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Thermal Conductivity of Biocemented Graded Sands 1 

Yang Xiao, M.ASCE1; Yifan Tang2; Guoliang Ma3; John S. McCartney, F.ASCE4; and Jian Chu5 2 

Abstract: This paper includes an investigation of the thermal conductivity of biocemented soils to 3 

better understanding the regimes of heat transmission through soils treated by microbially induced 4 

calcium carbonate precipitation (MICP). A series of thermal conductivity tests using the transient 5 

plane source method (TPS) were performed on biocemented silica sand specimens with different 6 

gradations, void ratios, and MICP treatment cycles. The results showed that MICP treatment greatly 7 

improved the thermal conductivity of sand specimens. An increase in uniformity coefficient or a 8 

decrease in void ratio of the sand resulted in an increase in the thermal conductivity of MICP-treated 9 

specimens for a given MICP treatment cycle. The increment of thermal conductivity of MICP-treated 10 

specimens with respect to that of untreated specimens was also affected by gradation, void ratio and 11 

content of calcium carbonate. The greatest improvements in thermal conductivity were achieved for 12 

sands having an initial degree of saturation between 0.82 and 0.85. An empirical equation was 13 

established to predict the thermal conductivity of MICP-treated silica sand with different variables 14 

which may be useful in designing energy piles in biocemented sand layers. 15 
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Introduction 33 

The use of microbially-induced calcium carbonate precipitation (MICP) in geotechnical 34 

engineering has been extensively studied and has several advantages as a soil improvement technique, 35 

including lower energy requirements and flexible implementation (Whiffin et al. 2007; DeJong et al. 36 

2010; Al Qabany et al. 2012; Cheng et al. 2013; Chu et al. 2013; Montoya and DeJong 2015; Jiang 37 

and Soga 2017; Gomez et al. 2018). MICP leads to an improvement in the mechanical, hydraulic, and 38 

thermal properties of sand due to precipitation of CaCO3 between sand particles or on the surface of 39 

sand particles (van Paassen 2009; Al Qabany et al. 2012; Cheng et al. 2013; Chu et al. 2013; Montoya 40 

and DeJong 2015; O’Donnell and Kavazanjian Jr. 2015; Gomez et al. 2017; Jiang et al. 2017; Gomez 41 

et al. 2019; Liu et al. 2019; Montoya et al. 2019; Terzis and Laloui 2019; Xiao et al. 2019a; Ma et al. 42 

2021). This technique was extensively studied in soil stabilization for improving shear strength and 43 

dilatancy (DeJong et al. 2006; van Paassen et al. 2010; Chou et al. 2011; Lee et al. 2013; Martinez et 44 

al. 2013; Montoya and DeJong 2015; O’Donnell and Kavazanjian Jr. 2015; Venda Oliveira et al. 2015; 45 

Feng and Montoya 2016), liquefaction risk reduction (Burbank et al. 2013; Montoya et al. 2013; He 46 

and Chu 2014; Sasaki and Kuwano 2016; Feng and Montoya 2017; Xiao et al. 2018a; Xiao et al. 47 

2019a), crack repair (El Mountassir et al. 2014; Minto et al. 2016; Tobler et al. 2018; Minto et al. 48 

2019), and permeability control (Chou et al. 2011; Al Qabany and Soga 2013; Chu et al. 2013; 49 

Martinez et al. 2013; Jiang and Soga 2017; Jiang et al. 2017; Wu et al. 2019). MICP has also been 50 

applied to enhance the performance of soils surrounding pile foundations (Lin et al. 2016; Lin et al. 51 

2018; Xiao et al. 2020), which implies that there may also be opportunities for using MICP to improve 52 

the thermal and mechanical properties of soils surrounding energy piles. Energy pile foundations are 53 

formed by incorporating closed-loop geothermal heat exchangers into a cast-in-place pile during 54 

construction, and can be used to exchange heat with the subsurface and provide structural support to 55 

a building (Brandl 2006; Laloui et al. 2006; Stewart and McCartney 2014; Peric et al. 2020; Ravera 56 
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et al. 2020). The thermal conductivity of the subsurface is a key variable in the design of energy piles 57 

(Brandl 2006; Laloui et al. 2006), as increasing thermal conductivity can increase the ease of heat 58 

transfer. This provides the motivation for performing a detailed study on the thermal conductivity of 59 

MICP-treated sand. 60 

In soils consisting of mineral particles, water and air, the mineral particles possess much higher 61 

thermal conductivity than air and water. For example, the thermal conductivity of quartz is 62 

approximately 7 W/m/K and is 11 times larger than that of water at 25 ℃ (0.6 W/m/K) and 269 times 63 

larger than that of air ( 0.026 W/m/K) (Yun and Santamarina 2008; Martinez et al. 2019). The thermal 64 

conductivity of calcite is approximately 5 W/m/K and slightly less than that of quartz (Martinez et al. 65 

2019). The thermal conductivity of soils is affected by several parameters, including the particle 66 

mineralogy, particle size, void ratio, degree of saturation, and cementation (Dong et al. 2015). In order 67 

to improve the thermal conductivity, it is difficult to directly change the mineralogy, particle size, 68 

porosity and degree of saturation of soils beneath the ground. However, injection of cementation 69 

solutions into the ground may be an effective approach to reduce the void ratio of soils. MICP 70 

injection is easier than cement injection due to the low viscosity of the treatment solutions (DeJong 71 

et al. 2010). Therefore, MICP has a great potential to enhance the performance of energy piles in 72 

terms of both mechanical performance (Lin et al. 2016; Lin et al. 2018) and heat exchange 73 

performance (Martinez et al. 2019). Treatment of sand layers with MICP may also permit the use of 74 

simpler construction techniques to install cast-in-place foundations that do not involve a casing or 75 

slurry. Limited studies have been performed to understand the impact of MICP on the thermal 76 

conductivity of sand (Venuleo et al. 2016; Martinez et al. 2019; Wang et al. 2020). They investigated 77 

the combining effect of MICP bonding and degree of saturation on the thermal conductivity of sand 78 

specimens and concluded that the MICP treatment can effectively increase the thermal conductivity 79 

of sand specimens. However, the influences of gradation and porosity on the thermal conductivity of 80 
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MICP-treated sand specimens are not fully understood. It is important to study the effects of these 81 

variables as the gradation and porosity could also influence the thermal conductivity (Xiao et al. 82 

2018b) as well as the precipitation of calcium carbonate. Accordingly, the aim of this study is to 83 

systematically investigate the effect of MICP on the thermal conductivity of dry silica sand with 84 

different gradations and void ratios and to establish an empirical model for predicting thermal 85 

conductivity of MICP-treated sands. The effect of water content and degree of saturation are not 86 

considered in the current study. 87 

Materials and Test Protocols 88 

Characteristics of Test Materials 89 

Sand particles in each size group were obtained by sieving Fujian silica sand, the specific gravity 90 

of which is 2.69. As shown in Fig. 1(a) and Fig. 1(b), four target gradations (i.e., the coefficient of 91 

uniformity uC  = 2, 2.8, 4.7 and 9.7) were selected to investigate the effect of gradation on the 92 

thermal conductivity of MICP-treated sands. These gradations (Xiao et al. 2018b) were predicted 93 

according to the following function (Tyler and Wheatcraft 1992): 94 

  
3

( ) MF d d d


  (1) 95 

where F  = percentage finer; d  = particle diameter; Md  = maximum particle diameter; and   96 

= fractal dimension. The fractal dimension   obtained from the best-fitting curve ranges from 0.4 97 

to 2.21. The scanning electron micrograph (SEM) images of four mixtures with different gradations 98 

are presented in Fig. 1(c). The materials contain more fine particles with increasing uC . The 99 

maximum void ratio maxe  and minimum void ratio mine  of each gradation are listed in Table 1, 100 

which were measured according to standards (ASTM 2016a, b). Three different values of void ratio, 101 

i.e., 0.5, 0.6 and 0.7, were selected for each gradation to investigate the effect of void ratio on thermal 102 

conductivity. Sand particles were washed with deionized water and oven-dried prior to preparing 103 
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specimens. 104 

Specimen Preparation and MICP Treatment 105 

As shown in Fig. 2(a), specimens were produced in an acrylic mold with an inner diameter of 65 106 

mm and an inner height of 20 mm. Six holes with a diameter of 5 mm were drilled in the bottom of 107 

the mold to permit discharge of excess cementing solution. An annular mold with the same inner size 108 

as the acrylic mold without a base was used to contain the cementing solutions for gravity injection. 109 

A layer of gauze was placed on the inner base of the mold before specimen preparation. The amount 110 

of sand used to prepare each specimen was determined by the target void ratio. The sand was mixed 111 

with 6% deaired water and divided into two equal parts. Each part was placed in lifts within the 112 

acrylic mold and compacted with a rigid rod following the undercompaction method proposed by 113 

Ladd (1978). The density of the upper layer was slightly larger (1%) than that of the lower layer, 114 

which can weaken the densification of the lower layer due to the upper-layer compaction, as pointed 115 

out by Belkhatir et al. (2011). Next, the annular mold was placed on the specimen and a scouring pad 116 

was placed on the top of the specimen to protect the specimen from the disturbance during injection 117 

of solutions. 118 

In the current study, Sporosarcina pasteurii strain was used to hydrolyze urea. The cultivation of 119 

the microbes was the same as that in the work of Xiao et al. (2019b). The cementation solution was 120 

composed of 0.1 mol/L of CaCl2 and 0.1 mol/L of urea. The surface percolation (Cheng and Cord-121 

Ruwisch 2012) was used to stabilize specimens, as shown in Fig. 2(b). Specifically, a little more than 122 

one pore volume (PV) of bacterial suspension was poured into the annular mold and percolated down 123 

through the specimens. The suspension was retained in the specimen for 3 hours to allow the bacteria 124 

to be attached on the surface of sand particles. The cementation solution was poured into the annular 125 

mold and retained for three hours of reaction, which was repeated five times. The injection procedure 126 

can be repeated according to the target cementation level, and each injection of cementation solution 127 



© ASCE 7 J. Geotech. Geoenviron. Eng. 

is considered to be one treatment cycle. After MICP treatment, specimens were flushed with 128 

deionized water, and then oven-dried at 65 ℃ for 48 hours. Finally, these specimens were packed with 129 

plastic wrap to avoid absorption of water from the ambient air before the thermal conductivity tests. 130 

To better understand the impact of the degree of saturation of the sand specimens at the time of 131 

biocementation treatment, an additional series of tests was performed. The percolation method 132 

proposed by Cheng et al. (2013) was used to treat sand specimens (  = 0.5) with different degrees 133 

of saturation, where the approach for injection of bacteria and cementation solutions is the same as 134 

that used in the main testing program described in Fig. 2. A vacuum pump with a funnel connected 135 

to the mold of the specimen was used to remove the excess liquid after each injection of bacteria and 136 

cementation solutions to reach a target degree of saturation. A membrane was used for sealing the 137 

connection between the mold and funnel to avoid the leakage of liquid. Different durations of vacuum 138 

application were applied to the cementation solution to reach various degrees of saturation for the 139 

different sand specimens. For degrees of saturation larger than 0.8, the extraction of liquid from the 140 

specimens is not necessary and gravity drainage was sufficient. The degree of saturation is determined 141 

by the retained liquid volume to the initial void volume of the parallel specimens following the 142 

standard (ASTM 2019). It should be noted that the degree of saturation reported using this approach 143 

is an initial value before cementation, as the void volume of the specimens after biotreatment will 144 

decrease by an unknown amount with the production of CaCO3 between sand particles. To keep the 145 

same amount of cementation solution, the injection count of cementation solution for one treatment 146 

is larger for specimens with lower degrees of saturation that were reached by longer durations of 147 

vacuum application. 148 

Measurement of Thermal Conductivity 149 

A Hot Disk Thermal Analyzer (Model TPS2500S from HotDisk of Göteborg, Sweden) was used 150 

to measure the thermal conductivity of the specimens through a single-sided heat transfer process 151 

e
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with an analysis based on the Transient Plane Source Method (TPS). According to the studies by 152 

Gustafsson (1991) and Gustavsson et al. (1994), a double spiral sensor was used for measuring 153 

thermal parameters which not only served as a heating source to increase the temperature of the 154 

specimen but also as a resistance thermometer to record the temperature increase over time. The 155 

sensor was sandwiched between the soil specimen and a piece of foam which functioned as a 156 

background material with a known thermal conductivity, as shown in Fig. 2(c). Based on the work 157 

by Gustafsson (1991), a constant power is supplied to generate heat through the spiral sensor and 158 

increase the temperature, thereby the resistance of the spiral sensor expressed as a function of time 159 

can be given as 160 

 
0( ) 1 ( )

=

T

s

R t R T

t r

 

 

      



 (2) 161 

where ( )R t  is the resistance of the spiral sensor; 0R  is the initial state resistance of the spiral sensor, 162 

T  is the temperature coefficient of the resistivity; ( )T   is the mean temperature increase of the 163 

spiral sensor;   is the dimensionless time; t  is the real time obtained from the beginning of the 164 

transient heating;   is the thermal diffusivity of the tested specimen; and sr  is the overall radius 165 

of the spiral sensor. According to Gustafsson (1991), the thermal conductivity of the sample can be 166 

given as follows, 167 
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1 2
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2 2
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 (3) 168 

where   is the thermal conductivity of the tested specimen; constP  is the value of the constant power; 169 

n  is the number of spirals in the sensor; i , j  and s  are parameters for integral; BI  is a modified 170 
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Bessel function (Bohac et al. 2000). The thermal conductivity in Eq. (3) is obtained through a process 171 

of iteration (Gustafsson 1991; Bohac et al. 2000). 172 

A double spiral sensor with a diameter of 29.2 mm (No. 4922) in Fig. 2(c) was selected for use 173 

in this study due to its measurement range and accuracy matching the measured values of the thermal 174 

conductivity of MICP-treated specimens (Venuleo et al. 2016; Martinez et al. 2019; Wang et al. 2019; 175 

Wang et al. 2020). The size of the tested specimen depends on the radius of the selected sensor. 176 

According to the manual of the analyzer (Hot Disk Inc 1999), the thickness and diameter of the 177 

specimen should be larger than the radius of the sensor (i.e., 14.6 mm). Therefore, a specimen with a 178 

radius of 65mm and a thickness of 20mm was sufficient in size and selected for this study. The 179 

specimen size is identical to that of the foam specimen that was used as a background material for 180 

calibration of the thermal analyzer, as shown in Fig. 2(c). Specimens during tests were placed into 181 

the thermal analyzer container that maintained a constant temperature of 25 ℃ to avoid environmental 182 

disturbance, as reported in Zhen et al. (2019). In addition, the room temperature of 25 ℃ was 183 

controlled by an air conditioner. Triplicate specimens were prepared for each condition, and three 184 

thermal conductivity tests were performed on each specimen. The thermal analyzer manual (Hot Disk 185 

Inc 1999) stipulates that the measured value of thermal conductivity for a given condition is stable 186 

when the deviation of the measured value of these tests to their average value for a given condition 187 

does not exceed 2%.The average of the measured values for a given condition was regarded as the 188 

representative thermal conductivity of the tested specimen, which are summarized in Table 2 for both 189 

treated and untreated conditions. 190 

Measurement of Calcium Carbonate Content 191 

The acid digestion method was used to determine CaCO3 contents according to the studies of 192 

Mortensen et al. (2011), Al Qabany et al. (2012), and Feng and Montoya (2016). Subsamples were 193 

taken after thermal conductivity tests, and dried and weighed to obtain the dry mass before HCl 194 
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dissolution. Then, these subsamples were dissolved by the excess 1M HCl solution for 12 hours until 195 

no bubbles were observed. Finally, these subsamples were flushed with deionized water, dried and 196 

weighed to obtain the mass of sand after HCl dissolution. The difference between the two measured 197 

masses before and after HCl dissolution was taken as the mass of CaCO3, and the CaCO3 content is 198 

defined as the ratio of the mass of CaCO3 to the mass of sand: 199 

  ca sca s sC m m m   (4) 200 

where 
scam  is the mass of oven-dried MICP-treated sample before HCl dissolution; 

sm  is the mass 201 

of oven-dried MICP-treated sample after HCl dissolution; and 
caC  is the CaCO3 content. 202 

In the current work, the average CaCO3 content of triplicate specimens at the same condition are 203 

regarded as the representative CaCO3 content of the specimen at that condition. The test results show 204 

that three measured CaCO3 contents at the same condition are approximately the same, and their 205 

deviation to their average value is less than 3.2%. 206 

Thermal Conductivity Results 207 

Thermal Conductivity of Untreated Specimens 208 

Fig. 3(a) shows the thermal conductivity of the untreated specimens. Thermal conductivity of 209 

sand specimens at a given void ratio increases at a gradually decreasing rate as uC  increases. 210 

Meanwhile, the thermal conductivity of sand specimens at a given gradation decreases linearly with 211 

increasing void ratio. This findings for silica sand are consistent with those reported for carbonate 212 

sand (Xiao et al. 2018b). Similar to the derivation of empirical equation for thermal conductivity of 213 

carbonate sand with respect to the void ratio e  and uC  (Xiao et al. 2018b), the following equation 214 

for the untreated silica sand is given as 215 

  0 0 expr e cu uλ =λ k e k C 

    (5) 216 

where 0λ  denotes the thermal conductivity of the untreated sand specimens; and 0rλ , 
ek  , 

cuk   and 217 
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  are fitting parameters. The values of these fitting parameters listed in Table 3 were determined 218 

using the statistical method of nonlinear least squares. The fitting surface in Fig. 3(b) can reasonably 219 

capture the variation of the thermal conductivity of the untreated sand. 220 

Thermal Conductivity of MICP-Treated Specimens 221 

Variations of the thermal conductivity λ  of MICP-treated specimens are shown in Fig. 4. Fig. 222 

4(a) presents the relationship between λ  and uC  for different treatment cycles at a given void ratio. 223 

For a given treatment cycle N , an increase in uC  leads to an increase in λ . Meanwhile, the rate 224 

for the increase of λ  at a low value of uC  is much larger when the treatment cycle is 15, which is 225 

more obvious at e =0.5. The denser specimen at a given uC  possesses a higher thermal conductivity 226 

when the specimen was improved with the same treatment cycle. For a given uC  and e , an increase 227 

in the treatment cycle results in a great increase in λ , indicating that MICP treatment could 228 

effectively enhance the thermal conductivity of sand, which was also found by Martinez et al. (2019) 229 

and Wang et al. (2020). The enhancement was attributed to the increase in contact area and contact 230 

points improved by the precipitation of CaCO3 around particle contacts (Yun and Santamarina 2008). 231 

To further explore the influence of CaCO3 precipitation on the thermal conductivity of sand, a 232 

thermal conductivity ratio r  denoting the increasing times and a thermal conductivity increment 233 

  are proposed and their definitions are given as 234 

 r 0/    (6a) 235 

 0-     (6b) 236 

All data on r  and   are listed in Table 4. 237 

Fig. 4 (b) and Fig. 4 (c) show that an increase in uC  at a given e  and N , or an increase in 238 

N  at a given e  and uC  leads to an increase in r  and  . In addition, the values of r  and 239 



© ASCE 12 J. Geotech. Geoenviron. Eng. 

  at a given uC  and N  are larger for specimen at a denser state (i.e., smaller void ratio), 240 

indicating that the improvement of MICP on the thermal conductivity is also more effective for a 241 

denser sand. For uC  = 9.7, e  = 0.5 and N  = 15, the thermal conductivity ratio r  is 3.04, 242 

denotating that the thermal conductivity (1.61 W/m/K) of the MICP-treated sand is 3 times larger 243 

than that of the untreated sand (0.53 W/m/K). The maximum thermal conductivity ratio reported in 244 

the literature was 4.3 in Martinez et al. (2019) and 2.3 in Wang et al. (2020), implying that the MICP 245 

treatment can effectively improve the thermal conductivity of sands, which is meaningful to enhance 246 

the performance of the soil surrounding energy piles. 247 

CaCO3 Contents of MICP-Treated Specimens 248 

The CaCO3 content, a significant factor for improving the engineering properties of soil (Chu et 249 

al. 2013; Gomez et al. 2017; Gomez et al. 2019; Montoya et al. 2019), can be influenced in turn by 250 

soil matrix characteristics, e.g., saturation (Cheng et al. 2013), particle size (Nafisi et al. 2020) and 251 

particle shape (Xiao et al. 2019d). Fig. 5 shows the CaCO3 content of MICP-treated specimens with 252 

different values of uC , e  and N . Comparisons of Figs. 5(a-c) obviously show that an increase in 253 

the treatment cycle leads to an increase in CaCO3 content. For a given treatment cycle, the CaCO3 254 

content increases with decreasing e  at a given uC  or with increasing uC  at a given e . For 255 

example, the CaCO3 content of MICP-treated specimen with e  = 0.5 increases from 0.82% to 1.22% 256 

for N  = 5, from 1.8% to 2.21% for N  = 10, and from 2.81% to 3.52% for N  = 15, as uC  257 

increases from 2 to 9.7. 258 

For a partially saturated condition, the air is assumed to occupy the center of the pores with a 259 

water film covering the surface of the grains, forming menisci (Lu and Likos 2004; Lu and Dong 260 

2015; Lu and Zhang 2019; Lu 2020). A surface percolation method for MICP treatment under 261 

unsaturated conditions proposed by Cheng and Cord-Ruwisch (2012) was adopted in the current study. 262 
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The distribution of the bacterial and cementation solutions of specimens in this method ranges from 263 

the pendular to capillary regimes of the pore-water distribution (Dong et al. 2015). CaCO3 crystals 264 

formed in the solutions distribute at the same location of the solutions: particle contacts surrounded 265 

by liquid menisci and particle surface. CaCO3 crystals located at particle contacts are more effective 266 

than that at particle surface in improvement of strength, as observed by Cheng et al. (2013). The 267 

amount of CaCO3 crystals is determined by the water retention properties of sand, i.e., the retention 268 

of bacterial and cementation solutions. Soils with smaller pores will retain more water at higher 269 

suctions (Lu and Likos 2004). The sand specimen with a large value of uC  which contains more 270 

fine particles would retain more cementation and bacterial solutions for biochemical reaction and 271 

thereby result in more precipitation of CaCO3 around sand grains. This conforms with the above 272 

observations that the CaCO3 content of oven-dried MICP-treated specimens at the same condition 273 

increases with increasing uC . 274 

Predictions of Thermal Conductivity 275 

Figs. 6(a-d) show the relationship between the thermal conductivity increment   and the 276 

CaCO3 content caC  of MICP-treated specimens with uC  = 2, 2.7, 4.7 and 9.7, respectively. The 277 

basic trend for this relationship with different values of uC  is similar, which can be described by the 278 

following equation: 279 

  caC


    (7) 280 

where   and   are empirical fitting parameters. Their values listed in Table 5 at different 281 

coefficients of uniformity and void ratios were determined using the statistical method of nonlinear 282 

least squares. As shown in Figs. 6(a-d), the tangent slope of the fitting curves for the relationship 283 

between   and caC  at a given caC  increases with an increase in uC  for MICP-treated 284 

specimens with the same void ratio. Fig. 7(a) shows that the parameter   at a given uC  decreases 285 
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almost linearly with increasing void ratio, meanwhile the parameter   at a given void ratio 286 

increases exponentially with increasing uC . Therefore, the parameter   with respect to uC  and 287 

e  can be described by the following equation: 288 

    0 1e uk e C 
 

   
 

 (8) 289 

where 0 , 
ek   and   are fitting parameters. Fig. 7(b) shows that the predictions by Eq. (8) are 290 

in good agreement with the data of  . As shown in Fig. 7(c), the relationship between the parameter 291 

  and uC  can be described by an exponential function: 292 

  0 expcu uk C

      (9) 293 

where 0 , 
cuk  and   are fitting parameters. The values of fitting parameters in Table 3 ( 0 , 

ek  , 294 

 , 0 , 
cuk  and  ) were also determined using the statistical method of nonlinear least squares. 295 

Substitution of Eqs. (8) and (9) into Eq. (7) gives 296 

      
 0 exp

0 1 cu uk C

e u cak e C C



   

      
 

 (10) 297 

As shown in Fig. 8, Eq. (10) with the calibrated parameters can well predict the increment of 298 

thermal conductivity of MICP-treated specimens at different CaCO3 contents, coefficients of 299 

uniformity and void ratios with 
2 0.92R  . The predictions of the thermal conductivity for MICP-300 

treated specimens can be obtained by combining Eqs. (5) and (10): 301 

 
 

     
 0

0

exp

0

exp

1 cu u

0 r e cu u

k C

e u ca

+ = λ k e k C +

k e C C




 



  

   


  

    

  
 

 (11) 302 

Fig. 9 shows the comparisons between the predictions by Eq. (11) and test data on the thermal 303 

conductivity for MICP-treated specimens at different CaCO3 contents, coefficients of uniformity, and 304 

void ratios. Obviously, the empirical Eq. (11) with the calibrated parameters can well capture the 305 
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variations of the thermal conductivity of MICP-treated specimens with the CaCO3 content, coefficient 306 

of uniformity, and void ratio. 307 

There are many factors affecting the thermal conductivity of sand, including properties of the 308 

sand and environment conditions (Dong et al. 2015; Zhang and Wang 2017). However, this study 309 

focuses on the effects of cementation, gradation, and void ratio on the thermal conductivity of dry 310 

sand. Therefore, the proposed empirical model does not incorporate the influence of mineral 311 

composition, particle shape, particle size, water content, degree of saturation, temperature, etc. As the 312 

empirical model in the current study is proposed for dry specimens, it cannot be used to predict the 313 

test data with different water contents from Venuleo et al. (2016). Another difference between the 314 

current work and the work by Wang et al. (2020) is that the base sands possess different mineral 315 

compositions. In the current work, the sand is composed of 99.5% quartz, while the sand in the work 316 

by Wang et al. (2020) only contains 56% quartz. As pointed out by Dong et al. (2015), the mineral 317 

composition plays a key role in the thermal conductivity of soils. The thermal conductivity is higher 318 

for sand with a higher quartz content. Furthermore, the MICP treatment strategy could affect the 319 

location of precipitates and crystal size (Cheng et al. 2013). For example, CaCO3 is more likely to 320 

precipitate around particle contacts when the specimens are treated at an unsaturated condition as 321 

conducted in the current work and other studies (Cheng and Cord-Ruwisch 2012; Cheng et al. 2013), 322 

while more CaCO3 would precipitate on the sand surface in saturated conditions as conducted in the 323 

work by Wang et al. (2020). The CaCO3 precipitated around the particle contacts would contribute 324 

more to thermal conductivity while the CaCO3 precipitated on the surface of sand would contribute 325 

less to the thermal conductivity. Therefore, the test data from Wang et al. (2020) could not be 326 

predicted by the proposed equation. The effect of location of CaCO3 on thermal conductivity can be 327 

analogized to the effect of the degree of saturation on thermal conductivity proposed by Dong et al. 328 

(2015). 329 
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Predictions of   and   shown in Figs. 10(a) and 10(b) are in good agreement with all the 330 

test data from the current study. As the mineral composition of sand in this study is the same as that 331 

in Martinez et al. (2019), the proposed empirical model, i.e., Eq. (11), was also used to predict the 332 

test data on   and   of dry sand specimens reported by Martinez et al. (2019). A shown in Figs. 333 

10(c) - 10(f), the proposed model with other values of parameters 0 , 0  and   can well predict 334 

the test data on   and   ( 2 0.92R  ) but slightly overestimate the values of   at the low 335 

CaCO3 content. The different values of 0 , 0  and   between the sand in the current study and 336 

the sand in the study of Martinez et al. (2019) is mainly attributed to different MICP treatment 337 

strategies and different particle sizes of the sand for a given uC . Previous studies found that the 338 

particle size could greatly influence the thermal conductivity of sands (Lee et al. 2015; Xiao et al. 339 

2019c; Zhang et al. 2019; Zhang et al. 2020). 340 

Effect of Saturation on CaCO3 Content and Thermal Conductivity 341 

As the surface percolation method of MICP treatment is performed under unsaturated conditions, 342 

it is useful to explore the effects of initial degree of saturation on the CaCO3 content and thermal 343 

conductivity of biocemented sands. The results in Fig. 11(a) show that the CaCO3 content for 344 

specimens with uC  = 2 increases with increasing degree of saturation ( rS ) to a peak value (
caC  = 345 

1.8%) at rS  = 0.82 then decreases sharply until reaching saturation rS  = 1. Consistent with the 346 

previous results, greater CaCO3 contents are observed for sands with greater coefficients of 347 

uniformity of the sand, but an interesting observation is that the coefficient of uniformity plays a 348 

major role in the trends in CaCO3 content with degree of saturation. Below the peak, greater increases 349 

in CaCO3 content are observed for sands with lower coefficients of uniformity. The decreases in 350 

CaCO3 content with increasing degrees of saturation beyond the peak are similar for all the sand 351 

specimens with different coefficients of uniformity. The effect of initial degree of saturation on the 352 
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thermal conductivity shown in Fig. 11(b) is similar to the effect of degree of saturation on CaCO3 353 

content in Fig. 11(a). The thermal conductivity increases with degree of saturation to a peak value 354 

then decreases sharply until approaching saturated conditions. The minimum value of the CaCO3 355 

content and thermal conductivity is observed for rS =1 for all coefficients of uniformity in the tested 356 

degrees of saturation ( rS  greater than 0.4). The results in Fig. 11(b) confirm that the use of fully 357 

saturated conditions during MICP is not an effective strategy to improve the thermal conductivity of 358 

sand. It is noted that it is difficult to perform MICP treatment on sands with very low degrees of 359 

saturation ( rS smaller than 0.4), especially for specimens with large coefficient of uniformity, as the 360 

excessive extraction of liquid from specimens would result in a nonuniform CaCO3 distribution 361 

across the specimen. The optimal degree of saturation for MICP treatment to improve the thermal 362 

conductivity ranges from 0.82 to 0.85 and increases slightly with increasing coefficient of uniformity. 363 

Predictions of the thermal conductivity for sands having different degrees of saturations are shown in 364 

Fig. 11(c) as triangular points, which are in agreement with other conditions investigated in this study. 365 

In general, all data points fall into a narrow band around the 1:1 fitting line indicating a satisfactory 366 

prediction. 367 

Microanalysis of Thermal Conductivity of MICP-Treated Sand 368 

In the current study, the distributions of CaCO3 on particle surface and around particle contacts 369 

were observed. However, CaCO3 formation around particle contacts rather than on particle surfaces 370 

can effectively increase the contact area, coordination number, and thereby the thermal conductivity 371 

of sand assembles (Yun and Santamarina 2008; Tarnawski and Leong 2016). To better understand the 372 

CaCO3 formation process on a microscale, scanning electron microscope (SEM) images were 373 

obtained for treated and untreated sands. SEM images are shown in Figs. 12(a-f) for MICP-treated 374 

specimens with the same void ratio ( e  = 0.5) but different gradation ( uC  = 2 (a and b) and uC  = 375 
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9.7 (c and d)) under the same treatment cycle ( N  = 15). CaCO3 crystals are observed on the surface 376 

of sand particles when uC  = 2, as shown in Figs. 12(a-c), leading to non-contacts shown in Fig. 377 

12(c). However, comparison of the images in Fig.12(a) with 12(d) indicate that the contact points of 378 

MICP-treated specimens with uC  = 2 are greater than in specimens with uC  = 9.7. In addition, it 379 

is difficult to differentiate the CaCO3 crystals and fine particles when uC  = 9.7, as shown in Fig. 380 

12(e-f). The CaCO3 crystals in Fig. 12(e) tend to mix with fine sand and fill the pores between coarse 381 

sand particles, resulting in the enhancement in the coordination number and contact area with a large 382 

coefficient of uniformity, as shown in Fig. 12(f). Mahawish et al. (2018) also observed from their 383 

tests that adding fine aggregate to coarse sand matrix could provide more bridging contacts between 384 

coarse sand particles during the MICP process. As a result, more thermal bridges were formed 385 

between sand particles at uC  = 9.7 after MICP treatment, which conforms that the thermal 386 

conductivity of MICP-treated specimen at a given void ratio and treatment cycle increases as the 387 

coefficient of uniformity increases. SEM images in Figs. 13(a-d) show MICP-treated specimens with 388 

the same gradation ( uC  = 2.8) but different void ratios ( e  = 0.5 (a and b) and e  = 0.7 (c and d)) 389 

under the same treatment cycle ( N  = 15). More CaCO3 crystals grow in the dense sand compared 390 

with that in the loose sand (Fig. 13 (a and c)), which is consistent with the results of CaCO3 contents. 391 

This observation may be contributed to that the dense sand would retain more solutions than the loose 392 

sand, as reported by Zhou et al. (2014). More solutions in the dense sand can result in more crystal 393 

precipitation at particle contacts to form “thermal bridges”, as compared Fig 13(b) with (d), leading 394 

to a higher thermal conductivity increment in denser specimens than in looser specimens. 395 

 396 

Conclusions 397 

A series of thermal conductivity tests were carried out to investigate the effect of MICP treatment, 398 
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gradation and density on the thermal conductivity of MICP-treated sand. The main conclusions are 399 

summarized as follows: 400 

(1) Thermal conductivity of untreated sand specimens and MICP-treated sand specimens at a 401 

given treatment cycle increased with increasing coefficient of uniformity at a given void ratio or with 402 

decreasing void ratio at a given coefficient of uniformity. In addition, for a given treatment cycle, an 403 

increase in coefficient of uniformity or a decrease in void ratio resulted in an increase in the increment 404 

of thermal conductivity and the CaCO3 content of MICP-treated specimens. 405 

(2) MICP treatment can greatly enhance the thermal conductivity of sand. For example, the 406 

thermal conductivity of a MICP-treated sand specimen (1.61 W/m/K) at uC  = 9.7 and e  = 0.5 was 407 

3 times larger than that of an untreated sand specimen (0.53 W/m/K) when the treatment cycle was 408 

15. The MICP enhancement in thermal conductive ability of sand at a given treatment cycle was more 409 

obviously at a large coefficient of uniformity or at a dense state, which was validated by the SEM 410 

images of MICP-treated specimens. It was found that the greatest thermal conductivity values were 411 

obtained for sand specimens having initial degrees of saturation between 0.82 and 0.85, and that the 412 

impact of degree of saturation on CaCO3 content and thermal conductivity was very sensitive to the 413 

coefficient of uniformity. 414 

(3) An empirical equation for the thermal conductivity was established for MICP-treated silica 415 

sand that considered the combined effects of biocementation, gradation and void ratio. This empirical 416 

equation provided a good fit to the test data of MICP-treated silica sand specimens at different CaCO3 417 

contents, coefficients of uniformity, and void ratios. 418 

The current study demonstrates that MICP treatment is a feasible approach to improve the 419 

thermal conductivity of sand, especially for denser sands having higher coefficients of uniformity. 420 

The results in this study indicate that there may be opportunities to use MICP to improve the in-situ 421 

thermal conductivity of sands to enhance the efficiency of energy piles used in tandem with ground 422 
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source heat pumps. 423 
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Table 1. Maximum and minimum void ratios of sand samples with different gradations 

Gradation uC    mine  maxe  

G1 2 0.40 0.48 0.82 

G2 2.8 1.25 0.42 0.8 

G3 4.7 1.85 0.37 0.78 

G4 9.7 2.21 0.3 0.74 

Note: uC  = coefficient of uniformity;   = fractal dimension; mine  = minimum void ratio; and 

maxe  = maximum void ratio 
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Table 2. Test results on thermal conductivity of untreated and biocemented sands 

e  N  uC    (W/m/K) 

0.5 

0 

2 0.46 

2.8 0.48 

4.7 0.51 

9.7 0.53 

5 

2 0.69 

2.8 0.80 

4.7 0.95 

9.7 1.00 

10 

2 0.83 

2.8 1.03 

4.7 1.19 

9.7 1.28 

15 

2 0.96 

2.8 1.23 

4.7 1.45 

9.7 1.61 

0.6 

0 

2 0.43 

2.8 0.45 

4.7 0.48 

9.7 0.51 

5 

2 0.62 

2.8 0.73 

4.7 0.80 

9.7 0.87 

10 

2 0.74 

2.8 0.89 

4.7 1.01 

9.7 1.08 

15 

2 0.85 

2.8 1.07 

4.7 1.22 

9.7 1.34 

0.7 

0 

2 0.40 

2.8 0.42 

4.7 0.44 

9.7 0.47 

5 

2 0.57 

2.8 0.62 

4.7 0.70 
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9.7 0.76 

10 

2 0.64 

2.8 0.75 

4.7 0.84 

9.7 0.90 

15 

2 0.73 

2.8 0.89 

4.7 1.02 

9.7 1.08 

Note: e  = void ratio; N  = treatment cycles; and   = thermal conductivity (Unit: W/m/K). 
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Table 3. Fitting parameters for equations on thermal conductivity 

Equation Symbol values Unit 2R  

5 

0rλ  0.69 W/m/K 

0.98 

ek   0.30 W/m/K 

cuk   0.15 W/m/K 

  0.32 - 

8 

0  0.78 W/m/K 

0.98 ek   0.68 W/m/K 

  1.44 - 

9 

0  0.74 - 

0.99 cuk  13.85 - 

  2.33 - 

Note: 0rλ , 
ek  , 

cuk  ,  , 0 , 
ek  ,  , 0 , 

cuk  and   are fitting parameters. 
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Table 4. Test results on CaCO3 content and increment of thermal conductivity of MICP-treated sands 

e  N  uC  caC  r    (W/m/K) 

0.5 

5 

2 0.82 1.51 0.23 

2.8 0.91 1.68 0.33 

4.7 1.15 1.88 0.44 

9.7 1.22 1.90 0.47 

10 

2 1.80 1.82 0.38 

2.8 1.86 2.15 0.55 

4.7 2.09 2.36 0.69 

9.7 2.21 2.43 0.76 

15 

2 2.81 2.11 0.50 

2.8 2.84 2.57 0.75 

4.7 3.21 2.88 0.95 

9.7 3.52 3.04 1.08 

0.6 

5 

2 0.75 1.43 0.19 

2.8 0.85 1.61 0.28 

4.7 0.93 1.67 0.32 

9.7 1.01 1.71 0.36 

10 

2 1.71 1.70 0.30 

2.8 1.80 1.98 0.44 

4.7 1.91 2.09 0.53 

9.7 1.99 2.11 0.57 

15 

2 2.73 1.96 0.42 

2.8 2.77 2.37 0.62 

4.7 2.92 2.55 0.74 

9.7 3.15 2.63 0.83 

0.7 

5 

2 0.70 1.41 0.17 

2.8 0.77 1.49 0.21 

4.7 0.82 1.58 0.26 

9.7 0.88 1.62 0.29 

10 

2 1.46 1.59 0.24 

2.8 1.58 1.79 0.33 

4.7 1.70 1.90 0.40 

9.7 1.77 1.92 0.43 

15 2 2.42 1.81 0.33 
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2.8 2.49 2.13 0.48 

4.7 2.63 2.31 0.58 

9.7 2.72 2.31 0.61 

Note: caC  = CaCO3 contents (Unit: %); r  = ratio of thermal conductivity of MICP-treated sand 

to that of untreated sand; and   = increment of thermal conductivity (Unit: W/m/K). 
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Table 5. Fitting parameters for Eq. (7) on increment of thermal conductivity of biocemented sands 

uC  e      2R  

2 

0.5 0.27 

0.61 

0.99 

0.6 0.22 0.99 

0.7 0.19 0.98 

2.8 

0.5 0.35 

0.72 

0.99 

0.6 0.30 0.99 

0.7 0.24 0.99 

4.7 

0.5 0.40 

0.74 

0.99 

0.6 0.33 0.99 

0.7 0.28 0.98 

9.7 

0.5 0.42 

0.74 

0.99 

0.6 0.35 0.99 

0.7 0.29 0.98 

Note:   and   are fitting parameters. 
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Figure Caption List 

Fig. 1. Gradation of Fujian sands: (a and b) percentage finer versus logarithm of particle size, and 

logarithm of percentage finer versus logarithm of particle size (data from Xiao et al. (2018b)); 

and (c) scanning electron micrograph of samples with different gradations. 

Fig. 2. (Color) Preparation of (a) sand specimen and (b) MICP-treated specimen; and (c) thermal 

conductivity test. 

Fig. 3. (a) Variations of thermal conductivity of untreated specimens with uC  and e ; and (b) 

comparisons between simulations and test results on thermal conductivity of untreated 

specimens. 

Fig. 4. Variations of thermal conductivity properties on MICP-treated sand specimens: (a)  ; (b) 

R ; and (c)  . 

Fig. 5. Variations of CaCO3 content on MICP-treated sand specimens: (a) N  = 5; (b) N  = 10; 

and (c) N  = 15. 

Fig. 6. Fitting of increment of thermal conductivity on MICP-treated sand specimens with different 

void ratios: (a) 
uC  =2.0; (b) 

uC  =2.8; (c) 
uC  =4.7; and (d) 

uC  =9.7. 

Fig. 7. (a)Variations of   with uC  and e ; (b) fitting of   with uC  and e ; and (c) fitting of 

  with uC . 

Fig. 8. Predictions on increment of thermal conductivity of MICP-treated sand specimens with 

CaCO3 content and coefficient of uniformity: (a) e  = 0.5; (b) e  = 0.6; and (c) e  = 0.7. 

Fig. 9. Predictions on   of MICP-treated sand specimens: (a) e  = 0.5; (b) e  = 0.6; and (c) e  = 

0.7. 

Fig. 10. Verifications of empirical prediction on thermal conductivity and its increment of MICP-

treated sand specimens: (a and b) data from the current study; (c and d) data from Martinez et 
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al. (2019); and (e and f) predictions on test results from Martinez et al. (2019) with respect to 

CaCO3 content and void ratio. 

Fig. 11. Effect of saturation on CaCO3 content and thermal conductivity: (a and b) test results; (c) 

predictions. 

Fig. 12. SEM of MICP-treated sand specimens with the void ratio of 0.5 under the treatment cycle 

of 15: (a and b) uC  = 2; and (c and d) uC  = 9.7. 

Fig. 13. SEM of MICP-treated specimens with uC  = 2.8 and N  = 15: (a and b) e  = 0.5; and (c 

and d) e  = 0.7. 
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