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ABSTRACT 10 

Laboratory tests demonstrated that biochar filler added to Portland cement stabilized 11 

peat results in an increase of unconfined compressive strength, comparable with that of 12 

a sand filler. Strength increase is significantly higher when biochar is ground to a size 13 

below 75 µm. This paper investigates the changes in mineralogy, texture and 14 

microstructure during the early hydration of cement mixed with peat and biochar filler 15 

to identify the mechanisms responsible for the strength increase. The results show that 16 

the biochar surface catalyzes nucleation of hydration products. Labile carbon in biochar 17 

promotes carbonation, with precipitation of calcite within its cells and on its surface, as 18 

well as formation of hemi and monocarboaluminate, two stable AFm phases. For the 19 
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larger fragments of biochar, the early hydration products do not reach the inner cells. 20 

Instead, the fine fragments tend to be fully covered leading to a more homogeneous 21 

spatial distribution of cement and voids. 22 

INTRODUCTION 23 

Peat soil is a type of soft soil with extremely high organic and water contents. It forms 24 

from the accumulation of undecomposed and partially decomposed organic matter, in a 25 

water saturated environment (up to 1000% water content) where scarcity of oxygen and 26 

reducing conditions favor preservation of organics. Peat soils are widespread in 27 

temperate and cold zones of the northern hemisphere and in the lowland areas of 28 

Southeast Asia (Osman 2018). One of the major issues with construction on peat soil is its 29 

high compressibility, causing structures to experience large undesirable differential 30 

settlement. Chemical stabilization by using artificial binders has been largely successful 31 

in treating soft soil. When chemical binders, such as cement, are added to soil in the 32 

presence of water, cementitious and pozzolanic reactions occur to form cementitious gels 33 

which increase the strength of the soil matrix. Organic matter in peat inhibits or slows 34 

down these reactions (Tremblay, et al. 2002). Therefore, a large quantity of binder is 35 

required before a significant strength gain is observed (Janz and Johansson 2002). 36 

Typically, sand is added to the stabilization mix as an inert filler, to reduce the amount 37 

of binder required. Urbanization driven, rapid growth of global cement production has 38 

escalated the extent of sand mining to surpass natural renewal rates (Larson 2018) thus 39 



3

 

Berti, February 8, 

2020 

 

making the search for alternative fillers a critical need.  40 

Lau et al. (2019) propose biochar as a sustainable, highly available alternative to sand. 41 

As biochar can be produced from local biomass, usually abundant in regions with peat 42 

soil, it can supply filler for treatments of large volumes of soil, such as in transportation 43 

infrastructure application (e.g. road sub-base). Biochar is the carbon-rich product of the 44 

pyrolysis of biomass. It stores Carbon in a recalcitrant form, significantly slowing down 45 

its re-emission into the atmosphere as CO2 (Woolf, et al. 2010). According to Lehman and 46 

Joseph (2015), a sustainable conversion of 1% annual plant uptake into biochar can reduce 47 

atmospheric CO2 by 10% of current anthropogenic emissions.  48 

Biochar most common application is in soil amendment because its water and nutrient 49 

retention capacity lead to a significant improvement in crop productivity (Woolf, et al. 50 

2010, Bruun, et al. 2014, Lehmann and Joseph 2015). Additionally, biochar has been 51 

investigated for removal of pollutants (Park, et al. 2011, Tan, et al. 2015), as a catalyst, in 52 

fuel cells and other environmental applications (Qian, et al. 2015).  In recent years, the 53 

feasibility of using biochar in construction material has been explored (Gupta and Kua 54 

2017, Gupta, et al. 2018, Dixit, et al. 2019, Wang, et al. 2020). A few studies showed that 55 

addition of 1-2% hardwood-derived biochar to Ordinary Portland Cement (OPC) 56 

accelerates hydration, with a corresponding increase of unconfined compressive strength 57 

(UCS), at seven days (Gupta, et al. 2018, Dixit, et al. 2019, Wang, et al. 2020). Gupta et al. 58 

(2018) proposed that slowly released water by the biochar promotes formation of 59 
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hydration products. Dixit et al. (2019) noted a positive effect of fine-size biochar (<150 60 

µm) filler on the early hydration rate in ultra-high performance concrete. The correlation 61 

between fine size and faster hydration has been shown for sand fillers too and has been 62 

attributed to a better filling of the space by fine particles. Wang et al. (2020) tested the 63 

effect of CO2 curing of OPC with biochar filler (1%). They observed carbonation of 64 

portlandite and faster rate of hydration, with an overall positive effect on strength.   65 

Lau et al. (2019) tested the effect on compressive strength of a biochar filler added to 66 

high-water-content peat OPC mixtures, compared to a sand filler. Results showed 67 

comparable performance between the two. Most importantly, UCS of mixtures made 68 

with biochar ground to a fine particle size (< 75 um) decisively surpassed that of mixtures 69 

made with equivalent size and weight of sand. This unexpected, measurable difference 70 

in UCS, clearly related to the presence of fine-grained biochar, raises the question of 71 

whether biochar influences the type and extent of the hydration reactions or causes 72 

microstructural and textural changes that favor strength development. This paper 73 

addresses the mechanisms by which biochar affects strength development. 74 

The mineralogy, texture and microstructure of mixtures of 1000% water content peat, 75 

OPC and different particle-size biochar filler were characterized by Scanning Electron 76 

Microscopy (SEM), combined with Energy-Dispersive X-ray Spectroscopy (EDS), and 77 

Powder X-Ray Diffraction (XRD). The same samples that were used for UCS testing by 78 

Lau et al. (2019) were investigated after seven days of curing. The peat-OPC-biochar 79 
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mixture prepared with biochar size below 75 µm, was further tested at 28 and 120 days 80 

by XRD to investigate potential changes in hydration products and the progression of the 81 

hydration reaction. The results of this study provide the groundwork for the long-term 82 

prediction of the cement stabilized soil strength and of the effects of large-scale use. 83 

MATERIALS AND METHODS 84 

Preparation of Peat, OPC, Biochar Mixtures 85 

Five mixtures of peat-biochar-cement, differing only in the grain size of biochar, and a 86 

control sample consisting of peat and cement were investigated in this study. The peat 87 

was reconstituted to a water content of 1000%. This value falls into the middle of the 88 

natural water content range of peat soils, according to a review by Huat (2004). The source 89 

and preparation of peat and cement is described in detail in the paper by Lau et al. (2019) 90 

and is summarized here.  Peat, sourced from Irish bogs owned by the Bord na Mona 91 

company, was obtained from a local garden center. It is a brown peat, with moderately 92 

strong humification, corresponding to the H6 class of the von Post scale (Hartlén and 93 

Wolski 1996). The peat has low fiber content, zero tensile strength, and a pH of 3.6. The 94 

peat purchased for this study had been previously dried thus its natural water content is 95 

not known.  Bags of peat were mixed thoroughly in bulk to ensure homogeneity and 96 

sieved to remove debris larger than 5 mm. Tap water was added to the peat and mixed 97 

in a paint paddle mixer until a water content of 1000% was reached. The reconstituted 98 

peat had a bulk density of 976 kg/m3. The biochar, produced by BioRegional, was derived 99 
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from sustainably sourced timber wood chips pyrolyzed at 450°C for 48 hours. It was 100 

graded into five different particle size ranges, named A to E, from the coarsest (5-2 mm 101 

range) to the finest (< 75 µm), to yield five differently graded mixtures, as shown in Table 102 

1. Biochar was dried in the oven at 50°C for 24 hours to remove moisture while preserving 103 

the integrity of its micropores, prior to mixing with the peat. The pH of biochar, measured 104 

after dilution with distilled water, was 8.1.   105 

Mixtures were prepared starting with the reconstituted peat, by adding 20% by weight 106 

of biochar and 20% by weight of OPC. Biochar and OPC were added sequentially, each 107 

addition followed by mixing for 5 minutes at medium speed. The mixture was then 108 

spooned into lightly greased, 70 mm PVC split molds in five layers.  After each of the 5 109 

layers, the mixture was pushed down gently using a fork and tamped 10 times, with a 110 

30 mm diameter cylindrical aluminum rod. The samples were left to cure in a large tank 111 

filled with water halfway up the sides of the molds, allowing water to flow in. All 112 

specimens were cured for 7 and 28 days; a few specimens cured for up to 120 days. 113 

Unconfined compressive strength tests were conducted according to ASTM D2166 114 

(ASTM, 2013). Triplicate specimens were run after 7 and 28 days for all samples. 115 

Analytical Methods 116 

Samples were analyzed by Scanning Electron Microscopy (SEM), with a 117 

Thermofisher/FEI Quanta 600, equipped with a dedicated solid state backscatter detector 118 

and a Bruker silicon drift detector (SDD) for Energy Dispersive X-ray Spectroscopy (EDS) 119 
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of elements with atomic number higher than B. After 7 days of curing, a set of samples 120 

was air dried and coated with Pt/Pd, to limit charging, while another set was dehydrated 121 

by methanol exchange, embedded in Spurr epoxy resin (modified according to Ellis, 122 

2006), polished down to 0.5 µm, and coated with Pt/Pd.  Air dried samples were analyzed 123 

in secondary mode (SE) at 10 keV to observe the morphology of the grains and 124 

components of the mixture. In secondary mode, image contrast is mainly a function of 125 

topography. Polished samples were instead analyzed in backscatter mode (BSE) which 126 

gives micrographs where gray contrast is a function of average atomic number of the 127 

material, with higher contrast corresponding to higher atomic number. EDS spectra were 128 

collected by point analysis from the polished blocks, and a few from particles in the air-129 

dried samples. An operating voltage of 20 keV was used for EDS microanalysis. 130 

Mineral composition of samples cured for 7 days was analyzed by powder X-ray 131 

diffraction (XRD), with a Siemens D500 diffractometer, using Cu−kα radiation and 132 

operated at 40 kV and 40 mA. Samples were scanned between 3 and 65°2θ, at steps of 133 

0.05°2θ and 4 sec/step counting time. Additional XRD were acquired from samples A and 134 

E after 28 days of curing and on sample E after 120 days, by  a Bruker D8  Advance  135 

diffractometer,  using Cu − kα radiation, and operated at 40 kV and 40 mA , using the 136 

same acquisition settings. 137 

Phase quantification for the crystalline fraction was computed by Rietveld analysis 138 

using the program BGMN (Taut, Kleeberg and Bergmann 1998),  accessed through the 139 
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Profex graphical interface (Döbelin and Kleeberg 2015). The program BGMN-Profex 140 

models mineral peaks in the XRD pattern by deconvolution of the wavelength 141 

distribution over the 2-theta range, the instrument profile and the mineral structure 142 

parameters (Taut, et al., 1998). Rietveld refinement accounts for variations in mineral 143 

composition on peak position, as well as the effect of small size and strain on peak shape 144 

and area. Therefore, it is an ideal choice to quantify cement hydration products. 145 

RESULTS AND DISCUSSION 146 

Unconfined Compressive Strength (UCS) 147 

The effects of biochar addition and biochar size on UCS of cement stabilized peat soil 148 

were compared to sand fillers (Fig. 1). The increase in UCS strength associated with 149 

biochar filler is comparable to that associated with sand. Most importantly, for biochar size 150 

smaller than 75 µm, cement stabilized peat UCS surpasses that of coarser biochar size filler 151 

by 170% and that of same grain-size sand by 35%. Fig. 1 shows that the biochar size effect 152 

starts in the early stages of hydration: it is already evident at 7 days. After 28 days, a peak 153 

in UCS strength is evident for the fine-size biochar. This is an unexpected result. 154 

Unconfined compressive strength in these mixes is due to the presence of cement that 155 

allows bonding of particles. Inert fillers add particles that the cement can bind to and 156 

together they create a stronger and stiffer structure within the matrix material. All 157 

specimens have equal amount by weight of cement, peat and either sand or biochar. Sand 158 

grains are harder than biochar, with reported hardness values of 10 GPa and 3 GPa, 159 
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respectively (Daphalapurkar, et al. 2010, Dixit, et al. 2019).  In the composite material, we 160 

expect failure surfaces to seek weak bonds, with less cement, or go through areas with a 161 

less favorable distribution of cement. The relative greater hardness of sand grains than 162 

biochar seems to favor sand because failure could occur through biochar grains whereas 163 

it will always go around sand grains. This mechanism could explain the slightly higher 164 

UCS associated with a sand filler for samples A to D. However, it does not explain the 165 

higher strength of sample E with biochar filler of the finest size.  Smaller particles appear 166 

to provide a more uniformly distributed network to support the cement bonds, leaving 167 

fewer weak uncemented spots, as both fine sand and fine biochar result in higher 168 

strengths. However, this mechanistic interpretation cannot fully explain the large 169 

difference between the two materials in favor of biochar.  170 

As a porous material, biochar absorbs some water, but the overall availability for the 171 

cement hydration reactions is far in excess of the optimum water/cement ratio. The water 172 

content of all sand specimens at 28 days is in excess of 130% with higher values (>150%) 173 

for the biochar specimens. The intra-group difference is minimal in each set, where 174 

specimens A-D have nearly the same water content as specimen E. 175 

Scanning Electron Microscopy 176 

Our characterization of peat-biochar-OPC mixtures, at 7 days of hydration, is based on 177 

the analysis of over 90 SEM-SE micrographs from air-dried samples, more than 140 SEM-178 

BSE micrographs (atomic contrast) from embedded-polished blocks and over 200 EDS 179 
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spectra. 180 

Analysis by SEM reveals the presence of calcium silicate hydrate (C-S-H) and ettringite 181 

needles in all samples (Fig. 2). C-S-H gel, easily identifiable from its sponge-like texture, 182 

completely covers the grains whereas ettringite needles, up to 10 µm in length, protrude 183 

from the gel. EDS analysis from a rectangular region of the coating (C 34 in Fig. 2) shows 184 

O, Ca and Si, with lesser fraction of Al and traces of Mg which is consistent with the 185 

chemical composition of C-S-H (Richardson 2008, L'Hôpital, et al. 2015). Similarly, EDS 186 

from the needles (Point C33 in Fig. 2) shows the presence of O, Ca, Al and S, consistent 187 

with ettringite, the most common sulfoaluminate phase (AFt). C-S-H and ettringite are 188 

two major products of the early stages of cement hydration that form from the reaction 189 

of tricalcium silicate (C3S), calcium aluminate (C3A) and gypsum with water.  190 

Fragments of biochar are identified in SEM micrographs by their rigid, open cellular 191 

structure, composed of a bundle of sub-prismatic cells, separated by solid walls (Fig. 3-192 

A, B). Measurements taken from polished sections (Fig.3-C) indicate that wall thickness 193 

ranges between 1 and 3 µm, cell width between 7 and 10 µm and cell length between 20 194 

and 40 µm. Fig. 3-A, B show the typical appearance of a biochar fragment after one week 195 

of curing, with its surface covered by hydration products. C-S-H coating grows with a 196 

sponge-like appearance on the surface and ettringite needles fill the cells, to varying 197 

extent. Polished cross sections of the biochar, analyzed in backscatter mode (Fig. 3-C), 198 

further show that filling of the cells is complete in the outer portion of the biochar and 199 
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decreases inward, with the innermost cells remaining void, or partially covered by a thin 200 

layer  of C-S-H. The composition of the filling also undergoes some changes as portlandite 201 

(CH in cement notation) and other Ca compounds are only found in the outer cells, 202 

whereas C-S-H tends to penetrate further inward (Fig. 3-C). For samples A to D, biochar 203 

fragments still preserve their internal, cellular structure (Fig. S-1). Sample E, where 204 

biochar size is smaller than 75 µm, is the exception, as most fragments are too small to 205 

show any relict internal cells (Fig. S-1). Instead, biochar pieces appear as rigid particles 206 

with complex, jagged shape and large, exposed surface area but no preserved internal 207 

macro-pores.  208 

Although peat fragments are heterogeneous in shape and size, they are always orders 209 

of magnitude larger than cement particles and larger than biochar fragments. Like 210 

biochar, many peat fragments show internal cells but, in contrast to biochar, peat 211 

fragments are flexible, they look bent and deformed. In fact, many peat fragments appear 212 

as porous ribbons that wrap cement and hydration products (Fig. 4).  BSE micrographs 213 

show that peat is commonly associated with larger voids and more porosity, distributed 214 

both inside the peat (intraporosity) and between peat fragments. 215 

In some instances (Fig. 4-D, Fig. S-2), cells within the peat show varying degrees of 216 

filling by Ca-Al rich minerals and Ca-Al minerals with minor Si and S, as determined by 217 

EDS. 218 

In samples C, D, and E microcrystalline, microporous aggregates of calcite (CaCO3), 5 219 
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to 20 µm in size are found, most frequently filling the outer cells of biochar, rarely outside 220 

biochar fragments (Fig. 5).  221 

The microcrystals are assembled in tight cubic grains that show growing bands in BSE 222 

(Fig. 6), a clear evidence that they grew in situ. EDS analysis cannot effectively 223 

differentiate portlandite and calcite. However, these two minerals have significantly 224 

different average atomic number (calcite 12.56 and portlandite 14.3 ) because of their 225 

different crystal structure, that results in different backscattered absorption coefficients 226 

(calcite: 0.142, portlandite: 0.162) therefore different contrast in BSE micrographs 227 

(Stutzman 2004). The difference in contrast was clear in our BSE analysis. 228 

Mineralogy after at 7 Days of Curing by XRD 229 

The 7 days XRD patterns of the mixtures with five different grain size of biochar and 230 

the control sample show reflections at similar 2-theta angles and overall similar features. 231 

The presence of peat contributes a diffuse reflection and also attenuates the reflection of 232 

other minerals, adding complexity to the pattern (Fig. 7). Biochar fibers are composed of 233 

both crystalline and amorphous material, with a degree of crystallinity reported in the 234 

literature on the order of 40-60% (Borrega, et al. 2015). Biochar crystalline component is 235 

primarily cellulose and is observed in the XRD pattern by its reflection at 22.9°2θ.  236 

Portlandite, calcite and C2S (larnite) account for the most intense and narrow peaks in the 237 

XRD pattern (Fig. 7), indicating that these are the most abundant crystalline components 238 

of the mixture. C2S is a slow reacting clinker component that contributes to the long -term 239 
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strength of the cement and is expected to be found after 7 days. In contrast, the fast 240 

reacting components of the clinker, gypsum, tricalcium silicate (C3S), and calcium 241 

aluminate (C3A), were not detected either by XRD or SEM, indicating that the initial phase 242 

of OPC hydration had completed. 243 

CH, C-S-H and ettringite are the main products of hydration and among them, only 244 

CH forms well developed crystals that yield clear peaks in the diffraction pattern. 245 

Ettringite peaks are commonly identified in XRD patterns (Hernandez-Martinez 2006), 246 

but are not visible in the XRD patterns of these samples, at 7 days or even at 28 days. 247 

Nonetheless, needles with the morphology and chemical composition of ettringite were 248 

observed by SEM, in all samples. The absence of peaks in the XRD pattern may be due to 249 

the attenuating effect of peat, in combination with a low degree of crystallinity of 250 

ettringite.  C-S-H make up the main binding agent during the early hydration stage but 251 

they are difficult to characterize and identify because their composition is variable and 252 

they are generally poorly crystalline (Richardson 2008, Lothenbach and Winnefeld 2006). 253 

The experimental diffraction patterns at 7 days show broad reflections on the shoulder 254 

of C2S peaks that can be attributed to C-S-H and specifically to rosenhanite (C3S3H) and 255 

dellaite  (C6S3H), depending on sample (Fig. 8). 256 

The presence of calcite detected by XRD, and confirmed by SEM-BSE  micrographs 257 

(Fig. 5), is evidence that, in addition to the hydration reactions that lead to formation of 258 

CH and C-S-H, carbonation also takes place. The carbonation reaction occurs when CO2 259 
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diffuses into pore water and forms carbonic acid (𝐻2𝐶𝑂3) which, in turn, dissociates into 260 

bicarbonate ion (𝐻𝐶𝑂3
− ), and carbonate ion (𝐶𝑂3

2− ) causing the pH to decrease (Cizer, et 261 

al. 2012). The lower pH drives the reaction of portlandite with the carbonate ions in 262 

solution to form calcite and water, according to Eq. 1 (Johannesson and Utgenannt 2001, 263 

Cizer, et al. 2012, Frías and Goñi 2013, Shi, et al. 2016): 264 

 𝐶𝑎(𝑂𝐻)2 +  𝐶𝑂3
2− →  𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 (1) 

The carbonation reaction in concrete is diffusion limited, it only occurs on surfaces 265 

exposed to a source of CO2 (Haselbach 2009). Labile Carbon in peat is one source that has 266 

been shown to promote the carbonation reaction (Duggan, et al. 2019). SEM analysis 267 

demonstrate that another important source is biochar. 268 

While it is considered inert, research shows that a transient flux of CO2 can be released 269 

by biochar within the first few days to weeks after addition to soils (Cardelli, et al. 2016, 270 

Bruun, et al. 2014). It is quite likely that a similar release occurs from the surface of the 271 

biochar mixed to cement. Experimental studies show that carbonation of portlandite has 272 

negligible effect on pH (Shi, et al. 2016) because it is a surface process that proceeds only 273 

as deep as the reach of the diffusion of CO2 and has a positive effect on strength, as long 274 

as the distribution of calcite is homogeneous (Cizer, et al. 2012). Negative effects on 275 

strength are possible when a carbonation front develops, as for CO2 injection, leading to 276 

localized micro-crack formation (Fabbri, et al. 2009). This is not the case for our samples 277 

where instead biochar is homogeneously mixed with the peat and cement. Therefore, any 278 
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release of CO2 from biochar surface, is also randomly distributed within the sample. 279 

Another region of interest in the XRD pattern is between 6 − 25°2θ (Fig. 9). A diffuse 280 

but clear reflection occurs at a 2-theta angle of ∼ 19°, in all samples that contain biochar. 281 

This peak indicates the presence of an AFm phase, a group hydrated layered calcium 282 

aluminate with general composition of Al2O3 − Fe2O3 − X, where X indicates a monocharge 283 

anion like 𝑂𝐻−, or half of a doubly charged anion like 𝑆𝑂4
2−, 𝐶𝑂3

2− (Matschei, Lothenbach 284 

and Glasser 2007).  AFm phases can form from the hydration of C3A, C4AF or conversion 285 

of ettringite and C-S-H. The peaks in the XRD pattern can be attributed to 286 

monocarboaluminate, a phase that forms when excess Al and Ca occur with respect to 287 

sulfate (Bonavetti, Rahhal and Irassar 2001, Ipavec, et al. 2011). 288 

Accordingly, calcite and carbonate ions favor the formation of monocarboaluminate, 289 

as well as the transient hemicarboaluminate (Ipavec, et al. 2011, Mohamed, et al., 2015). 290 

Thermodynamic modeling of cement hydration shows that monocarboaluminate is the 291 

most stable form of AFm (Lothenbach and Winnefeld 2006). 292 

Early studies on the effect of monocarboaluminate on mechanical properties found 293 

that its formation did not negatively affect the strength, compared to other AFm  phases 294 

(Fernández, et al., 2018, Lothenbach, et al. 2008). Moon et al. (2014) found a dependence 295 

between compressibility of monocarboaluminate with number of layers of water in the 296 

interlayer of the structure. 297 
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Mineral Quantification by Rietveld Refinement at 7 Days of Curing 298 

An example result plot of the Rietveld refinement is shown in Fig. 10. The main graph 299 

shows the experimental diffraction pattern (black) and the simulated pattern (magenta) 300 

based the on the minerals identified. The bottom plot shows the difference between the 301 

experimental and simulated profiles. Simulation of mineral XRD patterns is based on 302 

atomic structure models taken either from the ICDD pdf-4 mineral database (Kabekkod 303 

2016) or from the Crystallography Open Database (Graz ̆ulis, et al. 2012).  The shape of 304 

mineral peaks is modified by variables that depend on instrument settings, crystallite size 305 

and mineral abundance.  Cellulose is included in the mixture because it is a crystalline 306 

component of biochar that can be identified in the experimental patterns. Table 2 lists the 307 

mineral models used, and the results of the quantification, normalized to the crystalline 308 

fraction of the mixture.  309 

Table 2 groups clinker components and hydration products. Peat and biochar 310 

contribute a diffuse reflection that is added to the background. It is evident, from the 311 

quantification results, that the extent of hydration at 7 days, indicated by the sum of all 312 

hydration products, is similar in all samples (Fig. 11).  The composition of the hydrated 313 

products however, changes between the control sample and the samples with biochar 314 

filler. Calcite, while present in all samples, is far more abundant in samples with biochar, 315 

a confirmation that carbonation occurs in OPC stabilized peat and is promoted by 316 

biochar. Further, an inverse trend between the concentration of calcite and portlandite, 317 
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indicates carbonation of the latter. 318 

Monocarboaluminate is another mineral that shows a significant variation in 319 

abundance between the control sample, where it is not detected, and the samples with 320 

biochar filler, containing 5 to 9%.  While there is no obvious trend, sample E, with the 321 

finest grain size, contains the largest fraction. 322 

Mineralogy Changes Over Time 323 

Diffraction patterns collected after 28 days of hydration from samples A and E, the two 324 

end members of biochar grain size subdivisions, show identical features (Fig. 12). The 325 

similarity in mineralogy is evidence that the hydration reaction proceeds towards the 326 

same end composition over time, in all samples with biochar filler. Size, therefore, is 327 

important in the early stages when hydrated minerals nucleate on the surface of biochar. 328 

This result is consistent with research by Dixit et al. (2019) who observed an acceleration 329 

of the hydration reaction after adding fine-size (<150 m) biochar to OPC. Dixit et al. 330 

(2019) found that coarser-size biochar promoted hydration in later stages, due to slow 331 

moisture release. Not surprisingly, this is not the case in our study where specimens 332 

could take in water, during curing.   333 

The long-term trend of the mineralogy of the OPC stabilized samples with filler was 334 

assessed from sample E, by quantitative mineral analysis at 7, 28 and 120 days.  Mineral 335 

quantification, normalized to the crystalline fraction, is shown in Table 3 while the bar 336 

diagrams in Fig. 12 display the trend of the hydrated minerals.  The results show that 337 
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monocarboaluminate persists in the long terms, and its concentration increases over time. 338 

Further, the full-width at half maximum of this mineral XRD peak becomes narrower, 339 

indicating an increase in the size of diffracting domain -that reflects larger and more 340 

ordered crystals.  Notably, the content of calcite also shows a distinct increase over time, 341 

up to 40 % of the mineral fraction. This further confirms that carbonation contributes to 342 

the increase in strength of the material. 343 

Portlandite concentration also increases in the long term. However, it suffers a 344 

transient decrease in concentration at 28 days, concomitant with the occurrence of two 345 

calcium oxalate salts (Ca-oxalate and Ca-oxalate hydrate).  These salts, that give sharp 346 

peaks in the XRD pattern at 13, 14, 19°2θ (Fig. 12), precipitate from humic acids in the 347 

presence of excess calcium (Franceschi and Nakata 2005).  Likely, the excess calcium is 348 

released by dissolution of portlandite whereas humic acids derive from the peat, biochar, 349 

or both. Such dissolution can occur from a local lowering of the pH associated with the 350 

progression of the carbonation reaction (Johannesson and Utgenannt 2001). 351 

In mixtures, Ca-oxalate is, however, a transient phase that is fully consumed between 352 

28 and 120 days. In fact, the diffraction pattern of sample E, after 120 days of hydration, 353 

does not show any Ca-oxalate peaks (Fig. 12). Rather, the concentration of portlandite 354 

increases from approximately 6 % to 23 % between 28 and 120 days, raising above the 7 355 

days concentration (Fig.  13).  Calcite concentration decreases slightly from 39 % to 32 % 356 

while C-S-H concentration increases but at slower pace than in the first 7 days. During 357 
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the same time, the abundance of the unreacted clinker (C2S) decreases from 358 

approximately 24 % to 16 % (Table 3). Clearly, over time, the remaining clinker 359 

components in OPC hydrate, buffering any local change in pH, and yield mineral phases 360 

that add strength to the peat. In fact, UCS tests show calcite, portlandite and 361 

monocarboaluminate are the minerals that contribute to the overall strength.   362 

Texture and Microstructure 363 

SEM-BSE micrographs of the control sample, which is solely composed of peat and 364 

OPC, show clusters composed of a core of unreacted C4AF and C2S, with sub-round shape 365 

and average size of 25 µm that is surrounded by C-S-H gel and ettringite.  These clusters 366 

are dispersed in the matrix, with relatively homogeneous distribution (Fig. 14 A, B). Peat 367 

fragments with heterogeneous morphology and size also show a relatively homogeneous 368 

spatial distribution. Void space is still dominant after one week. In fact, measurements 369 

from image analysis of BSE micrographs show that at least 50 % of the area fraction is 370 

void space, with the largest voids found in peat chambers and along the rim of peat 371 

fragments (Fig. 14-B). As the clusters of cement and hydration products grow, they fill in 372 

the void space, displace and deform the peat. The size of clusters and their hydration 373 

shells vary by location, indicating local variability in extent of hydration, at this stage. 374 

With the addition of biochar, hydration of cement not only occurs in clusters located 375 

in the void space of the mixture, but also, and more importantly, on the external surface 376 

and cells of biochar.  Fig. 3 showed that the biochar surface catalyzes the nucleation of C-377 
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S-H and AFm phases. BSE micrographs show a rind of cementitious gels at the outer edge 378 

of large biochar fragments (Fig. 14-C, D) and the edges of fine fragments (Fig. 14-E). 379 

Coated biochar edges appear brighter. BSE micrographs further show that hydration 380 

products do not reach the inner cells of large biochar fragments, likely because the newly 381 

formed hydration products tend to occlude pores and pore throats. In contrast to peat, 382 

biochar fragments are rigid therefore offer higher resistance to deformation, leading to 383 

an increase in strength of the overall mixture. 384 

At this early stage however, rigid biochar bodies are still separated by large void space 385 

that provides weak zones where fractures can develop and grow. In larger fragments 386 

(Fig. 14-C, D) weak surfaces are also larger. Further, in samples A through D it is common 387 

to observe clusters of biochar fragments partially cemented together (Fig. 14-D) creating 388 

even larger weak surfaces around them. However, fragments of biochar that are 389 

sufficiently small to be comparable to the size of unhydrated cement grain, like in sample 390 

E, result in a homogeneous size distribution of the rigid grains in the mixture.  In turn, 391 

the distribution of the granular, rigid material is also more homogeneous and less likely 392 

to favor development of weak surfaces. 393 

Because the exposed surface of biochar promotes nucleation of hydrated products, a 394 

more homogeneous distribution of biochar also corresponds to a better distribution of 395 

hydration products.  This better distribution is apparent in BSE micrographs from a 396 

comparison of samples with coarse fragments of biochar (Fig. 14-C, D) with sample E 397 
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(Fig. 14-E, F). According to this hypothesis, as hydration progresses, the new hydrated 398 

minerals will progressively fill the void space, deform and compress the peat, ultimately 399 

yielding a more continuous grain framework with more points of contact between 400 

particles, aggregates and biochar fragments. 401 

CONCLUSIONS 402 

As sand becomes less available and more expensive, alternatives that are both 403 

sustainable and environmentally friendly are highly desirable. Biochar, the carbon 404 

negative product of pyrolysis, has been shown as a viable option to replace sand fillers in 405 

OPC stabilized peat soils (Lau et al., 2019). This paper investigated the mechanisms by 406 

which the addition of biochar contributes to the development of strength. Mineral, 407 

textural and microstructural characterization of cement stabilized peat soil samples with 408 

biochar filler demonstrated that 1) biochar catalyzes the nucleation of hydration minerals 409 

on its surface. 2) It favors hydration reactions that encourage the formation of minerals 410 

that add strength to the peat, in the short and long term. 3) Biochar counteracts the 411 

negative effects of peat on cement hydration. 4) Similarly to sand filler, the microstructure 412 

of the peat soil is improved by addition of rigid grains to an otherwise soft and easily 413 

deformable material. 5) A particle size smaller than 75 µm results in better filling of the 414 

space by biochar. In turn, the more biochar surface becomes available to growth of 415 

hydration products, promoting faster rate of unconfined compressive strength increase 416 

in the early stages.  Lastly, biochar favors the carbonation reaction, which contributes to 417 
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store carbon in a recalcitrant form.  418 
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TABLE 1. Grain size of biochar used as filler. 587 

 588 

Sample ID Biochar  size range 589 
 590 

A 2.0 mm - 5.0 mm 591 

B 425 µm - 2 mm 592 

C 250 µm - 425 µm 593 

D 75 µm - 250 µm 594 

E < 75 µm 595 

Control 0 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 
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TABLE 2. Results of Rietveld on XRD patterns at 7 days 611 

  612 

Mineral Control A B C D E 

Hydration products 613 

Portlandite 19.9 8.49 9.86 16.7 22.6 13.6 

Calcite 12.25 19 18.8 17.6 19.2 18.8 

C-S-H 16.6 13.5 13.4 15.9 12.3 11.4 

Monocarboaluminate 0.0 5.3 5.3 6.4 4.4 6.2 

Cement paste 614 

C2S 

C4AF 

41.1 

3.4 

34 

1.2 

35.2 

8.4 

34.3 

5.6 

28.3 

9.6 

38.1 

3.0 

Other components 615 

Quartz 3.8 1.2 1.4 0.9 0.8 2.0 

Cellulose 0 5.0 5.9 2.5 1.6 5.8 

616 
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TABLE 3. Rietveld refinement of sample E XRD patterns 7, 28 and 120 days. 617 
 618 

Mineral 7 Days 28 Days 120 days 

Hydration products 619 

Portlandite 13.6 5.7 23.2 

Calcite 18.8 39 32.2 

C-S-H 11.4 5.6 9.7 

Monocarboaluminate 6.2 8.1 6.3 

Cement paste 620 

C2S 38.1 24.3 16.0 

C4AF 3.0 4.3 4.9 

 621 
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Fig. 1. UCS in OPC-stabilized peat with 5 differently graded biochar filler compared to a 

sand filler after curing for: A) 7 days; B) 28 days. 

Fig. 2. SEM of hydration products in the peat-OPC-biochar mixture. A) SEM image of C-

S-H coating and ettringite needles. B) EDS spectra collected at point C33 and area C34. 

Fig. 3. Cement hydration on biochar surface. A) SEM of air-dried chip taken from sample 

C. B) Higher magnification of area marked by white rectangle in A. C) SEM-BSE 

micrograph of a polished cross section of biochar. Examples of cells and cell walls used 

for measurements are shown. D) EDS spectrum collected from the point marked A-6 

shows composition of Ca, Si and O. 

Fig. 4. SEM of peat fragments. A) peat fragment in air-dried chip of a biochar-filler 

sample. B) peat fragment in air-dried chip of control sample. C) SEM-BSE of control 

sample, after embedding and polishing. D) SEM-BSE of peat fragment in embedded and 

polished control sample. 

Fig. 5. Microcrystalline calcium carbonate at the edge of biochar. A) SEM-BSE 

micrograph. B) EDS spectrum from square ROI. 

Fig. 6. A) SEM-BSE micrograph of microcrystalline calcium carbonate. B) growth bands 

are marked by dotted black lines. 

Fig. 7. XRD pattern of peat-biochar-OPC, at 7 days of hydration. The position of the most 

intense reflections of calcite (pdf 00-005-0586), portlandite (pdf 00*044-1481) and C2S (pdf 

00-033-0302) are marked. 
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Fig. 8. Region of the XRD pattern between 22 and 32°2θ. The bottom graphs show the 

model XRD pattern of two C-S-H phases: dellaite (pdf 04-011-1311) and rosenhahnite (pdf 

04-012-8453). 

Fig. 9. Two-theta interval of XRD pattern where AFm and Aft peaks occur. The bottom 

graphs show model peaks of monocarboaluminate (COD 2007668), hemicarboaluminate 

(COD 2105251), and ettringite (pdf 04-011-5267). 

Fig. 10. Rietveld refinement results of sample E XRD. The experimental pattern is shown 

in black, the curve calculated by Rietveld refinement is in magenta, the gray curve in the 

bottom graph is the difference between experimental and calculated curves. 

Fig. 11. Hydration minerals at seven days. The bar plots show the proportions of 

hydration minerals in the five samples with biochar filler and in the control. Mineral 

fractions are normalized to the crystalline portion. 

Fig. 12. XRD patterns at 28 days of curing, for samples A and E. 

Fig. 13. Progression of OPC hydration and UCS over 120 days, for sample E. Stacked bars 

show the hydrated mineral fractions at 7, 28 and 120 days. The line plot shows the UCS 

increase. 

Fig. 14. SEM-BSE micrographs of embedded and polished samples show the spatial 

distribution of peat, OPC and biochar. A) control sample, medium magnification B) 

control sample, low magnification. C) Sample B, medium magnification. D) Sample B, 

low magnification. E) Sample E, medium magnification. F) Sample B, low magnification. 




