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ABSTRACT: This study looks at the use of X-ray computed 

tomography (XRCT) technique to determine the internal structure 

of carbonated lime treated kaolin. The results show that the 

formation of calcium carbonate (𝐶𝑎𝐶𝑂3) along the depth of 

carbonated kaolin can be determined using XRCT. The carbonate 

formed shows to be evenly distributed deep down the lime treated 

kaolin. The air voids of carbonated lime treated kaolin decreased 

compared to the corresponding non-carbonated lime treated 

kaolin. 𝐶𝑎𝐶𝑂3 content obtained from XRCT compared 

favourably with that from TGA and calcimeter technique. XRCT 

has the potential for the determination of internal structure of 

carbonated lime treated soil. 

KEYWORDS: X-ray computed tomography, lime treated kaolin, 

calcium carbonate content, air voids content. 
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INTRODUCTION 

The determination of calcium carbonate in soils and stabilised soils is well known. This enables 

the assessment of carbon capture potential in soils. Carbon capture and storage in soils is one 

means of reducing excess atmospheric carbon dioxide (𝐶𝑂2) concentrations for climate change 

mitigation usually caused by human activities (Lal, 2004; Dorr, 2016).  

Several methods have been used in assessing the presence, content and morphology of 

carbonate in soils. Some of the methods as presented in Table 1 include X-ray diffraction 

(XRD), thermogravimetric analysis (TGA), Phenolphthalein alcoholic solution, scanning 

electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) (Al-Mukhtar et 

al., 2012; Nakarai & Yoshida, 2015; Washbourne et al., 2015; Iorliam et al. 2021). Generally, 

properties, such as calcium carbonate (𝐶𝑎𝐶𝑂3) content, have been determined using TGA and 

calcimeter. Also, chemical composition of 𝐶𝑎𝐶𝑂3 has been obtained using SEM and EDX, 

mineralogical composition of 𝐶𝑎𝐶𝑂3 has been achieved using TGA and XRD, while surface 

appearance has been ascertained through SEM. However, reports on the use of XRCT for the 

determination of internal structure of carbonated soil is scarce. This prompted the current study 

on the use of XRCT for the determination of internal structure of carbonated soil. 

The aim of this study is to determine whether the internal structure of carbonated soil can be 

determined using XRCT. The specific objectives are to examine the changes in 𝐶𝑎𝐶𝑂3 and air 

voids contents in carbonated soil and compare with these in the equivalent non-carbonated soil.  

Table 1: Previous Studies on Determination of Calcium Carbonate in Soils 

Author Title Assessment 

method 

Property found 

Eades et al. 

(1962) 

Formation of new 

minerals with 

lime stabilization 

as proven by field 

experiments in 

Virginia 

XRD was used to 

investigate the 

presences of 

Calcium 

carbonate 

(𝐶𝑎𝐶𝑂3) in lime 

treated subgrade 

soils at three 

project sites in 

Virginia. 

𝐶𝑎𝐶𝑂3 mineral content was 

determined using XRD. 

Approximately 2.5% 𝐶𝑎𝐶𝑂3 

was obtained in 5% 𝐶𝑎(𝑂𝐻)2  

treated subgrade soil. 

De Silva et al. 

(2006) 

Carbonate 

binders: reaction 

kinetics, strength 

and 

microstructure 

SEM and EDX 

were used to 

examine 

compacted lime 

with different 

water/solid (W/S) 

ratios and various 

compaction 

densities. 

 

 

Morphologies and chemical 

composition of 𝐶𝑎𝐶𝑂3 content 

were determined from the lime 

compacts based on W/S ratios 

and compaction densities using 

SEM and EDX respectively. 
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Cizer et al. 

(2010) 

Competition 

between 

hydration and 

carbonation in 

hydraulic lime 

and lime-

pozzolana 

mortars 

XRD and TGA 

were used to 

assess mortars 

made with 

hydraulic lime 

and lime 

pozzolana. 

Calcite mineral phase was 

determined using XRD. 𝐶𝑎𝐶𝑂3 

was determined due to 

carbonation reaction using 

TGA. 

 

Al-Mukhtar et 

al. (2012) 

Microstructure 

and geotechnical 

properties of 

lime-treated 

expansive clayey 

soil 

XRD and TGA 

were used to 

examine lime 

treated natural 

clayey soil. 

𝐶𝑎𝐶𝑂3 mineral was determined 

from carbonated lime 

(𝐶𝑎(𝑂𝐻)2) treated clay using 

XRD and TGA patterns. 

Nakarai and 

Yoshida (2015) 

Effect of 

carbonation on 

strength 

development of 

cement treated 

Toyoura silica 

sand 

TGA and 

phenolphthalein 

alcoholic solution 

were used to 

examine 

carbonated 

cement treated 

Toyoura silica 

sand. The varying 

carbonation 

curing were 

natural (≈0.03%) 

and 5% 𝐶𝑂2 

Using TGA, the rate of 

carbonation reaction was found 

to be influenced by 𝐶𝑂2 

concentration. The carbonation 

of 8% cement treated Toyoura 

silica sand under approximately 

5% 𝐶𝑂2 curing condition 

achieved approximately 40% 

𝐶𝑎𝐶𝑂3 content within 91 days. 

However, the carbonation of 

equivalent cement treated soil 

under approximately 0.03% 

𝐶𝑂2 (𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐) 

curing achieved similar 𝐶𝑎𝐶𝑂3 

content (40%) in 365 days. The 

carbonation depth was 

determined using 

phenolphthalein alcoholic 

solution. 

Washbourne et 

al. (2015) 

Rapid removal of 

atmospheric CO2 

by urban soils 

TGA, calcimeter 

and XRD were 

used to determine 

𝐶𝑎𝐶𝑂3 contents in 

soils  made up of 

demolition 

rubbles containing 

fragments of 

building 

materials. 

 

 

 

The presence of 

𝐶𝑎𝐶𝑂3 mineral phase was 

determined using XRD. Also, 

𝐶𝑎𝐶𝑂3 presence was 

confirmed using SEM. The 

𝐶𝑎𝐶𝑂3 content was determined 

using calcimeter and TGA. 
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Iorliam et al. 

(2021) 

Carbon capture 

potential in lime 

modified kaolin 

clay 

TGA, calcimeter 

and SEM/EDX 

were used to 

determine calcium 

carbonate and 

carbonation 

processes in 

carbonated lime 

treated kaolin 

clay. 

𝐶𝑎𝐶𝑂3 content was 

determined, e.g., the 

carbonation of 8% Ca(O𝐻)2 

treated kaolin produced 

10±0.15% 𝐶𝑎𝐶𝑂3 content 

based on TGA and calcimeter 

analysis. Calcium carbonate 

formation increased with 

Ca(O𝐻)2 contents in treated 

soils. The chemical 

composition of 𝐶𝑎𝐶𝑂3was 

determined using SEM. 

 

XRD = X-ray diffraction, EDX = Energy-dispersive X-ray spectroscopy, TGA = 

Thermogravimetric analysis 

 

MATERIALS AND METHODS 

Materials 

The soil used in the current study was Imerys Polwhite Grade E kaolin clay. This clay was 

supplied by IMERYS Minerals Ltd, United Kingdom (UK). The mechanical and chemical 

compositions of the clay are presented in Table 2.  The lime used was 𝐶𝑎(𝑂𝐻)2 supplied by 

Lafarge Tarmac Cement & Lime, Buxton, UK. The chemical composition of the lime as 

provided by the manufacturer is also presented in Table 2. Sodium carbonate used in this study 

was supplied by VWR International, UK. The chemical composition is again shown in Table 

2. 

Methods 

A series of laboratory experiments were conducted to assess the internal structure of carbonated 

lime treated kaolin using XRCT. Kaolin was treated with lime to achieve soil modification in 

accordance with BS 1924-2 (BSI, 2018). The treated kaolin was subjected to carbonation 

treatment to achieve carbonated lime treated kaolin. Thereafter, the carbonated treated kaolin 

was examined under XRCT to determine their internal structure. 

Table 2: Physical 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  
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𝑪𝒂𝑺𝑶𝟒 (%) - 0.03  

Mn (%) - 175 ppm  

F (%) - 65 ppm  

Pb (%)   - 1.3 ppm  

As (%) - 0.3 ppm  

Free moisture (%) - 0.25  

Assay (dried basis) - - 99.5% 

𝑁𝑎2𝐶𝑂3min 

SO4 - - 0.003% max 

Chloride (Cl) - - 0.001% max 

Phosphate (𝑷𝑶𝟒) - - 0.001% 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 heating at 𝟐𝟖𝟓𝒐𝑪 - - 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   

Initial Consumption of lime (% 𝑪𝒂𝑶) 3   

Unconfined compressive strength (kPa)b 200   
a Chemical analysis based on the supplier datasheet, b At optimum moisture content and 

maximum dry density. 

 

Lime Treatment for Soil Modification  

To achieve soil modification, kaolin was treated with lime based on the result of the modified 

initial consumption of lime (ICL) test, according to the definition by Rogers et al. (1997). The 

ICL value obtained was 4% 𝐶𝑎(𝑂𝐻)2 by dry mass, which is equivalent of 3% calcium oxide 

(CaO) content. Details of this are contained in Iorliam (2019). Therefore, kaolin clay was 

treated for modification by addition of 𝐶𝑎(𝑂𝐻)2 from 4% (ICL value equivalent), 6% 

(ICL+1.5% CaO) and 8% (ICL+3% CaO) 𝐶𝑎(𝑂𝐻)2. Lime, kaolin and water were mixed and 

compacted based on set range of water contents and densities (Table 3) obtained in accordance 

with the normal Proctor (light) compaction method (BS 1377, 2016). This was to achieve 

compacted lime treated kaolin for the set water contents and densities as shown in Table 3. 
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Compacted lime treated kaolin will henceforth be referred to as treated kaolin. The mixture 

were then tamped into a split mould of dimensions 38 mm diameter and 76 mm length in three 

layers to achieve the desired densities and air voids shown in Table 3. Specimens were 

immediately placed in 38 mm PVC plastic specimen tubes and the ends sealed with wax for 

curing. Specimens were cured in a temperature-controlled room (20oC and 55% relative 

humidity) for 7 days at the Geotechnical Engineering Laboratory, Department of Civil 

Engineering and Geosciences, University of Newcastle upon Tyne, UK. Curing for 7 days 

allows for short term reactions which are often considered as modification reactions (Jung & 

Bobet, 2008). These specimens were used for carbonation treatment. 

 

Table 3: Compaction target data for soil modification 

Calcium 

hydroxide 

content (%) 

Air void 

content (%) 

Water 

content 

(%) 

Dry density 

(Mg/m3) 

Bulk density 

(Mg/m3) 

Bulk mass 

(g) 

0 3 a 26b 1.442 1.817 157 

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) 

 

Carbonation Treatment 

To form carbonated treated kaolin specimens, a 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 (BSI, 2016) at the Geotechnical Engineering Laboratory, 

Department of Civil Engineering and Geosciences, UK. 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 (Figure 1). More details of the carbonation process 

are contained in Iorliam (2019).  
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To perform the carbonation treatment, some adjustments to the triaxial cell were carried out. 

This was to allow for high carbon (HC) solution (1 molar N𝑎𝐶𝑂3) to permeate through the 

treated kaolin specimen to achieve accelerated carbonation.    

 

       

 

 

 

 

 

 

 

 

 

 

Figure 1: Carbonation treatment of calcium hydroxide treated kaolin clay using triaxial 

cell set-up (modified from BS 1377-6: BSI 2016). 

 

A storage tank was added to the triaxial cell arrangement, to accommodate the HC solution. 

The tank was connected to the volume change gauge, and then to pore-pressure line onto the 

top cap of the cell for supply of HC solution (under constant pressure) onto the top of the 

specimen. An air-tight syringe was connected to the drainage line to collect filtrate from the 

specimen. The modified treated kaolin specimen was placed on the pedestal in the triaxial cell 

according to BS 1377 (BSI, 2016). Specimens were saturated using HC solution at Skempton’s 

pore pressure parameter B, of at least 0.95. Fluid pressure was applied to the specimen 

concurrently with increased cell pressure to achieve saturation in accordance with BS 1377, 

part 6 (BSI, 2016). HC solution 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 that of the supplied HC solution. The EC of the filtrate from the 

specimen was determined in accordance with BS EN 7755–3.4 (BSI 1995a) using a 

microprocessor controlled electrical conductivity/TDS meter (HANNA HI 9835 model).  

 

 

 

 

High carbon solution 

supply 

Modified treated kaolin 

specimen 

Filtrate collected 

 

High carbon 

solution 

supply line 
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X-ray Computed Tomography Scanning 

To assess changes in the internal structure (such as voids, carbonates contents) of carbonated 

treated kaolin samples, the samples were scanned using an Zeiss VersaXRM410 XRCT scanner 

(Durham University School of Engineering and Computing Sciences, UK). Due to cost and 

time involved, XRCT scanning was performed on 1 non-carbonated treated and 9 carbonated 

treated kaolin samples, as presented in Table 4. The non-carbonated treated sample served as 

a control.  Samples were selected based on those with the highest strength and those at extreme 

and limiting air voids for 𝐶𝑎𝐶𝑂3 content.  

The XRCT scanner has a measurement precision to 0.9 µm/pixel. High resolution scanning 

was required to distinguish voids spaces, 𝐶𝑎𝐶𝑂3 and kaolin clay particles in the sample. 𝐶𝑎𝐶𝑂3 

grains from lime carbonation can be from 2–4 microns (De Silva et al., 2006), whilst particle 

size of kaolin clay can be up to 30 µm.  Therefore, scanning resolution of 1 pixel to 2.5 µm for 

the sample scan was selected. This scan was intended to distinguish the particles of 𝐶𝑎𝐶𝑂3, 

kaolin clay and voids spaces in the sample.  

It is recommended that the specimen be of the order of 1,000 times larger than the desired 

resolution for XRCT scanning (Ketcham & Carlson, 2001). To prepare samples for high 

resolution scanning, a core sample of 5 mm diameter and 25 mm height was obtained from 

parent carbonated treated kaolin sample (38 mm diameter, 76 mm height) (Figure S1a in 

Supplementary Materials). Plastic tube (5 mm diameter, 25 mm height) was axially driven 

through the central carbonated treated kaolin sample, and the core sample was recovered in the 

plastic tube (Figure S1b in Supplementary Materials). The sample was then used for scanning 

and resulting images were obtained for analysis.   

Table 4: List of carbonated and non-carbonated samples tested using X-ray computed 

tomography 

Sample 

name 

Sample description  

Carbonated sample Non-carbonated 

sample 

Notes 

4L3AV 4% 𝐶𝑎(𝑂𝐻)2   content at 3% 

air voids content 

̶ Sample at lowest air voids 

6L3AV 6% 𝐶𝑎(𝑂𝐻)2   content at 3% 

air voids content 

̶ Sample at lowest air voids 

8L3AV 8% 𝐶𝑎(𝑂𝐻)2   content at 3% 

air voids content 

̶ Sample at lowest air voids 

4L10A

V 
4% 𝐶𝑎(𝑂𝐻)2  content at 

10% air voids content 

̶ Sample at air voids with 

highest strength in 4% 

𝐶𝑎(𝑂𝐻)2 content 

6L10A

V 
6% 𝐶𝑎(𝑂𝐻)2  content at 

10% air voids content 

̶ Sample at air voids with 

highest strength in 6% 

Ca(OH)2 content 

8L10A

V 
8% 𝐶𝑎(𝑂𝐻)2  content at 

10% air voids content 

8% Ca(OH)2  

content, at 10% 

air voids content 

Sample at air voids with 

highest  strength in 8% 

Ca(OH)2 content (only in 

carbonated sample) 
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4L25A

V 
4% 𝐶𝑎(𝑂𝐻)2  content at 

25% air voids content 

̶ Sample at highest air voids 

6L25A

V 
6% 𝐶𝑎(𝑂𝐻)2  content at 

25% air voids content 

̶ Sample at highest air voids 

8L25A

V 
8% 𝐶𝑎(𝑂𝐻)2  content at 

25% air voids content 

̶ Sample at highest air voids 

 

X-ray Computed Tomography Analytical Procedure 

To analyse the XRCT data of carbonated treated kaolin, images of t scanned samples were 

reconstructed using ImageJ (v.1.43u) software (Rasband, 2002), such as the reconstruction 

performed by Beckett et al. (2013). An overview of the images for analysis is presented in 

Figures S2 and S3 in Supplementary Materials, while the flowchart of the XRCT data 

processing using ImageJ is included in Figure S4 in Supplementary Materials. 

Firstly, the first and last 100 image slices were deleted from the data sequence. Removal of 

first and last 100 slices from the sequence was required to prevent shadowing, as also carried 

out by Beckett et al. (2013), and Smith and Augarde (2014). The removal of these extreme 

slices also reduces the chance of damaged materials likely to be found at the ends of the sample 

from affecting the analysis. In this study, 900 slices were available after the removal of extreme 

slices. This was required so that measurement of result can be presented in calibrated real value 

(µm in this case).   

The images were converted from 32 bit to 8 bit. Converting the image to 8 bit greyscale meant 

that there are 256 intensity values which can be assigned to a pixel. This was required for two 

reasons: Firstly, to fit into thresholding window (ImageJ) which requires 256 grey shades.  

Secondly, converting from original 32 bit data to 8 bit data has an advantage of reducing the 

data size. For example, 15.4 MB/slice in 32 bit data was reduced to 3.9 MB/slice in 8 bit data 

format. This assists in speeding up ImageJ software analysis and improves data handling. 

Cropping of image slice was performed on a typical carbonated treated kaolin image. This was 

required to avoid shadowing at the sample edges. It further reduced data size, for example 

cropping a 5 mm diameter slice to square (3.3 mm × 3.3 mm) image, and reduced the size from 

1004 kb to 413 kb (Figures S2c and Figure S2b in Supplementary Materials). 

Additionally, filtering the image was carried out in order to reduce noise and enhance sample 

features. The “adaptive median” filter was applied to the sample image to remove the outlying 

intensity regions as also performed by Beckett et al. (2013). This filter method removes the 

extreme outliers from the image whilst preserving the original details. It replaces a pixel being 

considered with a pre-selected median pixel value. A pixel is square shaped; to keep the pixel 

entries intuitively similar to the neighbouring pixels and at the same time keep the edges not 

eroded, adaptive median filter was required. This median filter radius defines the size of a 

square pixel and preserve the small details of original image (Khryashchev et al., 2005). In this 

study 2.0 pixels radius was applied such as also applied in the study of Beckett et al. (2013). A 

typical filtered image is contained in Figure S2d in Supplementary Materials. 

Furthermore, setting a threshold value (Figure S2f in Supplementary Materials) was applied to 

the images. This was essential to separate pixels which fall within a desired range of intensity 
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values from those which do not. The converted image to 8-bits grey scale turns pixel with the 

lowest value of zero (0) to black and pixel with highest intensity of 255 to white, while every 

pixel intensity between 0 and 255 is a shade of grey.  

Ten different randomly located small regions for each sample were taken and an operator 

selected threshold value was obtained as performed by Smith & Augarde (2014). The threshold 

value was then applied to the entire slices in the sequence, resulting in two phase separation.  

For the measurement of air voids content, threshold values were applied for all the samples 

which separated voids from solid material areas. Voids areas showed black, whilst areas of 

solid materials (kaolin plus carbonate) showed white (Figure S2g in Supplementary Materials). 

For measurement of the desired feature in an image, it was required to select the perimeter 

around the feature for measurement. The selection was to isolate the features for measurement 

and the desired information (such as area, minimum and maximum grey value) recorded. A 

typical selection of properties (voids spaces) is shown in Figure S2h in Supplementary 

Materials. 

For the determination of carbonate content, a threshold intensity value was applied to 

distinguish carbonate and non-carbonate phases. A preliminary threshold intensity value was 

selected from the histogram of the corresponding carbonated sample image.  

Typical XRCT scan images of non-carbonated and carbonated samples made of 8%𝐶𝑎(𝑂𝐻)2 

and 10% air voids (8L10AV) are contained in Figures S3a and S3b respectively in 

Supplementary Materials. For the analysis of carbonated 8L10AV treated kaolin, the threshold 

value that identified the calcite was >125. When thresholding was applied, the XRCT image 

was divided into foreground and background (Figures S3c and S3d in Supplementary 

Materials). The identified white particles represent the presence of calcite formed and the black 

regions represent the soil (Figure S3d in Supplementary Materials). 

For measurement of image parameters (such as void and carbonate areas), only one per every 

ten images was processed due to the large number of sample images, as also performed by 

Beckett et al. (2013). For example, 90 images were analysed out of 900 images available in 

this study. 

Voids content (% by volume) was determined using Equation 1.  

Voids contents (% by volume)   =
𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠 × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  

 𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 
         (1) 

Carbonate contents (% by mass) was determined using Equation 2 

Carbonate contents (% by mass) =
𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑎𝑙𝑐𝑖𝑡𝑒 × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ×𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑎𝑙𝑐𝑖𝑡𝑒  

 𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑛𝑜𝑛−𝑐𝑎𝑙𝑐𝑖𝑡𝑒 × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ×  𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑙𝑎𝑦
 (2) 

 

One of the acceptable techniques to determine different phases in solid images is the threshold 

technique. The manufacturers of ImageJ stated that “if other parameters than the intensity 

define the structure outline or area, a simple threshold does not lead to satisfying results or even 

fails completely doing the job” (ImageJ, 2016). Furthermore, Smith (2015), in the study of soil 

based construction materials using XRCT, pointed out that “unfortunately however, the use of 
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a single threshold still produced some uncertainties in the final conclusion.” Based on the fact 

that a single threshold cannot work on all the samples to determine the presence of calcite 

formed as pointed by ImageJ (2016) and Smith (2015), different thresholds were used for the 

analysis of different images. 

Comparison of Calcium Carbonate Content from XRCT with Geochemical Testing 

For the purposes of comparison, results of 𝐶𝑎𝐶𝑂3 contents from geochemical testing such as 

TGA and calcimeter obtained from the same specimens used for XRCT analysis by Iorliam 

(2019) were used. The results of 𝐶𝑎𝐶𝑂3 contents from XRCT in the current study were 

compared with those from calcimeter and TGA.  

Additionally, theoretical 𝐶𝑎𝐶𝑂3 content was determined based on stoichiometry, as presented 

in Equation 3. Theoretical 𝐶𝑎𝐶𝑂3 content refers to the amount of carbonates that would be 

formed if a complete carbonation of available cations was achieved (Matsushita et al., 2000) 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2  → 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂    (3) 

A T-test was conducted on the results of 𝐶𝑎𝐶𝑂3 from XRCT, TGA and calcimeter to determine 

whether the results from XRCT and the other methods were similar. 

The T-test was calculated from Equation 4. 

 T= 
𝑑

𝑆𝐸(𝑑)
     (4) 

where  𝑑 represents the mean difference, 𝑆𝐸(𝑑) =  
𝑆𝑑

√𝑛
  represents the standard error of the 

mean difference, 𝑆𝑑 denotes the standard deviation of the differences, n stands for the sample 

size, and t represents t quantile with n-1 degrees of freedom. 

 

RESULTS AND DISCUSSION 

Variation of Calcium Carbonate Content with Sample Depth using XRCT 

Figure 2 presents the results of detected 𝐶𝑎𝐶𝑂3 with depth in treated kaolin using XRCT for 

90 slices per sample. The results show that 𝐶𝑎𝐶𝑂3 formed is distributed relatively even through 

the depth of the treated kaolin specimen. 
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Figure 2: Calcium carbonate content variation with sample slices of carbonated treated 

kaolin. 

Note: Threshold values are given in parentheses. L represents percentage calcium 

hydroxide content; AV represents percentage air void content. 

 

This indicates that by design, carbonate formation could be distributed deep down the lime 

treated cohesive soil based on the volume of the soil required. To the best of the researchers’ 

knowledge, the use of XRCT to measure the amount of carbonate in lime modified soil is being 

performed for the first time. 

Comparison of Calcium Carbonate Content using XRCT, TGA and Calcimeter Methods 

The experimental results showing 𝐶𝑎𝐶𝑂3 content determined from XRCT analysis are 

presented in Table 5. For comparison, 𝐶𝑎𝐶𝑂3 content, determined from calcimeter and TGA 

analysis from equivalent samples as contained in Iorliam (2019), is also presented in Table 5. 

The results of theoretical 𝐶𝑎𝐶𝑂3content again is shown in Table 5. The results which are on 

samples at 10% air voids content show that 𝐶𝑎𝐶𝑂3 content increased with increasing 𝐶𝑎(𝑂𝐻)2 

content. The 𝐶𝑎𝐶𝑂3 contents derived from XRCT show that 4.54±0.01% 𝐶𝑎𝐶𝑂3 content at 

4% 𝐶𝑎(𝑂𝐻)2 increased to 9.47±0.01% 𝐶𝑎𝐶𝑂3 content at 8% 𝐶𝑎(𝑂𝐻)2.   

To compare the similarity of 𝐶𝑎𝐶𝑂3 content obtained from XRCT with TGA and calcimeter 

methods, a t-test was performed on the 𝐶𝑎𝐶𝑂3 content results, again shown in Table 5. 

Statistical significance of the difference in 𝐶𝑎𝐶𝑂3 contents obtained from each pair of 

techniques were determined by a paired t-tests. P≤0.05 was considered to be significant. The 

results of t-test (Table 5) show that there was no significance difference between the results 

from calcimeter and XRCT at p = 0.56, TGA and XRCT at p = 0.37. Considering that, if p-

value is greater than 0.05, then the results are similar (in this case results from the techniques), 

else they are not.   
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There is a reasonable agreement between XRCT technique and TGA as well as calcimeter 

method for determination of 𝐶𝑎𝐶𝑂3 content. The quantity of 𝐶𝑎𝐶𝑂3 derived from XRCT, TGA 

and calcimeter methods were comparable with that from theoretical estimation. This suggests 

that XRCT technique could determine 𝐶𝑎𝐶𝑂3 formation in soils.  

Overall, the amount of 𝐶𝑎𝐶𝑂3 increased proportionally with 𝐶𝑎(𝑂𝐻)2 content in the treated 

kaolin. It may be seen that doubling the 𝐶𝑎(𝑂𝐻)2 additions doubles the 𝐶𝑎𝐶𝑂3 formed and 

may be predicted from Equation 3, where 𝐶𝑎(𝑂𝐻)2 addition is proportional to the 

resulting 𝐶𝑎𝐶𝑂3. 

The derived 𝐶𝑎𝐶𝑂3 content (9.47±0.01%) at 8% 𝐶𝑎(𝑂𝐻)2  and 10% AV treated kaolin from 

XRCT method represent 87.6% compared to the theoretical derived 𝐶𝑎𝐶𝑂3 content (10.81%) 

from equivalent 8% 𝐶𝑎(𝑂𝐻)2 content (Table 5). It is important to note that the amount of 

𝐶𝑎𝐶𝑂3 formed in real world situations over time may not be as much as that obtained in the 

laboratory over the same time. Earlier field study by Eades et al. (1962) determined 𝐶𝑎𝐶𝑂3 

content in 5% 𝐶𝑎(𝑂𝐻)2 treated subgrade in road construction at Virginia after 2 years. The 

authors noted that 2.5% 𝐶𝑎𝐶𝑂3 content was achieved due to carbonation of 5% 𝐶𝑎(𝑂𝐻)2 in 

the treated subgrade soil. This represents 50% 𝐶𝑎𝐶𝑂3 formation of 𝐶𝑎(𝑂𝐻)2 content in 2 

years. Based on the field degree of carbonation in Eades et al. (1962), it could be estimated 

that, in 2 years duration, approximately 4% of 𝐶𝑎𝐶𝑂3 would be produced in 8% 𝐶𝑎(𝑂𝐻)2 

treated clay such as kaolin in the field, due to carbonation. 

Table 5: Comparison of calcium carbonate content from TGA, calcimeter and XRCT 

analysis for samples at 10% air voids content. 

𝐶𝑎(𝑂𝐻)2  

content 

(%) 

Theoretical 

𝐶𝑎𝐶𝑂3 

(%) 

a 𝐶𝑎𝐶𝑂3 

content  

from 

TGA (%) 

b 𝐶𝑎𝐶𝑂3 

content  

from 

calcimeter 

(%) 

c 𝐶𝑎𝐶𝑂3 

content  

from 

XRCT 

(%) 

Comparison of 𝐶𝑎𝐶𝑂3 

results 

TGA 

versus 

XRCT 

Calcimeter 

versus 

XRCT 

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 

4.54±0.01 

7.72±0.06 

9.47±0.01 

- 

- 

- 

0.37 

- 

- 

- 

0.56 
aAnalytical error from TGA based on 1 standard deviation ranged from ±0.13 to ± 0.23 

% wt 𝑪𝒂𝑪𝑶𝟑. bAnalytical error from calcimeter based on 1 standard deviation (average 

of 3 samples per combination) ranged from ±0.15 to ± 0.24 % wt 𝑪𝒂𝑪𝑶𝟑. cAnalytical 

error from XRCT based on 1 standard deviation ranged from ±0.01 to ± 0.06 % wt 

𝑪𝒂𝑪𝑶𝟑.  

Note: TGA represents thermogravimetric analysis, XRCT represents X-ray computed 

tomography, 𝑪𝒂(𝑶𝑯)𝟐 represents calcium hydroxide, and 𝑪𝒂𝑪𝑶𝟑 represents calcium 

carbonate. - represents not applicable. 
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Internal Structural Changes of Carbonated Treated Kaolin 

To understand the distribution of carbonate in the treated kaolin, XRCT was used to examine 

images of carbonated and non-carbonated treated kaolin. Typical images showing the detected 

𝐶𝑎𝐶𝑂3 using XRCT are presented in Figure 3. Sample at carbonated 8L10AV was selected 

and compared with corresponding non-carbonated 8L10AV treated kaolin. This was to assess 

the changes in the internal structure between the carbonated and non-carbonated samples. 

Sample at carbonated 8L10AV was selected to represent that with high carbonate content, 

while that at non-carbonated 8L10AV treated kaolin was selected to represent experimental 

control. The images of non-carbonated and carbonated 8L10AV treated kaolin are presented in 

Figures 3a and 3b respectively. On the non-carbonated treated kaolin sample (Figure 3a), 

the 𝐶𝑎(𝑂𝐻)2 and kaolin particles are shown as light grey and dark grey respectively. 

Noticeable differences between carbonated sample and non-carbonate sample can be observed. 

There are white patches found on the carbonated sample in Figure 3b, which is lacking in the 

non-carbonated sample (Figure 3a). The white patches appear to be amorphous, and are 

suggested to be 𝐶𝑎𝐶𝑂3. The presence of 𝐶𝑎𝐶𝑂3 was unambiguously confirmed using TGA 

(Table 5) on the same specimen used for XRCT and is reported in details by Iorliam (2019). 

 

 

 

 

 

 

 

Figure 3:  XRCT Images of 8L10AV (8% calcium hydroxide, 10% air voids) treated 

kaolin (a) non-carbonated sample (b) carbonated treated sample.  

Note: White patches represents calcium carbonate particles. The red circles mark 

typical areas where calcium carbonate is suggested to be formed. 

 

Reduction in Air Voids for Carbonated Samples 

The results showing the detected voids content in carbonated treated kaolin using XRCT in the 

current study is presented in Table 6. It is shown that there is reduction in void contents for 

carbonated samples compared to the corresponding target air voids content at preparation for 

non-carbonated samples. For example, 10% air voids content for non-carbonated 8L10AV 
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samples is reduced to 8.32±0.07% air voids for carbonated 8L10AV samples and represents a 

17% reduction in air voids content. The reduction of air voids content in carbonated samples 

could be due to the formation of 𝐶𝑎𝐶𝑂3 during carbonation of 𝐶𝑎(𝑂𝐻)2 which occupies pores 

and reduces air voids and permeability (De Silva et al., 2006). 

The reduction in air voids content versus target air voids at preparation for carbonated treated 

kaolin is presented in Figure 4. For comparison, the reduction in air voids with preparation air 

voids for carbonated magnesia (MgO) treated soil produced by Yi et al. (2015) is plotted on 

the same graph in Figure 4. 

 

Table 6: Voids contents and reduction in voids of samples after carbonation 

Sample 

Name 

Target air 

voids content 

at preparation 

prior to 

carbonation 

(%) 

XRCT 

determined 

voids content 

for carbonated 

samples (%) 

XRCT 

determined 

voids content for 

non-carbonate 

samples (%) 

Reduction in 

voids content 

(%) 

4L3AV 3 1.95±0.01 NT 35.00 

6L3AV 3 1.60±0.01 NT 46.67 

8L3AV 3 1.44±0.25 NT 52.00 

4L10AV 10 8.81±0.12 NT 11.9 

6L10AV 10 8.78±0.07 NT 12.2 

8L10AV 10 8.32±0.07 9.97 ±0.15 16.8 

4L25AV 25 24.39±0.26 NT 2.44 

6L25AV 25 24.09±0.08 NT 3.64 

8L25AV 25 23.93±0.20 NT 4.28 

Note: L represents percentage 𝑪𝒂(𝑶𝑯)𝟐 content, AV= Percentage air voids content. 

NT: not tested. NA= not applicable. XRCT represents X-ray computed tomography.  

 

Reduction in air voids content is determined by the change in air voids between target air voids 

at preparation prior to carbonation and the post carbonation air voids, expressed as a percentage 

of the preparation target air voids. In the current study, the reduction in air voids content 

decreases as the preparation air voids content increases. This trend is consistent with the results 

from the study on carbonation of MgO treated soil by Yi et al. (2015) (Figure 4).  This indicates 

that carbonated treated kaolin would contain less air voids content than thecorresponding non-

carbonated treated kaolin. 
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Figure 4: Reduction in air voids as a function of carbonation of calcium oxide treated kaolin clay 

in the current study and of magnesium oxide (MgO) treated lean clay soil produced by Yi et al. 

(2015). 

CONCLUSIONS 

The current study addressed the assessment of the internal structure of carbonated lime treated 

kaolin using XRCT technique. From the results, the following conclusions can be drawn: 

● The formation of 𝐶𝑎𝐶𝑂3 along the depth in carbonated treated kaolin could be 

determined using XRCT. The carbonate formation shows to be evenly distributed deep 

down the lime treated kaolin soil, based on the volume of the treated soil. 

● The 𝐶𝑎𝐶𝑂3content determined using XRCT compared favourably with that determined 

from TGA and calcimeter techniques. 

● There is a reduction in air voids contents for carbonated samples compared to the 

corresponding target air voids content at preparation for non-carbonated samples. 

● The reduction of air voids content in carbonated samples could be due to the formation 

of 𝐶𝑎𝐶𝑂3 during carbonation of 𝐶𝑎(𝑂𝐻)2  which occupies pores and reduces air voids 

and permeability (De Silva et al., 2006). 

● Based on the result from this study, XRCT technique is suitable for the determination 

of the internal structure of carbonated soil. 
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Supplement Materials 

Supplementary materials containing additional figures are available at 

https://supplementary-materials.herokuapp.com/ 
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