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Abstract 

 

The construction industry is a large contributor to global greenhouse gas emissions. In recent 

years, the industry has begun to consider sustainability alongside technical merit, cost and 

programme when analysing construction options. Construction on peaty soils is challenging 

and often requires extensive ground improvement which can in itself be carbon intensive, 

while also generating further emissions where peat is removed. Stabilisation (soil mixing) is a 

ground improvement technique in which a soft soil such as peat is mixed with a cementitious 

binder in situ. While life cycle assessments have been carried out on soil mixing scenarios 

from cradle-to-site, the effect of the process on carbon stocks post-construction has not been 

considered to date, hindering cradle-to-grave assessments. In this research, stabilised peat has 

been shown to be a small sink of CO2. An extensive laboratory study has investigated the key 

factors impacting carbonation rates (and thus CO2 intake rates) in stabilised peats. The study 

revealed that time and a greater surcharge magnitude contributed to a greater carbonation 

depth, while increased cement content and the presence of a high water table decreased 

carbonation depth. Carbonation k-rate factors exceed those typical of concrete. This 

quantitative evidence of the impact of peat stabilisation on embodied carbon levels post 

construction will enable geotechnical engineers to carry out more representative 

environmental appraisals of soil mixing schemes. In broader terms, data of this type are 

important in steering engineers and policy makers towards cleaner production and sustainable 

practices. 
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1 Introduction 

Intact peatland ecosystems serve a number of important functions, one of which is carbon 

sequestration. The carbon stock in peat is equivalent to 20% of all global soil carbon (despite 

accounting for only 3% of the earth’s land area), 60% of all atmospheric carbon, and 

substantially more than that associated with the world’s forest biomass (Joosten et al. 2016). 

As a result, undisturbed peatlands exert a net cooling effect on the earth’s atmosphere, 

helping to mitigate against climate change.  However, peat is commonly drained so that it can 

be extracted for biological and horticultural purposes, or to use the land for agriculture, 

pasture, forestry and urban development, converting these peatlands from carbon sinks to 

carbon sources (D’Acunha et al. 2019). Recent estimates from Scotland, a country with 600 

kha of degraded peatlands, suggest that degraded peatlands (excluding those used for forestry 

or agriculture) emit 6 MtCO2eq per year (Scottish Government, 2018). 

 

Peatlands are also vulnerable to construction activities. The engineering properties of peat 

soils are generally poor, and traditionally peat has been excavated and replaced with a more 

competent foundation material in construction projects (e.g. Mujah et al. 2015). 

Road/motorway projects are generally responsible for large volumes of peat excavation, with 

high potential for carbon release. Duggan et al. (2015) quantified the carbon release 

associated with geotechnical aspects of a motorway through peatlands in Ireland, constructed 

using an excavate-and-replace approach, as ≈8 ktCO2eq/km. Some recent research (Lindsay 

2018) suggests that the potential carbon losses resulting from windfarm construction within 

natural peatlands may negate carbon benefits subsequently accrued from the operation of the 

turbines. 

 

Dry soil-mixing is becoming increasingly popular internationally as a method of ground 

improvement in peat and other soft soils (Timoney & McCabe, 2017). In dry soil-mixing, a 

suitable dry cementitious and/or pozzolanic binder is injected into the ground using an 

excavator equipped with a mechanical mixing tool, generating a composite mass which is 

stronger, stiffer and less permeable than the host soil. Even when dry soil-mixing offers a 

competitive technical solution, it is often dismissed as inferior to other options on 

environmental grounds, primarily due to the high carbon emissions associated with cement 

manufacture (Geng et al. 2019). For example, in a study of a functional unit of 25,000 m3 of 

sandy fill, Raymond et al. (2017) found soil mixing with cement to be the most favourable of 
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five ground improvement options in terms of bearing capacity, but the least favourable in 

terms of greenhouse gas emissions up to project completion. The aforementioned Duggan et 

al. (2015) study also found that soil mixing with a binder comprising largely of cement 

generated the highest CO2eq levels of three alternatives for the motorway scheme up to 

project completion. However, both studies have highlighted the very significant reductions in 

CO2eq levels that can be achieved using suitable cement replacements. Furthermore, the soil 

remains in situ when stabilisation is used, which is more desirable than the excavate-and-

replace method in terms of carbon storage. The environmental credentials of soil-mixed 

ground beyond project completion have not been considered until now. This research gap has 

prompted a recent focus on the impact of the post-construction phase on CO2eq, including a 

gas flux study reported by Duggan et al. (2019) and the carbonation depth study presented in 

this paper.  

 

Carbonation is a well-recognised phenomenon in concrete, so the authors have hypothesised 

that carbonation might also occur in stabilised peat post-construction, given that both have 

cementitious materials in common. The Duggan et al. (2019) laboratory gas flux study on 

stabilised peat specimens, using a closed chamber technique, confirmed the hypothesis that 

peat stabilised with cement and cement-GGBS binders absorb atmospheric CO2 and CO2 

released by the oxidised peat due to carbonation, rendering stabilised peat a net carbon sink 

on-site. This evidence is now substantiated in this paper through a parallel study (i.e. on 

stabilised specimens of the same peat) in which the degree and depth of carbonation was 

measured directly. The study was initially informed by a review of carbonation techniques 

typically used for concrete and an assessment of their applicability to stabilised peat (Duggan 

et al. 2017). The relative importance of factors such as binder type and content, surcharge and 

water table level on carbonation depth are explored, with the support of appropriate statistics. 

The k-rate (carbonation rate) factors developed have enabled the effect of carbonation (and 

hence CO2 uptake) in stabilised peat to be quantified for the first time. This research is a step 

towards enabling improved environmental and sustainability assessments to be carried out at 

project appraisal and design stage for soil mixing schemes. In broader terms, such research 

will help engineers and policy makers to propel projects towards more sustainable 

construction practices. 
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2 Carbonation process in stabilised peat – a hypothesis 

Carbonation in concrete is well-known as a source of corrosion of steel reinforcement 

(Behfarnia & Rostami 2017). Calcium carbonate (CaCO3) precipitate is formed when 

carbonate ions (CO3
2-), produced from the dissolution of atmospheric CO2 in water, react in 

the pore solution with calcium ions (Ca2+) from the cement (Equation 1).  

 

Ca2+ + CO3
2- → CaCO3                                                 (1) 

 

 

 

Based on analogies with carbonation in concrete, stabilised peat should also be susceptible to 

carbonation as CO2 and water are present in almost every environment. Carbonation in 

stabilised peat is likely to entail a more complex gas diffusion process than in concrete, 

involving diffusion from a carbonated surface to uncarbonated stabilised peat, not only by 

atmospheric CO2 but also by CO2 released within by peat oxidation (Duggan et al., 2017). As 

postulated in Figure 1, peat oxidation occurs primarily in the aerobic layer (above the water 

table) where organic compounds are oxidized, releasing CO2 (Lindsay 2010). In the water, 

CO2 converts to CO3
2- which then reacts with Ca2+ in the pore solution to form CaCO3 

precipitate (Equation 1). 

 

 

Figure 1 - Schematic of gas diffusion process in stabilised peat 

 

The carbonation rate in concrete is influenced by many factors including relative humidity 

(moisture content), temperature, hydration degree, particle size, porosity, external 

environment and CO2 concentration (Wang et al. 2019). These are also likely to have an 

impact on carbonation in stabilised peat; the amount/type of binder and the gas diffusion 

coefficient of peat will also be influential. High CO2 concentrations of up to 50,000 ppm in 

organic soils (Appelo and Postmas 1993) suggest that carbonation should occur at a faster 
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rate in peat than it would in an inorganic soil. The temperature rise due to chemical reactions 

in the stabilised peat and the partial degradation of organic matter due to the soil mixing 

process may also lead to an increase in peat decomposition, and, therefore, an increase in CO2 

concentration. 

 

The carbonation rate is likely to decrease over time as the O2 necessary to oxidise the peat 

and CO2 must pass through an ever-thickening carbonated layer. Atmospheric CO2 and O2, as 

well as CO2 released from peat oxidation, will encounter difficulty diffusing to the 

uncarbonated stabilised peat as the pore space may become blocked with water. Stabilised 

peat submerged in water carbonates more slowly as diffusion in a liquid is about 10,000 times 

slower than in air (Houst 1996). Houst (1996) also demonstrated that the diffusivity of CO2 is 

always lower than that of O2, suggesting that peat oxidation may occur before CO2 from the 

atmosphere diffuses to the same level, which is significant, as the cement is more likely to 

absorb CO2 from the peat than atmospheric CO2.  

 

The carbonation rate should also decrease over time due to the density increase associated 

with the transformation of Ca(OH)2 to crystallographic forms such as calcite (CaCO3). For 

instance, the formation of calcite engenders a volume change of 12% (Houst 1996). Empty 

pore space is therefore filled which will densify the stabilised peat, making it more difficult 

for O2 and CO2 to diffuse to the uncarbonated stabilised peat.  

 

3 Review of Carbonation Depth Techniques 

Five techniques (X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy 

(FTIR), Loss on Ignition (LOI), pH of slurries and the phenolphthalein indicator), widely 

used in concrete carbonation studies, were assessed by Duggan et al. (2017) for their 

suitability for determining the depth and degree of carbonation in stabilised peat. From 

statistical treatment using one-way analysis of variance (ANOVA), it was found that: 

(i) The XRD, FTIR, and LOI techniques gave comparable carbonation depth (Xc) values (p 

> 0.2).  

(ii) The phenolphthalein indicator method yielded Xc values significantly lower than the 

other methods (p < 0.05); these are referred to as Xp hereafter. 

(iii) The pH of stabilised slurries technique returned a depth which was greater than the other 

methods (p = 0.000). Rather than indicating a carbonation front depth, it illustrates the 
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position where the pH drops due to the decrease in concentration of Ca2+ and Ca(OH)2 in 

the pore solution (leached from areas in the uncarbonated zone to the carbonation front) 

and the dissolution of components such as calcium silicate hydrate (CSH). This depth is 

referred to as XpH. As the pH of slurries technique does not give a carbonation depth per 

se, XpH was not examined further in this study. 

 

These different carbonation depth measures are shown in Figure 2. Analysis of the Xc, Xp and 

XpH results suggested that the relationship between the percentage carbonated (Dc) and depth 

can be postulated for stabilised peat. The uncarbonated zone refers to the zone where initial 

carbonation has taken place (as noted by Villain & Platret (2006) for concrete), but which has 

remained unaffected by atmospheric CO2 and CO2 from oxidised peat, assuming that O2, CO2 

and Ca2+ diffusion are one dimensional (vertical).  

 

Employing a combination of the above techniques, this paper investigates the results of 

experiments exploring the key factors affecting carbonation depth.  

 

Figure 2 - Carbonation front in stabilised peat as measured by phenolphthalein 

indicator, XRD, FTIR, LOI and pH of stabilised peat slurries 

 

4 Experimental procedures 

4.1 Study region and on-site soil sampling 

The peat used in the two carbonation depth studies (A and B) reported in this paper was 

extracted using hollow acrylic cylindrical tubes (10 cm in outer diameter, 9.3 cm in inner 

diameter, 65 cm in height) from a cutover upland blanket bog at Raheen Bar Windfarm, 

northwest of Castlebar, Co. Mayo, Ireland (53°53’47.2’’N, 9°21’2.4’’W). The raw peat 

retrieved was acidic with an average pH in Studies A and B of 4.90 ± 0.69 (n=9) and 4.99 ± 
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0.54 (n=6) respectively, and was classified as H2–H4 on the von Post (1922) classification 

scale.  

 

4.2 Laboratory stabilisation procedure 

Three cores of the parent peat (from three tubes) were mixed in a large soil pan mixer with 

either a single binder (cement, classified as CEM II A/L 32.5N) or a combination of two 

binders (cement and GGBS). As shown in Table 1, there were slight differences in the 

chemical properties of the cements used in Studies A and B.  

 

In keeping with laboratory mixing practice proposed by Åhnberg (2006) and Timoney 

(2015), the mix was placed into the same cylindrical acrylic columns described above in 5 

cm-high layers; each one compacted 30 times with a tamping bar. The columns were filled to 

a height of approximately 50 cm, leaving an air gap of >10 cm at the top. The rest of the mix 

was placed in small cylindrical plastic piping moulds (6.3 cm in inner diameter by 12 cm in 

height) to produce smaller specimens. These were compacted to the same specifications as 

the large specimens. The full laboratory stabilisation procedure is available in Duggan 

(2016). 

 

Table 1 - Chemical composition of cement and GGBS 

 Cement 

(Study A)       

(wt. %) 

Cement 

(Study B)       

(wt. %) 

GGBS 

(wt. %) 

Silicon dioxide, SiO2  18.55 19.81 37.5 

Aluminium oxide, Al2O3  4.66 4.9 11.43 

Ferric oxide, Fe2O3  2.74 2.82 0.8 

Calcium oxide, CaO  62.50 64.74 42.8 

Magnesium oxide, MgO 2.26 2.39 6.61 

Sodium oxide, Na2O  0.15 0.21 0.21 

Potassium oxide, K2O 0.75 0.74 0.41 

Chromium oxide, Cr2O3 0.01 0.01 <0.01 

Titanium dioxide, TiO2 0.23 0.23 0.22 

Manganese oxide, MnO 0.03 0.03 0.03 

Phosphorus pentoxide, P2O5 0.05 0.07 0.06 

Strontium oxide, SrO 0.04 0.04 0.04 

Barium oxide, BaO 0.03 0.03 0.02 

Loss on ignition at 1000°C 7.86 4.18 -0.71 

http://en.wikipedia.org/wiki/Manganese_oxide
http://en.wikipedia.org/wiki/Strontium_oxide
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4.3 Laboratory setup, notation for experiment, and experimental conditions 

In total, 48 large specimens and 138 small specimens were produced in Studies A and B 

(Table 2).  Study B was specifically undertaken to address some gaps in Study A, but there 

are also some overlaps for repeatability purposes. 

 

The following notation was used for each large specimen: Uppercase 

letter_Number(Number).  

• The uppercase letters, A, B represent Studies A and B respectively, while the first 

number after the letter corresponds to the column or specimen type (1 to 8). This 

number reflects a particular binder type, content and set of environmental conditions 

(shown in Table 2). 

• Where used, the second number, in brackets, represents the replicate number (1, 2 or 

3). 

 

The large cylindrical specimens examined were therefore labelled: A1(1) to A8(3) (n = 24) 

for Study A, and B1(1) to B8(3) (n = 24) for Study B. Carbonation depths were determined at 

180 days in all cases. 

 

For each large specimen in Studies A and B, three small cylindrical specimens were formed 

with the same binder type and content and subjected to the same environmental conditions as 

their large specimen counterparts. The following notation was used for each small specimen: 

Lowercase letter_Number (Number_Lowercase letter): 

• A lowercase letter ‘a’ at the start of a small specimen name indicates Study A and a 

lowercase ‘b’, Study B. 

• The first number after the letter corresponds to the specimen type (1 to 8), and the 

second number (in parentheses) again stands for the replicate number (1 to 3). 

• The lowercase letter at the end of the specimen name (a, b, c) indicates the stage at 

which the specimen was analysed during the study: ‘a’ stands for 20 days, ‘b’ stands 

for 94 days for Study A and 90 days for Study B, while ‘c’ stands for 180 days.  

 

The small cylindrical specimens examined in Study A were therefore labelled a1(1a) to 

a8(3a) (n = 24), a1(1b) to a8(3b) (n = 23) and a1(1c) to a8(3c) (n = 19). The small specimens 
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in Study B were labelled b1(1a) to b8(3a) (n = 24), b1(1b) to b8(3b) (n = 24) and b1(1c) to 

b8(3c) (n = 24). Full details are provided in Table 2.  

 

Table 2 - Notation for small and large specimens showing also the characteristics of the peat and 

stabilised peat specimens 

Large 

Specimen 

Type  

Small  

specimen 

 names Binder type (%) 

Binder 

content 

(kg/m3) 

Surcharge 

(kPa) 

Water 

table 

position 

A1 (n=3) a1(1a) – a1(3b) (n=8)1  100 CEM 150 0 bottom 

A2 (n=3) a2(1a) – a2(3c) (n=8) 1 100 CEM 200 0 bottom 

A3 (n=3) a3(1a) – a3(3c) (n=8) 1 100 CEM 250 0 bottom 

A4 (n=3) a4(1a) – a4(3a) (n=7) 1  100 CEM 250 6 bottom 

A5 (n=3) a5(1a) – a5(3c) (n=8) 1 100 CEM 278 12 bottom 

A6 (n=3) a6(1a) – a6(3c) (n=9) 75 CEM: 25 GGBS 250 0 bottom 

A7 (n=3) a7(1a) – a7(3c) (n=9) 25 CEM: 75 GGBS 250 0 bottom 

A8 (n=3) a8(1a) – a8(3c) (n=9) -  0 0 bottom 

B1 (n=3) b1(1a) – b1(3c) (n=9)  100 CEM 150 6 bottom 

B2 (n=3) b2(1a) – b2(3c) (n=9) 100 CEM 200 6 bottom 

B3 (n=3) b3(1a) – b3(3c) (n=9) 100 CEM 250 6 bottom 

B4 (n=3) b4(1a) – b4(3c) (n=9)  100 CEM 250 0 bottom 

B5 (n=3) b5(1a) – b5(3c) (n=9) 100 CEM 250 0 top 

B6 (n=3) b6(1a) – b6(3c) (n=9) - 0 0 top 

B7 (n=3) b7(1a) – b7(3c) (n=9) - 0 0 bottom 

B8 (n=3) b8(1a) – b8(3c) (n=9) 100 CEM 250 12 bottom 

      

1Insufficient stabilised peat material to produce a1(3c), a2(2c), a3(1c), a4(3b), a4(3c) and a5(1c) 

 

In Study A:  

• Columns A1, A2 and A3 contained varying amounts of cement to ascertain the effect of 

cement on carbonation: A1: 150 kg/m3; A2: 200 kg/m3; A3: 250 kg/m3 (Table 3). These 

dosages are typical of those used for stabilising highly organic soils (Timoney et al. 

2012). 

• Soil-mixed ground is usually subjected to a temporary surcharge in the field, typically 

0.5-1.0m in height, to counteract the loosening induced by mixing and air injection and to 

help accelerate the process of strength/stiffness gain (Forsman et al. 2018). To explore the 

impact of surcharge, columns A4 and A5 were subjected to surcharges of 6 kPa and 12 

kPa respectively, for the first 21 days of the 180-day experiment duration. A3 was used as 
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an unsurcharged reference test. Custom-made plastic discs were used to distribute the 

load evenly across the specimens, and holes were drilled into these connections so that 

atmospheric O2 and CO2 could access the stabilised peat during the period over which the 

surcharge was applied.  

• To investigate the influence of binder type, varying levels of cement and GGBS were 

trialled. Columns A6 and A7 both comprised 250 kg/m3 of binder, but A6 had a ratio of 

3:1 cement to GGBS, while A7 had a ratio of 1:3 cement to GGBS. Again, A3 acted as 

the 100% cement benchmark. 

• Column A8 contained only peat, serving as a control. 

 

In Study B:  

• Columns B1 (150 kg/m3), B2 (200 kg/m3) and B3 (250 kg/m3) contained varying 

amounts of cement and were subjected to a 6 kPa surcharge. 

• To explore the effect of water table level, two different water table conditions were 

considered: B4 with water table at the bottom and B5 with water table at the surface. 

Both B4 and B5 comprised 250 kg/m3 of cement binder. 

• Acting as controls, B6 (water table at surface) and B7 (water table at bottom) 

contained peat only. 

• The effect of surcharge was considered by comparing B4 (0 kPa), B3 (6 kPa) and B8 

(12 kPa); all mixes contained 250 kg/m3 of cement. As in Study A, the surcharge 

duration was 21 days. 

 

Density, moisture content and organic content for individual specimens are summarised in 

Table 3. Some of these characteristics could not be determined for A8, B6 and B7, as these 

specimens had to remain intact for another experiment. The water table was maintained at the 

bottom of all specimens except for B5 and B6, and every fourth day, the equivalent of 

0.74 mm/day of rainfall (the maximum value dictated by practical considerations), was 

sprayed onto the specimens. The specimens were established in a room with the temperature 

maintained at 20°C and the humidity kept at 70% using a dehumidifier.  

 

Table 3 - Average values for the raw peat and stabilised peat (± referring to one standard deviation from 

the mean) 

Columns 
Raw peat Stabilised peat 

Bulk density Moisture Organic Dry density Moisture Organic 
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(kg/m3) 
 

Content 

(%) n = 3 

Content 

(%) n = 3 

(kg/m3)  

(n = 15) 

Content (%)    

n = 3 

Content (%) 

n = 3 

A1 1028 1176 ± 129 96.5 ± 1.1 245 ± 15 412 ± 32 36.6 ± 3.5 

A2 1020 1031 ± 69 97.3 ± 1.1 313 ± 18 325 ± 10 29.6 ± 1.2 

A3 1053 1094 ± 127 96.9 ± 0.9 344 ± 26 321 ± 6 28.8 ± 1.0 

A4 1031 1108 ± 120 92.9 ± 2.8 360 ± 22 271 ± 7 24.3 ± 0.3 

A5 1037 1430 ± 352 98.1 ± 0.7 377 ± 24 264 ± 1 26.2 ± 1.0 

A6 1037 1285 ± 135 98.1 ± 0.3 349 ± 12 288 ± 6 26.2 ± 0.6 

A7 1023 1375 ± 221 98.0 ± 0.6 362 ± 17 271 ± 3 26.0 ± 1.0 

A8    81 ± 13   

B1 1002 991 ± 57 97.2 ± 0.4 264 ± 26 358 ± 5 36.9 ± 2.3 

B2 933 1135 ± 204 97.9 ± 0.8 329 ± 39 324 ± 3 29.0 ± 0.2 

B3 989 986 ± 52 98.4 ± 1.1 369 ± 9 258 ± 4 23.7 ± 0.3 

B4 1032 1046 ± 74 97.9 ± 1.0 351 ± 26 315 ± 77 29.2 ± 7.1 

B5 1000 1156 ± 213 97.6 ± 2.0 322 ± 8 203 ±29 19.4 ± 3.3 

B6  1064 ± 111 96.8 ± 0.2 77 ± 9   

B7  1069 ± 129 97.5 ± 1.4 80 ± 11   

B8 998 947 ± 48 96.1 ± 1.3 360 ± 10 273 ± 10 26.5 ± 1.4 

 

4.4 Measurement of Carbonation depth 

4.4.1 General Procedure 

The procedure for measuring the carbonation depth Xc for the large and small specimens is 

outlined below: 

(i) The specimens were split along their vertical axis using a saw/knife. 

(ii) Both split surfaces were dried in an oven at 105°C for at least 48 hours. 

(iii) In advance of testing, all samples were covered with cling film to deprive them of 

oxygen and CO2 and placed in a dry room to minimise carbonation (Chang and Chen 

2006). 

(iv) One of the freshly-split surfaces from each specimen was then sprayed with a 

phenolphthalein indicator to expose the carbonation front. The other split surface 

was used for XRD, FTIR and LOI analyses (Figure 3). 

(v) For XRD, FTIR, LOI and other chemical analyses, powder samples of the stabilised 

peat were taken at depth intervals of between 2.5 mm and 10 mm, from the top 

surface to depths of up to 100 mm. 

(vi) Once the XRD and FTIR samples had been obtained and analysed, LOI testing was 

performed on sections of the specimens (Figure 3). 
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Before carrying out any tests on stabilised peat, the carbonation depth techniques were used 

on analytical pure CaCO3 (to detect carbonated stabilised peat) and Ca(OH)2 (to detect 

uncarbonated stabilised peat) standards to create baselines for each technique.  

 

Figure 3 - Diagram depicting the use of each split surface of the specimens. 

 

4.4.2 Carbonation depth techniques 

A brief summary of the techniques used to calculate Xp and Xc is provided below. The reader 

is referred to Duggan (2016) and Duggan et al. (2017) for greater detail.  

 

4.4.2.1  Phenolphthalein indicator 

The indicator used was applied to the top and inner surfaces of the split specimen, and 

measurements were taken immediately. The average Xp value for the region was determined 

to the nearest 1 mm by taking an average of three measurements from the top surface to the 

depth at which there was a transition from colourless to pink/purple.  

 

4.4.2.2. X-ray diffraction analysis (XRD) 

The powder method of XRD was conducted using an Inel Equinox 6000 powder X-ray 

diffractometer in which powder samples were analysed using an X-ray source of CuKα 

radiation (wavelength λ = 1.54056 m). The X-ray tube voltage and current were fixed at 35 

kV and 25 mA respectively. The scan was in the range from 2° < 2θ < 88°. From the top 

surface, powder samples were typically taken at 5 mm depth intervals for the small 

specimens and 2.5 mm intervals for the large specimens. XRD graphs were plotted to 

ascertain the intensity of the CaCO3 and Ca(OH)2 peaks. For each specimen analysed, a depth 

profile of the relative intensities (i.e. the ratio of the measured value to the maximum value) 
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of the diffraction peaks for CaCO3 and Ca(OH)2 was produced (example of a5(3c) in Figure 

4) which then enabled a carbonation depth (Xc) to be inferred. 

 

Figure 4 - Variation in relative diffraction intensities for CaCO3 and Ca(OH)2 with 

depth for a5(3c) 

 

4.4.2.3 Fourier transform infrared spectroscopy (FTIR) 

A Perkin Elmer Spectrum 400 FT-IR Spectrometer was used to perform the FTIR analysis of 

stabilised peat samples. Each sample was scanned four times with a 4 cm-1 resolution in the 

range of 650–4000 cm-1. In Study A, dry powder samples were generally taken at 5 mm 

intervals from the top surface to a depth of 20 mm, thereafter increasing to 10 mm intervals 

for the small specimens. For the large specimens, carbonation front depths were measured to 

the nearest 2.5 mm. From the experience acquired in conducting Study A, Xc in Study B was 

measured to the nearest 5 mm for the small specimens and 2.5 mm for the large ones. 

 

The FTIR test detects the C-O bonds and O-H bonds in samples, which indicate the presence 

of CaCO3 and Ca(OH)2, respectively. As the CaCO3 content increases towards the surface 

due to carbonation, the C-O peak representing CaCO3 increases, while the O-H peak 

representing Ca(OH)2 reduces in magnitude. For each sample analysed, a wavelength against 

transmittance plot was obtained and the percentage transmittance of the dominant CaCO3 and 

Ca(OH)2 peaks was measured. Calcite (CaCO3) to portlandite (Ca(OH)2) transmittance ratios 

were calculated for each sample analysed from their respective FTIR plots. A profile of 

calcite/portlandite ratio with depth, such as that shown for a5(3b) in Figure 5, was then 

developed for each specimen, and an Xc value deduced.  
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Figure 5 - Calcite/portlandite ratio versus depth for FTIR analysis on a5(3b) 

 

4.4.2.4 Loss on Ignition (LOI) 

Using samples that were taken for thermogravimetric analysis, the temperature ranges at 

which Ca(OH)2 and CaCO3 decomposition occurs in stabilised peat were identified and a 

procedure for the use of the furnace was devised (Duggan et al., 2017). Appropriate 

temperature ranges (displayed in Table 4) were developed to quantify organic matter, 

Ca(OH)2 and CaCO3. The dry samples were left in the furnace for a minimum of one hour, 

removed, and weighed at 440°C, 520°C, 650°C and 850°C. From 0°C to 440°C and 650°C to 

850°C, a minimum period in the furnace of two hours was observed.  

 

Table 4 - Temperature ranges for LOI technique (Duggan et al., 2017) 

Number Temperature Range (°C) Decomposition of hydrates or carbonated products 

1 Up to 105 (already complete) Water (ASTM 2007) 

2 105–440 Organics (ASTM 2007) 

3 440–520 H2O from portlandite (Ca(OH)2) 

4 520–650 OH- from structure of hydrates, structure H2O or CO2 

from vaterite, and C-S-H carbonation 

5 650–850 CO2 from calcite of carbonation 

 

In Study A, only the large specimens A1–A8 and small 180-day ‘c’ specimens (a1(1c) to 

a8(3c)) were analysed using the LOI technique. For Study B, the small and large specimens 

were used. In both cases, slices of oven-dried stabilised peat, originally 5 mm in thickness 
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and taken to a depth of 50 mm, were placed in the furnace. The specimens were marked 

before oven-drying to identify original depth horizons. 

 

Using the LOI technique, the decomposition of CaCO3 can be quantified by examining the 

CO2 mass loss between 650 and 850°C. The percentage carbonated (Dc) for each depth can 

then be calculated from Equation 2 used by Sun et al. (1985) and  Ochiai (1993), where C is 

the mass of CO2 in the sample and Cp is the theoretical mass of CO2 needed to combine with 

the total calcium oxide in the sample to form CaCO3. A method of estimating Cp is provided 

by Duggan et al. (2017).  

 

𝐷𝑐(%) =  
𝐶

𝐶𝑝
× 100         (2) 

 

Plots of Dc with depth for each specimen were then developed and the Xc value calculated. 

An example of this type of plot is shown in Figure 6 for specimen b8(3c). 

 

 

Figure 6 - Variation in percentage carbonated (Dc) with depth for b8(3c) 
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4.5 Statistical analysis 

Correlation statistics were carried out on the Xp and Xc results using Minitab 17 statistical 

software. The effect of variables (predictors) such as time, binder content and surcharge on 

Xp and Xc were examined initially. A p-value of less than 0.05 was considered to show a 

significant correlation between the independent and dependent variables examined.  

 

To expand on the linear relationships found between the dependent variables Xc and Xp and 

the independent variables, multiple linear regression analysis, a more powerful extension of 

linear regression, was carried out using Minitab 17. A backward elimination method was 

used to identify the significant variables in predicting Xc and Xp and to produce best-fit 

statistical models. The variables were required to have individual p-values ≤ 0.05 to remain in 

the model.  

 

After producing best-fit models for the carbonation depth results for Studies A and B 

separately, the data from each experiment were combined to enable a meta-analysis of greater 

sample size. Multiple linear regression analyses were then performed on this larger data set. 

 

5 Results:  

5.1 Carbonation front progression with time 

Using correlation statistics, all carbonation depth techniques showed an increase in 

carbonation front depth with time (p = 0.000). In the LOI testing, the percentage carbonated 

(Dc) at the surface was also found to increase with time (p = 0.000). 

 

In the case of the phenolphthalein indicator, regions where the indicator remained colourless 

were observed to increase in size over time. An example of carbonation progression from the 

XRD results is shown in Figure 7. As the carbonation time increased, CaCO3 content 

increased, and the Ca(OH)2 content diminished. Low constant CaCO3 intensities are evident 

in samples a5(3a), tested at day 20; by day 94, high CaCO3 intensities were observed to a 

depth of 15 mm in samples a5(3b); by day 180, samples a5(3c) record high CaCO3 intensities 

to a depth of 40 mm. This trend was replicated for FTIR and LOI results which all define Xc 

as the depth at which the CaCO3 concentration is elevated with respect to the baseline and 

measures the maximum advancement of the carbonation front.  

 



18 

 

Figure 7 - Variation in CaCO3 diffraction intensity with depth for a5(3a), a5(3b) and 

a5(3c) 

 

5.2 Regression analysis on carbonation depth results from Studies A and B 

For an in-depth analysis of the variables that affected Xc, multiple linear regression analysis 

was undertaken. Since the XRD, FTIR and LOI techniques assess Xc similarly (i.e. by 

examining changes in CaCO3 concentration), the results from the three techniques were 

pooled to increase the sample size for multiple regression analysis. The larger sample size for 

these analyses led to higher R2 values that increase the capability of the regression model to 

predict new observations. 

 

As there were three times as many small specimens as large specimens, as well as only one 

data point in time (d = 180 days) for the latter, only the multiple linear regression results for 

the small specimens are presented in Section 5.  However, results from the large specimens 

are compared with gas flux (CO2 intake rates) results from the parallel Duggan et al. (2019) 

study in Section 6.  

 

The variables examined in Study A were cement content (kg/m3), GGBS content (kg/m3), 

surcharge (kPa) and time (days), while in Study B the variables examined were cement 

content, water table, surcharge, and time. In the multiple regression analysis for Study B, a 
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binary (on/off type) variable was assigned to the water table. Table 5 displays the results of 

the main analyses (1-3) using the backward elimination method, which show time and 

surcharge to be highly significant variables (p < 0.01) for Studies A and B; longer times 

and/or greater surcharges result in larger Xc values. The scope of Analyses 1 to 3 is as 

follows: 

• Analysis 1: All variables are included in the multiple regression analysis 

• Analysis 2: Final analysis of the backward elimination method. Variables were 

required to have individual p-values ≤ 0.05 to remain in the model. 

• Analysis 3: In Study B, cement and water table were significant if analysed 

independently, hence there were two final analyses for Study B; Analysis 2 and 

Analysis 3. 

 

Table 5 - Multiple linear regression analyses showing the effects of the variables examined on Xc (XRD, 

FTIR and LOI combined) for the small stabilised peat specimens in Studies A and B 

 Study A Study B 

 XRD, FTIR and LOI  XRD, FTIR and LOI 

Analysis 1 2 1 2 3 

R2 (adj)* 0.518 0.521 0.488 0.482 0.483 

Variables p-values 

Time 0.000 0.000 0.000 0.000 0.000 

Cement 0.698 - 0.094 - 0.034 

GGBS 0.374 - - - - 

Surcharge 0.000 0.000 0.001 0.000 0.000 

Water table - - 0.114 0.041 - 

*The adjusted R2 value is used to compare models with different numbers of predictors and is a version of R2, 

adjusted for the number of predictors in the model. The adjusted R2 increases only if the new term improves the 

model more than would be expected by chance. 

 

For the specimens with a low water table and ≥ 250 kg/m3 of cement binder, i.e. a3(c), a4(c), 

a5(c), b3(c), b4(c) and b8(c), a strong relationship was evident between surcharge level and 

Xc (p < 0.001) (measured using XRD, FTIR and LOI), as depicted in Figure 8. The 

specimens with 12 kPa of surcharge had the largest Xc values in each experiment, followed 

by the specimens with 6 kPa of surcharge. In Study A, specimens a5 (278 kg/m3 of cement 

binder, 12 kPa of surcharge) had the greatest carbonation depths from the XRD, FTIR and 

LOI data. Specimens a5(2c) and a5(3c) produced Xc values of 40 mm for XRD, and a5(2c), 

a5(2b), a5(3c) produced Xc values of 40 mm in Study A for FTIR. In Study B, specimen 
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b8(2c) (250 kg/m3, 12 kPa) had the greatest Xc value at 36 mm for FTIR. For LOI, once 

again, the surcharged specimens had greater Xc values than the unsurcharged specimens with 

a5(3c), a5(2c), b8(3c) and b2(3c) recording the maximum Xc values of 45, 40, 37.5 and 37.5 

mm, respectively. 

 

 

Figure 8 - Relationship between Xc and surcharge for FTIR, LOI and XRD results for 

specimens c with a cement binder content ≥ 250 kg/m3 

 

In Study A, it was not possible to prove that cement and GGBS were significant variables. 

However, in Study B, cement and water table were significant if analysed independently 

(Table 5). When cement and water table were analysed together, cement was not a significant 

variable due to multicollinearity, which causes some variables to appear statistically 

insignificant when they should be significant. An increase in cement content led to a decrease 

in Xc, while a high water table was associated with lower Xc values. Since gas diffusion in a 

liquid is 104 times slower than in air (see Section 2), the small specimens b5 (water table at 

the surface) had the smallest average carbonation depths after 180 days. For example, b5(1c), 

b5(2c) and b5(3c) had individual Xc values of 5 mm for XRD. 

 

5.3 Comparison with phenolphthalein results 

In keeping with the XRD, FTIR and LOI results, for specimens having 250 kg/m3 or greater 

of cement binder; namely, a3(c) and b4(c) (0 kPa surcharge), a4(c) and b3(c) (6 kPa 

surcharge) and a5(c) and b8(c) (12 kPa surcharge), Xp increased with surcharge (p = 0.000) 

y = 1.9333x + 9.4667
R² = 0.6793
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(Figure 9). For example, a5(3c), which can be seen in the inset to Figure 9, had the largest Xp 

value at 31mm.  

 

 

Figure 9 - Relationship between Xp and surcharge for phenolphthalein indicator results 

for specimens c with a cement binder content ≥ 250 kg/m3 

 

In keeping with the results in Section 5.2, it was shown that minimal carbonation occurred 

under the water table. By day 180, all specimens c were carbonated at the surface except for 

b5(c) (specimens with high water table) (n = 3) which had an Xp value of 0 mm. By 

examining the results from the unsurcharged specimens with 250 kg/m3 of cement binder 

(namely, a3: low water table, b4: low water table and b5: high water table), a high-water table 

was confirmed to give rise to a lower Xp value (p = 0.005). 

 

5.4 Meta-analysis on data from Studies A and B 

A meta-analysis was performed on the data from Studies A and B to increase the statistical 

power over individual studies. The variables examined were cement content (kg/m3), GGBS 

content (kg/m3), high/low water table, surcharge (kPa) and time (days). From the meta-

analysis, Xc was found to have a significant relationship with time and surcharge (Table 6). 

Since Xc in concrete has been found to increase with the square root of time by Lagerblad 

(2005), McPolin et al. (2007) and others, the model results (Equation 3 with Table 7) are 

based on an assumption that stabilised peat will behave in a similar fashion. The statistical 

power of this model is slightly lower than a linear version considered by Duggan (2016). 

y = 1.1x + 1.3333
R² = 0.4649
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However, the linear model obviously gives unrealistic predictions of Xc after 180 days (the 

duration of these studies).   

 

Xc = b0 + b2 × √time (days) + b4 × surcharge (kPa) 

 

 

(3) 

Table 6 - Multiple linear regression analyses showing the effects of the variables examined on Xc (XRD, 

FTIR and LOI combined) and Xp for meta-analysis on small stabilised peat specimens in Studies A and B 

 XRD, FTIR and LOI Phenolphthalein 

Analysis 1 2 3 1 2 3 

R2 (adj) 0.486 0.487 0.455 0.355 0.352 0.316 

Variables p-values 

Time 0.000 0.000 - 0.000 0.000 - 

√Time - - 0.000 - - 0.000 

GGBS 0.539 - - 0.687 - - 

Cement 0.901 - - 0.173 - - 

Water table 0.192 - - 0.681 - - 

Surcharge 0.000 0.000 0.000 0.001 0.000 0.001 

 

Table 7 - Xc regression model parameters for meta-analysis for XRD, FTIR and LOI results combined for 

small specimens in Studies A and B using √time 

Parameters Coefficient Standard error p-value 

b0 (constant) -6.69 1.23 0.000 

b2 (√time)  1.533 0.117 0.000 

b4 (surcharge) 0.8673 0.0979 0.000 

R2 (adj) 0.455   

R2 (pred)* 0.446   

SE 7.36132   

d.f (reg, res) 2,289   

F-value 122.68   

P-value 0.000   

* The predicted R2 value is a form of cross validation that does not require a separate sample to be collected. It 

determines how well the model predicts new observations and whether the model is overfitted. Minitab 

calculates predicted R2 by systematically removing each observation from the data set, estimating the regression 

equation and determining how well the model predicts the removed observation.  
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6 Discussion 

6.1 K-rate factors 

Equation 3 may be used to estimate Xc in other studies and real-life scenarios, using time and 

surcharge as inputs. However, a simpler relationship has been extensively used for concrete 

in which Xc is related to the square root of time through a k-rate factor only, see Equation 4 

(Al-Khaiat et al., 2004; Lagerblad, 2005; Khunthongkeaw et al., 2006; McPolin et al., 2007).  

 

Xc = k √t 

 

 

(4) 

For comparison purposes, k-rate factors were developed for stabilised peat. The Xc results 

from XRD, FTIR and LOI were combined in order to calculate k for stabilised peat for 

different binder types/contents and environmental conditions. The Xc results were plotted 

against the square root of time with the intercept set at zero. The slope of the regression line 

is the k-rate factor; for example, k is ≈33 mm/√yr for the case of b8 in Figure 10. 

 

 

Figure 10 - Influence of time on carbonation front depth Xc for small specimens b8 

 

The k-rate factors produced for the small specimens are provided in Table 8, along with their 

significance values. For the unsurcharged specimens, p-values were generally higher than 

those of the surcharged specimens due to the lower Xc values and larger variability obtained.  
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Table 8 - Carbonation k-rate factors (mm/√year) with p values in () for various stabilised peat types in 

various conditions developed from the results of the small specimens in Studies A and B 

Scenario 
Binder content (kg/m3) 

150 200 250 278 

No surcharge 10 (0.855) 20 (0.013) 15 (0.000) 
 

Surcharge (6 kPa) 28 (0.000) 33 (0.000) 26 (0.000) 
 

Surcharge (12 kPa) 
  

33 (0.000) 50 (0.000) 

Cement:GGBS (75:25) 
  

17 (0.015) 
 

Cement:GGBS (25:75) 
  

19 (0.015) 
 

No surcharge (high water table) 
  

11 (0.030) 
 

 

The highest k-rate factors for the small specimens were for the surcharged ones a5 (50 

mm/√yr) and the lowest were for the unsurcharged specimens a1 (10 mm/√yr). These values 

illustrate that carbonation rates (with respect to time) in stabilised peat are in general higher 

than in concrete using Portland cement, where k ranges from 0.5 mm/√yr in wet/submerged 

concrete (> 35 MPa) to 15 mm/√yr in concrete indoors (< 15 MPa) (Lagerblad, 2005). 

 

6.2 Relationship between gas fluxes and Xc and Dc  

Some strong relationships were found between the Xc values from the large specimens in 

Studies A and B (presented by Duggan (2016)) and the CO2 gas fluxes measured from the 

same specimens reported by Duggan et al. (2019), where in all cases, the stabilised peat acts 

as a carbon sink. The ‘average CO2 flux value’ discussed below is the average gas flux from 

52 and 44 gas sampling events that were carried out over 180 days on the large specimens in 

Studies A and B, respectively. For the large specimens in Studies A and B, a greater Xc value 

corresponded to a larger average CO2 flux value or intake rate over the 180 day duration of 

the experiment (p ≤ 0.025 for XRD, FTIR and LOI).  

 

In keeping with the results considered in Section 5 for Xc, time and surcharge were also 

highly significant variables that increased the CO2 intake rate. For example, for the 

specimens with 250 kg/m3 of cement in Study A, the surcharged specimens had the greatest 

CO2 intake rates and Xc values, and the unsurcharged specimens had the lowest, as 

exemplified in Figure 11 for the significant relationship between average CO2 flux and Xc as 

measured by FTIR (p = 0.003). Furthermore, the water table level was a significant variable 

in predicting Xc in both Study B and the CO2 flux study. The existence of a high water table 

led to a lower Xc value and CO2 intake rate than a low water table.  
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Figure 11 - Relationship between Xc and average 40-minute CO2 flux for FTIR for 

Study A for stabilised peat with ≥ 250 kg/m3 of cement binder 

 

 

*c = cement, g = GGBS, w.t. = water table 

Figure 12 - Relationship between Dc at surface and average 40-minute CO2 flux for the 

large specimens in Studies A and B 
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From these studies, it is evident that there is not only a relationship between Xc and average 

CO2 gas flux values, but also between average CO2 flux and Dc at the surface (calculated 

using the LOI technique). The relationship between Dc at the surface and average CO2 fluxes 

was particularly strong (p = 0.000) for all the large specimens (Figure 12). This relationship 

confirms that the carbon sink in the stabilised peat is a result of the binder in the stabilised 

peat absorbing CO2. 

 

6.3 Life cycle assessment: embodied carbon   

Duggan et al. (2015) report on a life cycle assessment of geotechnical aspects (to sub-base 

level) of a section of the M6 motorway in Ireland for which excavate-and-replace was the 

ground improvement method implemented. A range of standard factors impacting on 

Embodied Carbon (EC) estimates were examined, including materials, transport and 

machinery, as well as less familiar factors such as peat drainage, drainage systems, 

restoration, slope stability and clearance of vegetation/forestry. Alternatives to excavate-and-

replace were considered, including an appropriate combination of excavate-and-replace and 

piling, and dry soil mixing. Dry soil mixing with a 3:1 ratio of cement to GGBS was the least 

favourable option of the three in EC terms, but it became the most favourable option when a 

1:3 ratio of cement to GGBS was used. In these calculations, the post-construction EC was 

defaulted to neutral (i.e. zero carbonation) in the absence of further information at that time.  

 

The research described in this paper enables these EC calculations to be updated to allow for 

the post-construction carbonation evident in the experiments. The maximum k value of 33 

mm/yr in Table 8 (assuming 250 kg/m3 of cement and 12kPa surcharge) used in conjunction 

with equation (4) predicts a carbonation depth of 0.36 m upon reaching the road’s 120-year 

design life. In reality, the higher surcharge and 3:1 cement:GGBS ratio used in the project is 

likely to give rise to a higher k value, rendering the 0.36 m estimate of carbonation depth 

conservative. It is assumed that up to this depth, the binder in the stabilised peat is 100% 

carbonated.  

 

As reported by Duggan et al. (2017) and illustrated schematically in Figure 2, the supposedly 

uncarbonated zone will still have some background degree of carbonation. In the case of 

stabilized peat, it is expected that carbonation in this zone could be a lot higher than in 

concrete on account of additional CO2 released by peat due to oxidation during the mixing 
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process, the dissolved CO2 present in the groundwater, and CO2 trapped in the mix, all of 

which would react with the cement upon mixing. For the 3:1 cement:GGBS binder ratio 

relevant to the case history, the percentage carbonation in the supposedly uncarbonated zone 

was found to be 28% by Duggan et al. (2017).  

 

Based on an average stabilised peat depth of 2.07m in the case study, it can be concluded 

from a weighted average calculation that ≈40% of the stabilised peat block would be 

carbonated after 120 years.  This carbon switch does not have a notable effect on the cradle-

to-grave EC for the stabilised peat as the majority of the carbon taken in by the binder will be 

from carbon dioxide released by the peat and not atmospheric CO2. Therefore, the carbon 

sink switch does not need to be accounted for in the life cycle assessment. Nevertheless, it is 

important to quantify the amount of carbon that has switched from the peat to the cement to 

know how much carbon has been rendered unavailable for release into the atmosphere by 

future peat oxidation. 

7 Conclusions 

In addition to the traditional drivers of cost and programme, there is a greater focus nowadays 

on finding sustainable solutions to civil engineering projects. Dry soil mixing, a form of 

ground improvement, is sometimes maligned for the carbon emitted during cement 

manufacture, prior to the construction phase. A laboratory study is presented in this paper, 

enabling, for the first time, the impact of dry soil mixing on carbon during and after 

construction to be appraised. 

 

Carbonation depth techniques, typically applied to hardened concrete, were applied to 

specimens of stabilised peat. Statistical analysis indicated that time, surcharge magnitude, 

binder content and water level all impacted significantly on the carbonation depths measured, 

with inferred carbonation rates typically higher than those reported for concrete. A greater 

carbonation depth corresponded to a larger degree of carbonation at the surface and a larger 

average CO2 intake rate. This result confirms that stabilised peat is a carbon sink, a 

consequence of the binder in the stabilised peat absorbing CO2.  

 

The experimental findings were applied to a case study of a motorway project, predicting that 

at least 40% of the stabilised peat volume would be carbonated after 120 years. In this 

scenario, the majority of the carbon consumed by the binder would arise from carbon dioxide 
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released by the peat rather than atmospheric CO2. As such, its impact on the cradle-to-grave 

Embodied Carbon (EC) for the project is minor. A complete assessment of the EC associated 

with soil mixing, enabled by these results, facilitates a more equitable comparison with other 

ground improvement options. In addition, the k-rate factors developed in this paper may be 

used to estimate the amount of carbon stored in the binder over time and how much carbon in 

stabilised peat is unavailable for future oxidation, relevant to the re-development of 

brownfield sites.  

 

In order to expand on the advances described in this paper, the carbonation behaviour of other 

stabilised soils, such as peat from fens and raised bogs and organic silts/clays, should also be 

studied. Ideally, the conclusions drawn from this laboratory study in relation to CO2 fluxes 

and carbonation depths should be confirmed through field trials. The effect of carbonation on 

the strength and stiffness of stabilised peat is also likely to be of interest to the geotechnical 

engineering profession. 
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