 
CaCO3 % SLA NWA 

(g) 
SLA 
(g) 

Cement 
(g) 

CaCO3 
(g) 

H2O 
(g) 

Specimens 
created 

1 0 0 341.6 0.0 130.5 0.0 69.7 48 
2A 0 5 324.6 7.6 130.5 0.0 70.1 42 
2B 0 10 307.5 15.2 130.5 0.0 70.5 48 
3A 2 5 324.6 7.6 130.5 2.6 70.1 42 
3B 2 10 307.5 15.2 130.5 2.6 70.5 48 

Notes:  
All masses represent amounts needed to create a concrete volume of 81 cm3 
or 1 test cylinder. 

 
Together, the control and experimental batches provide useful information as to how 
both the SLAs and CaCO3 influences concrete’s behavior. Cylindrical specimens (5cm 
diameter by 10cm in length) were produced for each batch.  As shown in Table 1, 48 
specimens were created for Mix 1, Mix 2B and Mix 3B; i.e. the batches with either 0% or 
10% SLA.  For Mixes 2A and 3A, 42 specimens were created.  For each batch, half of 
the specimens were tested after 7 days of curing and half after 28 days. 
Methods - Compressive strength testing was performed at both 7 and 28 days after 
batches were cast to gain information about strength development at different stages of 
hydration. Samples were tested using a Kip Forney load frame. As necessary, the ends 
of specimens were trimmed level using a concrete cutting saw to create planar loading 
surfaces.  Custom load caps were designed to ensure the compressive load was 
distributed evenly across the top of the sample and to mitigate any impacts that surface 
asperities may have on performance. Top load caps consisted of a 5cm diameter, thin 
metal (1mm thick) ‘lids’ with a 4.5mm lip.  A 3-mm-thick piece of foam board was 
inserted into this top cap to help ensure even load distribution across the specimen 
during loading. The bottom cap was a 12.5-mm-thick steel disk with a 5cm diameter 
hole in its center.  Again, a 3-mm-thick piece of foam board was used to help seat the 
specimen against the loading platen and ensure even load distribution on the specimen. 
Except near the top and bottom load caps, specimens were unconfined during loading. 
Concrete Strength Results 
Table 2 presents a summary of the mean and standard deviation of compressive 
strength test results.  Figure 1 provides a plot of these test results.  For this summary, 
the highest and lowest values of strength from a set of tests have been removed.  The 
data clearly show that the addition of SLA tends to lower the strength while the addition 
of CaCO3 tends to increase strengths.  As stated earlier, in order to analyze the relative 
impacts of varying SLA and CaCO3, all results were normalized to the mean 28-day 



 

strength of Mix 1, the control batch with 0% CaCO3 and 0% SLA.  This will be referred 
to as the reference strength. 
As shown in Table 2, average 7-day compressive strength results reduce as SLA is 
added – from 86.9% for Mix 1 down to 82.9% for Mix 2A to 73.5% for Mix 2B.  However, 
the addition of 2% CaCO3 mitigated some of this reduction with Mix 3A having 83.0% of 
the reference strength while Mix 3B was similar to Mix 2B exhibited 72.6% of the 
reference strength.   
28-day strength results show Mix 2A (with 5% SLA) possessed 92.6% of the reference 
strength, but Mix 3A (with 2% CaCO3 and 5% SLA) had a strength that was 95.6% of 
the reference strength.  This clearly indicates that the use of a small percentage of 
CaCO3 will compensate for some of the loss of strength due to the addition of SLA. 

Table 2 
7-day and 28-day Compressive Strengths of Various Concrete Mixes 

(mean ± standard deviation presented) 

 7-day Strength 28-day Strength 

 n Mean± STD (MPa) Ratio of 
Means n Mean± STD (MPa) Ratio of 

Means 
Mix 1 22 23.9 ± 1.3 86.9% 22 27.5 ± 1.6 - 

Mix 2A 19 22.8 ± 2.5 82.9% 19 25.5 ± 1.1 92.6% 
Mix 2B 22 20.2 ± 1.4 73.5% 22 24.1 ± 1.7 87.5% 
Mix 3A 19 22.8 ± 1.6 83.0% 19 26.3 ± 1.2 95.6% 
Mix 3B 22 20.0 ± 2.0 72.6% 22 24.6 ± 1.3 89.5% 
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Figure 1  Compressive Strength of Mortar Concretes Containing SLA and 
CaCO3 



 

Concrete Density Effects - Specific Strength 
Many applications not only require concretes with high strength, but also low density. 
Therefore, specific strength provides a means for comparing various mixes, calculated 
by dividing the mean compressive strength of a concrete mix by the mean density of the 
tested specimen (reported in kN∙m /kg). Table 3 presents values of the specific strength 
for the concretes tested for this study. 
Using the 28-day specific strength of Mix 1 as the reference value, Mixes 3A and 3B, 
containing 2% CaCO3, have the highest specific strengths after 28 days, showing only 
minor losses in specific strength over that of Mix 1 (0% CaCO3 or SLA) yet gains over 
Mixes 2A and 2B (with 5% and 10% SLA, respectively). Due to the density reductions 
and strength increases, the additions of 2% CaCO3 proves to be most effective. This 
provides additional evidence that concretes containing a small percentage of SLAs and 
CaCO3 provide specific strengths equal to that of similar mixes containing neither 
component. 

Table 3 
7-day and 28-day Specific Strengths of Various Concrete Mixes 

(mean presented) 

 7-day Specific Strength 28-day Specific Strength 

 n Mean (kN·m/kg) Ratio of 
Means n Mean (kN·m/kg) Ratio of 

Means 
Mix 1 22 10.31 86.4% 22 11.93 - 

Mix 2A 19 9.98 83.6% 19 11.18 93.7% 
Mix 2B 22 9.02 75.6% 22 10.75 90.1% 
Mix 3A 19 10.09 84.6% 19 11.54 96.7% 
Mix 3B 22 9.04 75.8% 22 11.09 93.0% 

 
Overall Impact of Calcium Carbonate 
This study shows that additions of CaCO3 to concretes tend to increase their strengths.  
Specifically, additions of 2% CaCO3 to concrete result in decreased density and 
increased compressive strength throughout the first 7 days of hydration and apparently 
beyond.  As noted in previous research, the presence of CaCO3 enhances early 
hydration and consequently increases early strength.  This may be attributed to CaCO3 
providing excess nucleation sites and increases the abundance of CH and carbonate as 
reactants for hydration. 
Additionally, it can be hypothesized that mineral development plays a significant role in 
a specimen’s density.  As previously noted, the addition of CaCO3 is likely connected to 
increased mineralization of ettringite, whose increased abundance will likely lead to 
decreased sample density. This general trend is seen for 2% CaCO3 additions, which, 
due to showing the most beneficial properties has been deemed the optimal level of 
CaCO3 addition. 



 

Conclusions and Recommendations 
This study shows the environmental, economic, and mechanical benefits of 
incorporating SLA and CaCO3 into concrete. It is concluded that additions of 2% CaCO3 
are optimal for concrete compressive strength and density.  
Recommendations 
A few key recommendations for future research worthy of examination include: 

1. Compressive strength tests should be conducted after 56 and 128 days of curing 
to investigate the impacts of CaCO3 on longer time scales. 

2. Addition testing with measurement of the stress-strain behavior of concretes 
should be analyzed to determine whether the post-peak ductility exhibited by 
samples containing high amounts of SLA is visible with lower substitutions.  

3. Performing compressive strength tests on specimens that experience cycles of 
freeze/thaw would also be useful for understanding the durability of this concrete 
under different environmental conditions.  
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