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Abstract-This research presents the potential of combined carbon capture alongside compressive strength improvement 
in carbonated lime treated kaolin clay, and determines the suitability of the strength improvement for application to 
capping layer in road pavement. Using combined modification and carbonation treatment at controlled air voids, 4.7%-
10% calcium carbonate was determined in kaolin treated with 4-8% calcium hydroxide contents in samples at 10% air 
voids. Strength increase was achieved in carbonated lime-treated kaolin from 170 kPa to 280 kPa compared with 
soaked non-carbonated lime treated kaolin, which shows significant increase of approximately 65%. This method of 
combined modification and carbonation in lime treated clay has the potential to capture carbon alongside improving 
the strength of the weak kaolin, and could be effectively used for combined carbon capture and road pavement 
functions. 
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I. INTRODUCTION 

The nature of clay poses problem to geotechnical engineering practice due to its properties such as low 
strength, high plasticity, and poor workability. Lime has been used for treatment of clay due to its potential to 
improve plasticity, strength and workability of clay for construction purposes [1], [2]. However, the production 
of lime itself produces additional carbon dioxide CO  emissions [3]. Mitigating the effects of increase in CO  
and other greenhouse gases (GHGs) constitutes another concern to geotechnical engineering. This is because the 
effects of these increases is causing the Earth to become warmer [4]. The consequences on environment include 
increases in risk of flooding and subsequent people displacement, threat to food security, risk of increase in heat-
related illness and disease, threat to wildlife and risks of intense storm [5]. Climate change also potentially poses 
a threat to the sustainability of engineering infrastructures and in particular soil based constructed infrastructures 
such as embankments, and pavements [6]. 

Previous researchers [7], [ 8] have conducted studies on carbon capture in soils and have reported that 
soils which are rich in calcium or magnesium silicate minerals can store atmospheric CO  as calcium carbonate 
(CaCO . However, combined solution of carbon capture and strength improvement in soil have not been 
attempted. The combined modification and carbonation method for carbon capture alongside soil improvement 
offers one novel solution to this need. 

I.A. Lime Modification Concept 

Lime modification, which is the addition of calcium hydroxide (Ca OH  to clay, has been successfully 
used for the treatment of soft clay for construction purposes, mainly due to the reduction in plasticity of the clay 
as a result of cation exchange [2]. Lime modification takes place at short term, thus offering the advantage to 
reduce delays to construction during wet weather [2]. In the current study, lime modification can be defined as 
the short term reaction that occurs in lime treated soil, resulting in reduction in plasticity and improvement of 
workability [9].  

I.B. Carbon Capture 
The increase in atmospheric CO  concentration by 40% since the start of the industrial revolution (since 

1750) is believed to be linked to climate change and the continuing threat of the attendant global warming [4]. A 
means to mitigate the climate change is by enhancement of soil carbonation for carbon capture and storage 
function [8]. 

The process of carbonation could be achieved by the reaction of alkaline earth oxides such as calcium 
oxide, or magnesium oxide with atmospheric CO  to form carbonates of calcium or magnesium. The carbonation 
process is chemically represented by equations (1), (2) and (3).  

Ca OH  + CO  → CaCO  + H O    (1) 
CaO + CO    →  CaCO      (2) 
MgO + CO    →  MgCO        (3) 

The carbonate (of calcium or magnesium) formed is usually classified as relatively weak cementing agent [10]. 
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II. AIM and OBJECTIVES of the STUDY 
The aim of this study was to determine whether combined carbon capture and strength improvement in 

lime treated soil could be achieved for application in capping layer of road pavement. The objectives were to 
determine the strength properties of carbonated compacted Ca OH  treated kaolin and compare with those of 
non-carbonated treated kaolin. Compacted Ca OH  treated kaolin is henceforth referred to as ‘treated kaolin’. 
Other objectives were to determine calcium carbonate formation in carbonated treated kaolin for carbonation 
treatment. Furthermore, to determine if the strength improvement of carbonated treated kaolin are sufficient for 
application to capping layers in road pavement. 

III. MATERIALS and METHODS 

III.A. Materials 

The soil used in this study was Imerys Polwhite Grade E kaolin clay. This is because its mineralogical 
simplicity avoids interference from effects associated with other clays within a natural soil that might be poorly 
characterised, and allows the work to be reproduced easily. This clay was supplied by IMERYS Minerals Ltd, 
UK. The mechanical and chemical composition of the clay is presented in Table 1 (details reported in [11]). The 
lime used was Ca OH  supplied by Lafarge Tarmac Cement & Lime, Buxton, UK. The chemical composition of 
the lime as provided by the manufacturer is also presented Table 1. Sodium carbonate used in this study was 
supplied by VWR International, UK, its chemical composition again is shown in Table 1. 

III.B. Specimen Preparation 

To prepare treated kaolin specimens, lime content at 0%, 2%, 4%, 6% and 8% Ca OH  by weight each, 
kaolin clay and water were mechanically mixed, placed in airtight polythene bags and stored for 24 hours in a 
temperature controlled room (20 oC, 55% relative humidity) in accordance with BS 1924, Part 2 [12]. By using 
2.5 kg rammer (normal Proctor) compaction test, specimen of dimensions 38 mm diameter and 76 mm length 
were prepared based on the pre-calculated air voids content and densities in accordance with BS 1924, Part 2 [12]. 
The pre-calculated data is presented in Table 2 (details reported in [11]). 

In order to simulate a critical moisture state for lime treated soil under reasonable pavement conditions, 
post 7 days cured specimens were soaked in water for 24 hours as required for low to moderate plasticity soils, 
according to the method by Little [13]. The soaking was carried out by allowing water to permeate through the 
specimen for 24 hours, using a triaxial cell set-up (shown in Fig. 1). Soaking of specimen using triaxial cell set-
up was selected in order to achieve similar soaking conditions in treated kaolin, which is further discussed in 
carbonation treatment section in this paper. 

 
III.C. Strength Testing 

To determine the strength of untreated kaolin, non-carbonated and carbonated treated kaolin specimens, 
unconfined compressive strength (UCS) testing was conducted using an INSTRON 5585H loading frame, at a 
strain rate of 1 mm/min (1.3%/mm) in accordance with BS 1924-2 [12]. Three specimens were tested for each 
mix combination and the average value of the UCS was taken to represent the strength of the specimen. The 
strength tested specimens were retained for geochemical analysis. 

III.D. Modification and Carbonation Treatment 

A combination of modification and carbonation treatment were performed on treated kaolin to determine 
the resulting effect in terms of geochemical and strength improvement. 

III.D.1) Modification Treatment: Modification treatment was conducted on treated kaolin clay to achieve short 
term reaction, which is typical within the early days of lime treated soil work. To provide for additional calcium 
ions that would be required by carbonation reaction, kaolin was treated with lime based on the result of the 
modified ICL test according to the definition presented by [2]. In the current study the ICL value was 4 % Ca OH  

by dry mass, which is equivalent of 3% calcium oxide (CaO) content. Kaolin clay was mixed with Ca(OH)2 

content equal to, and higher than ICL value. These were 4% Ca OH  (ICL value equivalent), 6% Ca OH  
(ICL+1.5% CaO) and 8% Ca OH  (ICL+3% CaO). Specimens of dimensions 38 mm diameter and 76 mm length 
were prepared and cured for 7 days in a temperature-controlled room (20 oC, and 55 % relative humidity, as earlier 
described in Section IIIB). Short term curing of 7 days allows for short term reactions due to cation exchange, 
which is also referred to as soil modification [9]. These specimens were used for carbonation treatment. 
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TABLE 1 Mechanical and Chemical Properties of Kaolin (Polwhite E), Lime and Sodium Carbonate as used in the Current Study 

Property Kaolin Lime Sodium Carbonate 
Chemical compositiona    
SiO2 (mass %) 50 0.7 0.00005 
Al2O3 (mass %) 35 0.1 - 
Fe2O3 (%) - 0.06 - 
Ca(OH)2 (%) - 96.9  
Mg(OH)2 (%) - 0.5  
CaSO4 (%) - 0.03  
Mn (%) - 175 ppm  
F (%) - 65 ppm  
Pb (%)   - 1.3 ppm  
As (%) - 0.3 ppm  
Phosphate (PO4) - 0.001% max  
As (%) - 0.3 ppm  
Phosphate (PO4) - 0.001% max  
Free moisture (%) - 0.25  
Assay (dried basis) - - 99.5% Na2CO3 min 
SO4 - - 0.003% max 
Chlorine (Cl) - - 0.0001% max 
Iron (Fe) - - 5 ppm max 
Calcium (Ca) - - 0.03% max 
Magnesium (Mg) - - 0.005% 
Potassium (K) - - 0.005 (%) 
Insoluble matter   0.01% max 
Loss on ignition (%)   1.0% max 
Physical properties:    
0.06 – 0.002 mm (%)  65   
Less than 0.002 mm (<2 µm) (%) 35   
Surface area (BET; m2/g) 8   
pH      5.5   
Cation exchange capacity (cmol/kg)  4.0   
Specific gravity 2.6   
Liquid limit (%) 59   
Plastic limit 31   
Plasticity index (%) 28   
Optimum moisture content (%) 26.5   
Maximum dry density (Mg/m3) 1.44   
Unconfined compressive strength (kPa)b 

Initial consumption of lime (ICL) 
200 
4% Ca(OH)2 

  

a Chemical analysis based on the supplier datasheet 
b At optimum moisture content  
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TABLE 2 Compaction Target Specimen Data 

Calcium 
hydroxide content 
(%) 

Air void (%) W (%) Dry density 
(Mg/m3) 

Bulk density 
(Mg/m3) 

Bulk mass (g) 

4 
 
 
 

3 a 29b 1.435 1.8512 160 
10 26 1.405 1.7703 152 
15 23 1.38 1.6974 147 
20 21 1.354 1.6383 141 
25 18 1.335 1.5753 136 

6 3 a 30b 1.425 1.8525 159 
10 26 1.395 1.7577 152 
15 24 1.367 1.6951 146 
20 21 1.342 1.6238 140 
25 18 1.32 1.5616 135 

8 
 
 
 

3 a 30 b 1.418 1.8434 159 
10 26 1.389 1.7501 151 
15 24 1.360 1.6864 145 
20 22 1.328 1.6202 139 
25 19 1.306 1.5541 134 

aAir void at maximum dry density (MDD),  bMoisture content at optimum moisture content (OMC). 

  
 
 

 
Fig. 1. Carbonation treatment of calcium hydroxide treated kaolin clay using triaxial cell set-up (modified from BS 1377-6: [14]). HC 
represents high carbon. 

III.D.2) Carbonation Treatment: To achieve carbonated lime treated specimens, carbonation treatment experiment 
was conducted on post modified treated kaolin specimens based on the permeability in a triaxial cell test in 
accordance with BS 1377-6 [14]. The triaxial cell used in this study was fitted with a measurement and control 
system (Geotechnical Digital Systems: GDS) having automatic pressure and volume control units (Fig.1). 

In order to perform the carbonation treatment, high carbon (HC) solution (made up of 1 molar sodium 
carbonate (Na CO )) was permeated downward through the treated kaolin specimen at gauge pressure of 100 
kPa, and cell confining pressure of 150 kPa. The filtrate was collected through the syringe at intervals of 1 hour 
until the carbonation treatment was completed. The carbonation treatment was considered completed when the 
electrical conductivity (EC) of the filtrate was the same as the EC of the supplied HC solution. The EC of the 
filtrate was determined using a microprocessor controlled electrical conductivity/TDS meter (HANNA HI 9835 
model) in accordance with BS 7755-3.4 [15]. 

III.E. Geochemical Testing  

Geochemical testing was carried out using a calcimeter and thermogravimetric analysis (TGA). 
Calcimeter analysis was performed on 15 samples of carbonated treated kaolin to confirm the presence and 

HC solution supply 

Modified kaolin specimen 

Filtrate collected 
HC solution 

supply line 
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quantify CaCO  content in adherence with BS EN ISO 10693 [16]. The technique determines carbonates in a 
sample based on a volumetric approach. Thermogravimetry - differential scanning calorimetry coupled with 
quadrupole mass spectrometry (TG-DSC-QMS) was performed on carbonated treated kaolin to confirm the 
presence and quantify precisely the amount of CaCO  content. Due to the cost and time involved in each test, TGA 
was performed on 3 samples with remarkable strength corresponding to carbonated treated kaolin at 10% air voids 
value with 4%, 6% and 8% Ca OH  contents respectively. This analysis was performed using Netzsch STA449C 
Jupiter TG-DSC system at Newcastle University, UK (details reported in [11]). TGA measures the mass loss as a 
function of temperature, and allows for a discrete quantification of CaCO3 and other heat-sensitive soil component. 

III.F. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) analysis was performed on non-carbonated and carbonated 
treated kaolin samples to confirm the presence of CaCO . In this study, an FEI XL30 environmental scanning 
electron microscope (XL30 ESEM) at Newcastle University, UK was used. It is fitted with a field emission gun, 
and a Centaurus backscattered electron detector to collect the images reproduced. A point elemental analysis 
was performed on the crystal grains within the sample to determine mineral elements using a Rontec Quantax 
Energy Dispersion X-ray analyser (EDX) attached to the environmental scanning electron microscope (ESEM). 
Due to cost and time involved two samples (broken sections) were analysed. The samples were selected to 
represent the non-carbonated and carbonated lime treated kaolin at highest lime content (8% Ca OH ) which 
was expected to undergo highest mineral changes due to carbonation. 

IV. RESULTS 

IV.A. Strength Improvement of Non-carbonated Lime Treated Kaolin 

The experimental results investigating the strength of 7 days cured water saturated treated kaolin are 
shown in Fig.2. The treated kaolin was compacted to maximum dry density (3% air voids) prior to soaking in 
water for 24 hours (as described in Section III.B). The results show that a peak 7 days cured UCS of 200 kPa was 
achieved at 4% Ca OH  addition. 

 
Fig. 2. Variation of unconfined compressive strength (UCS) of water saturated calcium hydroxide treated kaolin compacted to 3% air voids 
(average of 3 samples per point, cured for 7 days). Analytical error bars represent 1 standard deviations. 

 
IV.B. Effect of Calcium Hydroxide Addition on Calcium Carbonate Formation 

The experimental results showing the effect of increasing Ca OH  additions on CaCO  formation are 
shown in Figs.3a, and 3b. The results derived from Eijkelkamp calcimeter analysis are shown in Fig. 3a, whilst 
results obtained from TGA analysis for samples at 10% air voids is shown in Fig. 3b. Overall, the amount of 
CaCO  increased proportionally with Ca OH  content in the treated kaolin (Fig. 3a). It may be seen that doubling 
the Ca OH  additions doubles the CaCO  formed and may be predicted from equation 1, where Ca OH  addition 
is proportional to the resulting CaCO . Analysing carbonate content in Fig. 3b, the peak characteristic between 
660 and 740°C shows mass loss from decarbonation reactions (CO  derived from calcite, CaCO ), and the results 
are presented in Table 3. 

There is excellent agreement between the two techniques for determining CaCO  content. The results of 
T-test conducted on CaCO  in Table 3 indicates that, there was no significant difference between the results from 
TGA and calcimeter at p = 0.10. This is due to the consideration that if the p-value is greater than 0.05, then the 
results are similar (in this case results from the techniques), else they are not. Additionally, the results of 
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CaCO  content derived from the two methods were in reasonable agreement with the theoretical CaCO  content 
(Table 3). 
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Fig. 3a. Calcium carbonate content in kaolin with varying calcium hydroxide (Ca OH ) additions obtained from calcimeter analysis (average 
of 3 samples per point). Analytical error bars represent 1 standard deviation (b) Combine thermogravimetric curve and QMS trace, evolved 
gas (H2O and CO2) for samples at 10% air void (average of 3 samples per combination). 
 

TABLE 3 Calcium Carbonate Content from Thermogravimetric Analysis (TGA) and Calcimeter Analysis for Sample at 10% Air Voids Content. 
 

𝐂𝐚 𝐎𝐇 𝟐  
content 
(%) 

Theoretical 
𝐂𝐚𝐂𝐎𝟑 (%) 

a 𝐂𝐚𝐂𝐎𝟑 
content  from 
TGA (%) 

b 𝐂𝐚𝐂𝐎𝟑 content  
from calcimeter 
(%) 

Comparison of 𝐂𝐚𝐂𝐎𝟑 
results in TGA versus 
Calcimeter 

4 
6 
8 
P-value 

5.40 
8.11 
10.81 

4.54±0.21 
6.97±0.13 
9.40±0.23 

4.70±0.24 
7.46±0.16 
10.08±0.15 

- 
- 
- 
0.10 

aAnalytical error from TGA based on 1 standard deviation ranged from ±0.13 to ± 0.23 % wt CaCO . bAnalytical error from calcimeter based 
on 1 standard deviation (average of 3 samples per combination) ranged from ±0.15 to ± 0.24 % wt CaCO .  
Note: TGA represents thermogravimetric analysis, Ca OH  represents calcium hydroxide, and CaCO  represents calcium carbonate.  

- Represents not applicable. 
 
IV.C. Scanning Electron Microscopy Analysis 

Broken section of non-carbonated and carbonated treated kaolin samples were analysed using an XL30 
ESEM. Due to the cost and time involved only two samples (both of 8L10AV treated) were analysed. 8L10AV 
treated sample was selected because of its highest CaCO  content based on TGA analysis (previously presented 
in Fig. 3b). The SEM images of non-carbonated and carbonated treated kaolin samples are presented in Figs. 
4(a)-4(b). Point elemental analysis performed on the red spots (Points 1 and 2) is presented in Fig. 5. It is known 
that the use of SEM secondary electron images (SEI) combined with energy dispersion analysis (EDA) is 
primarily an imaging method and not a fully quantitative approach [17]. It is difficult to identify CaCO  
unambiguously using this approach. As reported in Section IV.B, thermal analysis unambiguously demonstrated 
the presence of CaCO  in the sample, which were used for SEM. 
Figs. 4(a) and 4(b) show the texture before and after carbonation treatment. The images show many amorphous 
white patches and white flaky crystals. On the basis of their morphology, it is suggested that the flaky grains are 
kaolinite particles.  Grains with a less clear morphology could be CaCO . These grains were about 2-3 µm in 
size. Point elemental analysis performed on areas of the sample indicated the presence of a range of elements 
including calcium (Fig. 5) suggesting CaCO . Other elements such as Si and Al were seen, suggesting kaolinite. 
The SEM-EDA system cannot resolve grains as small as 2-3 µm, and so the spectra represent an analysis of a 
composite mixture of kaolin and calcite. 
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Fig. 4 (a): Broken section of 8L10AV non-carbonated treated kaolin, spots: L= Percentage Ca OH  Content, AV= Air Voids Content 

 

Fig. 4(b): Polished Section of 8L10AV Carbonated treated kaolin, Spot Point 2=CaCO , L= Percentage Ca OH  Content, AV= Air Voids 
Content 
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Fig. 5: Elemental Analysis Points 1-2 from Figs. 4a-4b. 

IV.D. Effect of Calcium Hydroxide Additions on the Strength of Carbonated Treated Kaolin  

The experimental results investigating the effect of increasing Ca OH  additions on the strength of 
carbonated treated kaolin are shown in Fig. 6. The results show that the peak UCS was achieved in specimens 
with 6 % Ca(OH)2 content (for all air voids contents). Generally, the lime content in treated soil at which peak 
strength is achieved is referred to as optimum lime content [18]. In the current study, 6 % Ca OH  shows to be 
the optimum lime content in the carbonated treated kaolin. 

 
 

.  
Fig. 6. Effect of calcium hydroxide additions on unconfined compressive strength (UCS) of carbonated treated kaolin (average of 3 samples 
per point). Analytical error bars represent 1 standard deviation. AV represents air voids content 

Usually non-carbonated treated soil would have less strength compared with carbonated treated soil [19]. 
As noted by Bell [1], peak strength for lime treated soils is obtained when optimum lime content is attained. 
Considering Fig. 6 for sample compacted to air voids of 3%, an optimum lime content of 6% Ca OH  achieves 
peak strength of 240 kPa for carbonated treated kaolin. Comparing this optimum lime content of carbonated 
treated kaolin with water saturated non-carbonated treated kaolin at 6% Ca OH  (Fig. 2), it is observed that the 
carbonated treated kaolin has higher strength of 240 kPa as compared to a strength of 190 kPa for the water 
saturated non-carbonated treated kaolin. 
 
IV.E. Variation of Strength with Air Voids Content 

The experimental results investigating the variation of strength with the set air voids of carbonated treated 
kaolin are shown in Fig. 7. The UCS of the carbonated specimens increased with increasing air voids up to 10 %, 
and then decreased with further increases in air voids above 10 %. The specimens at 10% air voids content showed 
the highest strength. It is observed that the specimen at 10% air voids content also exhibited significant CaCO  
content as presented in Section IV.B. 
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Fig. 7 Unconfined compressive strength variation with air voids content of carbonated treated kaolin (average of 3 samples per point). 
Analytical error bars represent 1 standard deviation 
 

IV.F. Unconfined Compressive Strength Variation with Calcium Carbonate Content  

Fig. 8 shows the UCS variations with CaCO  content in carbonated treated kaolin. The results shows that 
the highest strength for all calcium carbonate contents was achieved at 10% air voids. This data supports the 
findings that air voids content of 10% resulted in notable CaCO  content and peak strength in carbonated treated 
kaolin. 

 
Fig. 8. Variation of unconfined compressive strength (UCS) with calcium carbonate content in carbonated treated kaolin (average of 3 
specimens per point). Error bars represent 1 standard deviation. 

V. DISCUSSION 

The data presented in this paper show that carbonation reaction in treated kaolin could result in combined 
calcium carbonate formation, and strength improvement. This could be influenced by the air voids contents under 
which they are compacted. It is shown that a control of air voids content of treated kaolin produces a desired effect 
of carbonation reaction for a combined carbon capture and strength improvement. These improvements are 
important for mitigation of climate change, alongside ground stability. There is a practical application of this study 
for climate change mitigation, as this approach could significantly offset CO  released from lime production. 

V.A. Degree of Carbonation and Lime Additions 

The results showing the degree of carbonation (DOC) as a function of Ca OH  additions in treated 
kaolin using calcimeter data are presented in Fig. 9. The DOC is a common means to assess the extent of 
carbonation. This allows for quantification of the experimentally determined carbonates of cation-rich material 
relative to the amount of carbonates that would be formed if a complete carbonation of available cations was 
achieved [20]. DOC has been determined as: 

 DOC  

 
       (4) 

where MCO   is the amount of experimentally determined carbonate, and MCO  is the amount of 
theoretically determined carbonate based on stoichiometry. 
The amount of theoretical carbonation for pure oxides of lime (CaO or Ca OH ) is chemically derived by 
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equations (1) and (2)  

 
Fig. 9. Variation in degree of carbonation with calcium hydroxide content in treated kaolin (error bars are based on one standard deviation). 
AV represents air voids content 

 
In all the cases based on the DOC, the combination of 6% Ca OH  content and 20% air voids content 

(6L20AV) was found as the minimum mixture that produced the highest CaCO  in the treated kaolin.  The 
maximum DOC derived from the Eijkelkamp calcimeter analysis in the current study was 93 %. 100% DOC was 
not attained; this could be due to incomplete dissolution of calcium hydroxide into pore solution where 
carbonation occurs. The combination of 6% Ca OH  content and 20% air voids content in kaolin gives the 
maximum CO  removed. 

V.B. Degree of Carbonation and Air Voids Content 

The effect of increasing air voids contents on carbonation in treated kaolin is presented in Fig. 10. 
Equivalent CaO was determined from the Ca OH  used in the current study for comparison with magnesia (MgO) 
used by [19], [21]. CaO and MgO are both stabilizers used for soil improvement, and have similar mechanisms 
of carbonation reaction for strength improvement of soil. 
There is however a shortcoming in this comparator because different researchers used different clays. The current 
study used pure kaolin clay for CaO treatment, whilst [19] used clayey silty sand for MgO treatment, and [21] 
used lean clay soil for MgO treatment.  

To plot Fig. 10, moisture content and density data from [19], [21] were used to calculate the equivalent 
air voids content, and DOC data were taken directly from their report. For clarity the results in the current study 
have been separated into two distinct stages and plotted in Fig. 11. 

 
Fig. 10. Degree of carbonation (DOC) development as a function of air voids in calcium oxide (CaO) treatment in the current study and 
magnesium oxide (MgO) treatment after [19], [21] 
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Fig. 11. Two Stages of the degree of carbonation (DOC) with air voids at constant calcium oxide content 

In the first stage (A), the cumulative DOC of CaO has a linear relationship with the air voids content. 
The relationship remained until the air voids value reached a limit (10% in the current study). Above the limiting 
air voids value only marginal increases in DOC were observed. Throughout stage A, the air voids value of the soil 
increased and resulted in increased DOC. During the second stage (B) negligible further carbonation occurs on 
further increase in air voids content, because the lime has been consumed. 

The linear relationship of cumulative DOC with air voids content in the current study (first stage (A) Fig. 
11) is similar to that produced by [19] for carbonated MgO treated clayey silty sand (Fig. 10). The similar pattern 
observed for both studies suggests that there is an air voids content in CaO treated kaolin for achieving desirable 
carbonation (as the asymptote of carbonation curve is approached), in the current study 10 % air voids. It is noted 
that the 10% air voids value corresponds to the peak strength (particularly UCS), and this is further discussed in 
Section V.D. It is observed that the limiting air voids for remarkable DOC is more distinct in CaO treatment than 
that in MgO: this could be because more of the CaO has been dissolved and so reacted, and that MgO does not 
dissolve as easily. 

The carbonation reaction in treated kaolin is influenced by the air voids contents under which they are 
compacted. The current study has found that a control of air voids content of treated kaolin produces a desired 
effect of carbonation reaction for a combined carbonation and strength improvement. In practical application air 
voids would be controlled in treated kaolin by compaction at the dry side of optimum moisture content (OMC), 
because it produces high air voids [22]. 

A field trial would be required to determine the most efficient type of compaction plant for method 7 of 
Specification for Highway Works [23], and the number of passes suitable for achieving the desired air voids 
contents. Method 7 is required for the compaction of stabilized material (7E) for capping layer of class (9E) (Table 
6/4, Specification for Highway Works [23]. This would require addition of the pre-determined water content to 
the soil, in situ lime treatment,  running the compaction plant over the material, and measuring the dry density of 
the material at given number of passes. This would be used to determine the most economical plant that achieves 
the desired air voids content. 

V.C. Carbonation and Strength Improvement 

Carbonation of lime treated kaolin in the current study resulted in strength improvement (previously 
presented in Section IV.D). One of the objectives of this study was to determine whether carbonated treated kaolin 
could achieve acceptable strength increase sufficient for application to capping layer in road pavement. The 
strength improvement of saturated carbonated treated kaolin compared with that of equivalent saturated non-
carbonated treated kaolin based on 7 days curing is presented in Table 4. The strength improvement is expressed 
as strength improvement factor (SIF). The SIF of carbonation is derived as the multiplier of the strength of 
carbonated treated specimen compared with the strength of the corresponding non-carbonated specimen, as also 
determined by [24]. The SIF of carbonated treated kaolin shows slight increases of up to 1.6 (Table 4). 

Based on 7 days curing, the highest compressive strength of saturated carbonated treated kaolin of up to 
280 kPa was achieved with 6L 10AV specimen in the current study. This strength is higher than the undrained 
shear strength of treated kaolin which is approximately 80 kPa in [25]. The reason for this could be that different 
researchers used different lime content. The current study used minimum of 3% CaO equivalent content, whilst 
[25] used maximum of 2.5% CaO content. 

Similar results of increase in SIF in carbonated magnesia treated soil is presented by [21], who reported 
a SIF of approximately 14 for a specimen with 15% MgO at 24% air voids content combination (Table 4). The 
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SIF of carbonated lime treated kaolin is approximately 9 times lower than that produced by magnesia treated lean 
clay. Magnesia treatment produced higher strength than that produced with lime treatment, because different 
researchers used different soils. The current study used pure kaolin, whilst [21] used a lean clay soil. The pure 
kaolin in the current study composed of 35% clay (grain size <0.002mm) and 65% silt (grain size 0.002mm -0.075 
mm), whilst the lean clay soil in [21] composed of 6.4% clay (grain size <0.002mm), 75.7% silt (grain size 
0.002mm -0.075 mm), and 17.9% sand (grain size 0.075 mm – 2 mm). The strength improvement in [21] may 
reflect carbonate cement formation that binds sand grains together. So the results reflect the strength of quartz, 
which is the mineral likely to be in the silt and sand fractions. Although the strength improvement results are not 
directly comparable due to very different clay used in each study, the observed improvement in strength indicates 
the improvement produced due to carbonation. Whereas, CaO seems to produce far lower strengths than MgO, 
the potential DOC is greater in CaO carbonation (Section V.B). 

The peak UCS (280 kPa) in carbonated treated kaolin in the current study was achieved at 6% Ca OH  
(4.5% CaO equivalent), and 10% air void combination. For comparison purpose, the peak UCS was expressed in 
terms of California bearing ratio (CBR) as represented in Equation (5) [26].  

CBR 0.56𝑆𝑢 .                   (5)  
where 𝑆𝑢 is the UCS (in pound-force per square inch, psi). The UCS of 280 kPa was converted to psi unit using 
1 kPa= 0.145 psi (that is 280 kPa = 40.60 psi)  

Therefore the CBR = 0.56 *(40.60 .  = 29 %  
Considering that the carbonated treated kaolin in the current study has an equivalent  CBR of 29 %, it is observed 
to be greater than the CBR value of 15% which is the minimum CBR value required for stabilized capping layer 
[27]. Based on strength requirements, the carbonated treated kaolin is suitable for use as a stabilized capping layer. 
 

TABLE 4 Compressive Strength Improvement of Carbonated Treated Soil Specimen Relatively to Non-carbonated Treated Soil Specimen 

 
Author Soil 

description 
CaO 
content 
(%) 

MgO 
content 
(%) 

Sample  
Description 

UCS of 
water 
saturated 
non-
carbonate 
treated 
kaolin 
specimen 
(kPa) 

UCS of 
non-
carbonate 
MgO 
treated 
lean clay 
soil 
specimen 
(kPa) 

UCS of 
carbonated 
treated soil 
specimen 
(kPa) 

dUndrained 
shear 
strength of 
treated 
kaolin 
compacted 
at 2% wet 
of OMC 
(kPa) 

eCarbonation 
strength 
improvement 
factor 
relatively to 
lime treated 
kaolin 

Current 
study 

Polwhite 
grade E 
kaolin. 

3.0a 
3.0a 
4.5 a 
4.5 a 
6.0 a 
6.0 a 

 4L 3AV 
4L 10AV 
6L 3AV 
6L 10AV 
8L 3AV 
8L 10AV 

200±3.1 
180 ±1.6 
190±1.0 
170±1.2 
180±3.0 
170±2.1 

 b210±4.2 
b230±2.1 
b240±3.1 
b280±3.5 
b230± 4.0 
b270± 3.7 

─ 
─ 
─ 
─ 
─ 
─ 

1.1 
1.3 
1.3 
1.6 
1.3 
1.6 

[25] English 
china clay 
(kaolin) 

2.5  ─ ─  ─ 80  ─  

[21] lean clay 
soil 

─ 
─ 
─ 

15% 
MgO 
15% 
MgO 
15% 
MgO 

15M 18AV 
 
15M 24AV 
 
15M 32AV 

─ 
 
─ 
 
─ 

250 
 
250 
 
250 

c2500 
 

c3500 
 

c3250 

─ 
 
─ 
 
─ 

10 
 
14 
 
13 

 
aCaO equivalent calculated from actual Ca OH  additions. bcarbonated specimens were saturated with HC solution in triaxial cell set-up prior 
to UCS testing, UCS results based on three tests per mix. HC represents high carbon. cUCS of carbonated MgO treated lean clay soil specimen. 
dUCS data taken directly from the authors report. eDetermined by comparing the UCS of carbonated treated specimen to the equivalent non-
carbonated treated specimen. Note: UCS represents unconfined compressive strength, L represents % calcium hydroxide, AV represents % air 
voids. MgO stands for magnesia. M represents % magnesium oxide.
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V.D. Implication for Carbon Capture 

Lime is used for a range of purposes for which it is uniquely suitable. The research presented in this 
paper addresses the carbon capture function that operates alongside the primary purpose that justifies its 
manufacture. 

The control of air voids content in Ca OH  treated clay promotes carbonation of calcium and offers 
potential for carbon capture in clay soil. Treated kaolin in the current study suggests, from volumetric and mass 
balance data, that approximately 5%-10% of CaCO  has been produced, fixing carbon. This has been achieved as 
a result of carbonation of 4%-8% Ca OH  content in kaolin clay (previously presented in Section IV.B). 

Lime is manufactured from natural deposits of limestone, which mostly is CaCO . The production of 
lime generates CO , which is mainly during the calcination stage as represented by Equation (6) [3] 

CaCO  → CaO + CO     (6) 

Based on CO  emission from calcination stage (Equation (6)), it can be estimated that the global CO  emissions 
from lime production (for all purposes) of 350 Mty-1 [28] is approximately 275 Mt CO  y-1 (Table A1, Appendix 
I). In view of current concerns about climate change due to increasing atmospheric CO  concentrations, the use 
of Ca OH  treated soil for carbon capture function alongside engineering function is an important consideration. 

The design manual for roads and bridges [29] recommends a capping layer at locations where weak 
cohesive soil (with CBR of less than 15%) is encountered as a subgrade of highway pavement. The capping layer 
is required between subgrade and sub-base to provide a suitably firm working platform for placement and 
compaction of sub-base. The capping layer acts as a structural layer in the long term and reduces the thickness of 
sub-base which otherwise would be required [27]. Lime stabilization of cohesive soil for the capping layer has 
attracted significant recommendation, particularly when it would be cheaper alternative to the use of granular 
material or if environmental benefits are considered [23], [27], [29]. Lime stabilizations have been widely used in 
capping layers construction of highway projects including the UK [27]. 

Generally, it has been found from the observations in lime stabilization of soil with high sulphate content 
that, too high air voids can promote the formation of ettringite or thaumasite, leading to heave problems [27]. 
Considering that high air voids content is required for the carbonation of lime treated soil, lime treatment of soil 
for carbonation should be handled with caution when dealing with sulphate bearing soils. 

The current study suggests that a controlled air voids content of lime stabilized soil in road pavement 
capping may capture CaCO  as carbon. By the design of lime treated soil, CO  emissions due to lime production 
can be off-set to maximise carbon capture (Table 5). EuLA [3] estimated that 18 % of total lime production is 
used for the construction sector based on lime functionality. Lime is used by four main areas of construction, 
which includes its use as a stabilizer for soil modification and stabilization, as a binder for production of sand-
lime bricks, fire resistance board and concrete. Lime is also used as a component of mortar and plasters, and as 
an anti-stripping agent in production of asphalt and tarmac for road construction [3]. It is considered that 25 % of 
the construction lime is used for soil modification and stabilization, hence 4.5 % of global lime used for soil 
modification and stabilization. Using a combined modification and carbonation technique proposed in the current 
study, a global carbon capture potential of approximately 11-12 MtCO  may be speculated for 4%-8% Ca OH  
(by dry mass) addition, which is equivalent to 93% of the CO  emissions associated with lime production for 
modification and stabilization (Table 5). The current study suggests that lime treated soil would recover up to 
93% of the CO  emissions associated with lime production, alongside providing additional engineering functions. 
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TABLE 5 Global Carbon Capture Potential in Carbonation of Calcium Hydroxide (Ca(OH)2) Treated Kaolin Clay 
Description 
 

Quantity of 
lime content 
(%) 

Quantity 
 

Notes 

Global figures    
Global lime production  350 Mt y-1 USGS [28]- 2015 figures 
Global lime for construction  a63 Mt y-1 18% of total lime [3] 
Global lime for soil 
modification and stabilization 

 16 Mt y-1 25% of constructions lime 
(4.5% of total lime), based on 
four areas of construction lime 

Emission from global lime 
production 

 c275 Mt y-1 Based on Stoichiometry in 
Equation (6) 

Global maximum carbon 
capture potential 

4% Ca OH  
6% Ca OH  
8% Ca OH  

11.3 MtCO  

11.7 MtCO  

11.7 MtCO  

Based on carbonation of lime 
for stabilization 

Carbon capture potential based 
on global emission from lime 
production for modification and 
stabilization 

4% Ca OH  
6% Ca OH  
8% Ca OH  

90% CO  
93% CO  
93% CO  
 

carbon capture potential based 
on degree of carbonation of 
Ca OH in modified kaolin in 
the current study 

Note Mty-1 represents million tonnes per year, aEstimates based on 18% lime for construction function [3]. cEstimates based on lime production 
CO  emission from stoichiometry in Equation (6). 

VI. CONCLUSIONS 

This paper has focused on the potential of combined carbon capture and strength improvement in lime 
treated kaolin. The important conclusions drawn are:  

 Carbonation of lime treated kaolin has shown the potential for CaCO  formation. In the current study, 
carbonation of 8% Ca OH  with 10% air voids treated kaolin specimen has resulted in the formation of 
up to 10±0.15% CaCO  content based on TGA. 

 Combined modification and carbonation of treated kaolin clay could achieve strength improvement. 
Based on 7 days cured specimens, a carbonated treated kaolin at a combination of 6% Ca OH  and 10% 
air voids resulted in 65% increase in strength (from 170 kPa to 280 kPa) when compared with the strength 
of corresponding non-carbonated treated kaolin specimen. This strength is equivalent to CBR value of 
29%. This CBR value is greater than the value of 15% which is the minimum CBR required for a 
stabilized capping layer [23], [29]. Based on strength requirements, the strength of carbonated treated 
kaolin in the current study is sufficient for use as a stabilized capping layer. 

 A control of air voids content in lime treated kaolin could produce desired carbonation, and hence the 
optimum combined carbon capture and strength improvement. In the current study 10% air voids content 
achieved the combined desired effect. 

 In the current study, a combined modification and carbonation technique has shown the potential to offset 
up to 93% of the CO  released from lime production for stabilization, alongside the compressive strength 
improvement of up to 280 kPa (equivalent to CBR value of 29%). This was achieved in carbonated 
treated kaolin at combination of 6% Ca OH  and 10% air voids. This carbonated lime treated kaolin 
could be used as a stabilized capping layer in road pavement.  

 Ultimately, if combined modification and carbonation is applied to treated kaolin, it has the potential to 
mitigate climate change alongside ground improvement. Although the improvement in carbonated 
treated kaolin at combination of 6% Ca OH  and 10% air voids has proven to be successful, it would be 
useful to carry out further studies on combined modification and carbonation studies involving swelling 
clays such as bentonite. 
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APPENDIX I: DETERMINATION OF GLOBAL CO  EMISSIONS FROM LIME PRODUCTION 

TABLE A1 Determination of Global Co  Emissions from Lime Production using Annual Lime Production, Based on the Global Co  Emissions 
from Cement Production.   

Property Year Clinker 
(metric 
tonnes) 

Lime 
(calcium 
oxide 
content, in 
metric 
tonnes) 

cLimestone 
(CaCO ) 

dAnnual 
CO  emission 
contribution  

Cement 
production 

2015 a3,600 × 106 b2,325.6 × 
106  
 

4152.9 × 106  e1827 × 106 

Lime 
production 

2015 NA a350 × 106 625 × 106 f275 × 106 

NA= Not applicable  
aValues based on U.S. Geological Survey, Mineral Commodity Summaries, January 2016 [26]. 
b Mass determined based on lime content in clinker equal to 64.6% clinker mass [4].  
c CaCO3 determined based on Equation A1:  CaCO   → CaO + CO      (A1)  
  Relative molar mass (g)     100             56       44  
d Emissions due to calcination (processing), excluding emission due to fuel combustion.  
eBased on Equation A1, the amount of 2,325.6 10  metric tonnes of calcium oxide in cement production could produce 1827.25 10  
CO  emissions to the atmosphere. This represents global CO  emissions of 4% CO /yr [4].  
fTherefore, based on global lime (calcium oxide) production in 2015 data, 350 10   metric tonnes of lime could produce 275 10   
CO /yr emissions to the atmosphere. 
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