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ABSTRACT 12 

Cement-based solidification/stabilization (s/s) is a remediation technology that has been widely 13 

used for treatment of a range of contaminants. Currently there is limited published data on changes 14 

in hydraulic performance of cement-treated materials subjected to cycles of freezing/thawing (f/t). 15 

Fourteen sets of tests were performed to examine the influence of factors such as number of f/t 16 

cycles, freezing temperature, curing time, and mix design on hydraulic conductivity and 17 

unconfined compressive strength (UCS) of a cement-treated silty sand. Results showed an increase 18 

of up to three orders of magnitude in hydraulic conductivity as well as decreases in UCS values 19 

after exposure to four to twelve f/t cycles. Analysis of variance (ANOVA) performed on the results 20 

of a factorial experiment considering the effect of freezing temperature, curing time, and number 21 

of f/t cycles showed that all of these factors are significant in affecting the measured changes in 22 

the hydraulic conductivity and UCS values. Monitoring of damage using the impact resonance 23 
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method showed that changes in the resonant frequency of specimens was consistent with changes 24 

in hydraulic conductivity and UCS after f/t exposure and also allowed monitoring of damage for 25 

intermediate cycles with minimal effort. 26 

 27 

Keywords: cement, soil, freeze, thaw, hydraulic conductivity, resonant frequency, compressive 28 

strength. 29 
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1. INTRODUCTION 30 

A wide range of contaminants have successfully been treated using cement-based 31 

solidification/stabilization (s/s) technique (Bone et al. (2004); Batchelor (2006); Paria and Yuet 32 

(2006)). Depending on the desired treatment of these systems, the resulting material may be “soil-33 

like” or in a monolithic physical form (i.e. compacted and plastic soil-cement). Monolithic s/s 34 

materials are usually designed to have a significantly lower hydraulic conductivity compared to 35 

surrounding environment to ensure the contaminant release mechanism is a slower, diffusion-36 

controlled process (ITRC (2011)). Hydraulic conductivity is also a measure of the connectivity of the 37 

pore structure and is an important factor in the durability of cementitious materials (Hearn (1998); 38 

Hearn et al. (2006); Antemir et al. (2010)). 39 

Although considerable research has been performed to investigate the effectiveness of cement-40 

based s/s for treatment of different types of contaminants and matrixes (see Bone et al. (2004) for a 41 

review), current knowledge on the possible changes in the performance of these treated soils under 42 

environmental stresses is limited. In northern regions of the world (e.g. Canada and parts of USA) 43 

the long term physical performance of a cement-treated monolith after freeze/thaw (f/t) conditions is 44 

an important factor governing the success of this technology. Damage due to freeze/thaw exposure 45 

may occur shortly after placement of the material (before installation of a cover system) under 46 

immature conditions, or later in the service life of the material when it reaches the final form of the 47 

structure due to the completion of cement hydration processes. The latter type of damage was 48 

observed by Klich et al. (1999) who used microscopic techniques on field samples to show how 49 

weathering processes such as f/t can cause damage to cement-treated materials. 50 

Despite the lack of information on the long-term performance of monolithic cement-treated 51 

soils used in cement-based s/s projects (especially for materials prepared at higher water contents) 52 

subjected to f/t cycles, there is considerable research related to the f/t effects on the performance of 53 
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soils and other types of cement-based systems. This includes examination of the formation of ice 54 

lenses and subsequent increase in the hydraulic conductivity of compacted clays for landfill 55 

applications (e.g. Othman and Benson (1992); Othman and Benson (1993); ASTM-D6035, (2002)); 56 

degradation of mechanical performance (i.e. modulus of elasticity, compressive strength, etc.) in 57 

compacted soil-cement for pavement applications (e.g. Dempsey & Thompson (1973); Kettle (1986); 58 

Shihata and Baghdadi (2001)), and changes in the physical performance (i.e. dynamic modulus of 59 

elasticity) of concrete (e.g. Penttala (2006); Micah Hale et al. (2009)). 60 

Current engineering practice for evaluating f/t resistance of s/s materials often considers percent 61 

mass loss as a performance indicator (Stegman and Coté (1996); Paria and Yuet (2006); ITRC 62 

(2011)). However, mass loss does not necessarily correspond to changes in the internal structure of a 63 

solidified soil which controls the hydraulic conductivity and inherently, the leaching potential of a 64 

cement-treated material (El-Korchi et al. (1989)). Any potential change in hydraulic conductivity 65 

under f/t exposure becomes an important consideration for the long term performance of monolithic 66 

cement-treated materials where solidification is the primary mitigation mechanism for the 67 

contaminant migration. Based on evaluation of limited number of samples, Pamukcu et al. (1994) 68 

previously showed the hydraulic conductivity of cement-treated materials can undergo up to two 69 

orders of magnitude increase under exposure to f/t cycles. 70 

The primary objective of the current paper is to investigate the influence of various f/t testing 71 

conditions on hydraulic and mechanical performance of a cement-treated monolithic silty sand. A 72 

laboratory-based testing program was developed to assess the impact of freezing temperature, number 73 

of f/t cycles, and curing time on the hydraulic conductivity and unconfined compressive strength 74 

(UCS) of individual specimens. Influence of modifications in the mix design in improving f/t 75 

resistance of cement-treated systems is discussed. In addition, impact resonance (IR) testing was used 76 
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as a non-destructive method to monitor the changes in the structure of specimens at different f/t 77 

cycles. 78 

 79 

2. MATERIALS AND METHODS 80 

2.1 General 81 

The majority of testing conducted in this paper was used for a “three factor”-“two level” 82 

factorial study (Brown and Berthouex (2002)). The factorial approach was used to examine the 83 

influence of freezing temperature (-10oC vs. -2oC), number of freeze/thaw cycles (4 vs. 12 cycles), 84 

and curing time (“immature” vs. “mature”) on the hydraulic conductivity and unconfined 85 

compressive strength (UCS) of the cement-treated soil. In this paper a curing time of 16 days prior to 86 

f/t exposure is referred to as “immature” and a curing time of over 35 days prior to f/t exposure is 87 

referred to as “mature”. A summary of the different factors used in the factorial experiments and their 88 

levels is presented in Table 1. Test results obtained as part of the factorial experiments were analyzed 89 

using the Statistical Package for Social Science (SPSS) 18 software (SPSS Inc., Chicago, IL, USA) 90 

to quantify the significance of each factor. In addition to the factorial experiments, six additional tests 91 

(referred as complementary tests in this paper), were performed to further quantify the effect of lower 92 

freezing temperatures and changes in the mix design on the performance of “immature” and “mature” 93 

cement-treated soil.  94 

A summary of exposure conditions and mix designs for all tests is provided in Table 2. In the 95 

names provided for each test series in this table, “I” refers to immature, “M” refers to mature, “04” 96 

and “12” refer to number of f/t cycles, and “-2”, “-10”, and “-20” refer to freezing temperature. Also 97 

“20%” and “LWS” refer to 20% cement content (by mass of dry soil) and “lower water to solids 98 

ratio” conditions, for the complementary tests. 99 

 100 
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2.2 Soil Characterization and Specimen Preparation 101 

This study used a soil that classified as silty sand (SM) by the Unified Soil Classification 102 

System (USCS). The non-plastic soil had a maximum particle size of 10 mm, a coefficient of 103 

uniformity (Cu) of 17, a specific gravity of 2.7, and 30 percent passing the 75 µm sieve. General use 104 

Portland cement (ASTM Type I) was used as the binding agent for the soil-cement samples. A drill 105 

mounted paddle was utilized for mixing of the sample constituents. To prepare the test specimens, 106 

dry cement and water were first proportioned and then mixed to form a slurry in a 20 liter bucket. 107 

The soil was then incrementally added to the cement slurry and mixed to uniformity. Soil-cement 108 

mixtures were placed in three layers into cylindrical plastic molds, of 101 mm diameter by 118 mm 109 

height. Each layer was subjected to 20 strokes using a standard concrete slump testing rod to provide 110 

consistent consolidation. Molds were placed in a sealed plastic bag for 5 days before extrusion, after 111 

which the specimens were kept in a 100% humidity moist curing room prior to further testing.  112 

 113 

2.3 F/t conditioning for exposed specimens 114 

All of the specimens to be tested under exposed conditions (described in the following sections) 115 

were saturated under a minimum back-pressure of 524 kPa in a triaxial cell (ASTM-D5084 (2010) 116 

saturation phase). Each f/t cycle consisted of 24 hours of freezing at the required temperature (see 117 

Table 2), followed by thawing in a 100% humidity room at ambient temperature (22±1oC). Complete 118 

freezing and thawing of specimens in a typical f/t cycle was confirmed by monitoring the temperature 119 

in a dummy sample with a similar mix design to the specimens being tested. Specimens were allowed 120 

to absorb ambient moisture during the thawing phase and were exposed to three dimensional freezing 121 

conditions. Such conditions (i.e. open system and three-dimensional f/t exposure) are typical of those 122 

currently used in industrial practices for compacted soil-cement and cement-based s/s materials (i.e. 123 
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ASTM-D560 (2003) and withdrawn ASTM-D4842 (2001)). Studies by Othman and Benson (1993) 124 

showed that freezing dimensionality has little effect on the changes in the hydraulic performance of 125 

compacted clays. The authors are currently undertaking work to examine the influence of one-126 

dimensional freezing exposure on cement-treated soils. 127 

 128 

2.4 Performance Evaluation of Specimens 129 

2.4.1. Hydraulic conductivity testing 130 

Hydraulic conductivity measurements were performed in general accordance of Method A of 131 

ASTM-D5084 (2010) (i.e. flexible-wall method). Permeation stage was conducted using de-aired 132 

water under a hydraulic gradient of approximately 30. Specimens for the I12-10 and M12-10 tests 133 

that experienced higher degradation after the f/t exposure were subjected to a lower hydraulic gradient 134 

of approximately 6 due to the higher hydraulic conductivity of these samples. The tests were generally 135 

terminated according to the criteria of ASTM-D5084 (2010) (i.e. outflow to inflow ratio and steady 136 

hydraulic conductivity criteria). However, in some of the complementary tests where the hydraulic 137 

conductivity values were lower than 10-10 m/s, acceptable outflow to inflow rates were difficult to 138 

achieve in the time span of the tests, as a result those tests were terminated when consecutive 139 

measurements resulted in a steady hydraulic conductivity value. 140 

Two replicates of each hydraulic conductivity test were performed to consider specimen 141 

variability. Hydraulic conductivity measurements were performed before (i.e. control) and after (i.e. 142 

exposed) f/t conditioning of each specimen. The average hydraulic conductivity ratio, defined as the 143 

average for hydraulic conductivity values of exposed specimens (Kexposed) divided by the values 144 

obtained prior to exposure (K0) is utilized to compare different scenarios. 145 

 146 
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2.4.2. Compressive strength 147 

Unconfined compressive strength (UCS) testing was also performed on two replicates for each 148 

of exposed and control conditions. With respect to curing times, it was assumed that no curing took 149 

place during freezing of the exposed specimens. Hence, specimens (control and exposed) were tested 150 

for UCS after at least 35 days of curing in the moist room (i.e. excluding freezing time). To ensure 151 

consistency, control and exposed specimens were tested on the same day. A total of four specimens 152 

(i.e. two as control and two exposed) were used for UCS measurements of factorial experiments. For 153 

the complementary tests, only one set of specimens were used to measure control values for immature 154 

and mature f/t exposure, thus a total of six specimens (i.e. two as control and four exposed (two for 155 

each of immature and mature exposure conditions)) were tested. 156 

All specimens were sulfur-capped prior to testing to ensure that the specimens were tested under 157 

non-eccentric axial loading. UCS values were obtained using a vertical deformation rate of 0.5 158 

mm/min. Changes in the UCS ratio, defined as the average UCS for exposed specimens divided by 159 

the average UCS for control specimens, are reported in the results section. 160 

 161 

2.4.3. Impact resonance (IR) testing 162 

To further characterize the development of damage during the f/t process (i.e. intermediate 163 

cycles in addition to the 4th and 12th cycles), longitudinal resonant frequency (RF) measurements were 164 

performed using the IR method for selected tests (I12-02, I12-10, M12-02, M12-10, I12-10(LWS), 165 

and I12-10(20%) as specified in Table 2) to cover a wide range of observed f/t degradation. IR is a 166 

non-destructive test that is routinely used to predict the dynamic properties of cementitious materials 167 

(ASTM-C215 (2008)). A similar technique is suggested by ASTM-C666 (1997) to evaluate changes 168 

in the dynamic modulus of elasticity of concrete beams after exposure to rapid cycles of f/t. 169 
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In order to perform the IR testing, specimens were placed on a rectangular sponge measuring 170 

23 by 9 by 7 cm to permit relatively unrestrained resonance under the impact load. A steel ball (9.5 171 

mm in diameter) attached to a plastic band was used to excite the specimens on their axial centerline. 172 

A square tab of steel sheet metal (10×10×1 mm) glued on the specimen provided the base for the 173 

application of the impact. The hardness of the steel tab ensured that a consistent frequency content 174 

was created for each impact event, while impact on the damaged specimen surface could result in 175 

relatively plastic and longer duration contact. Longer contact duration may reduce and limit the 176 

available bandwidth of the forcing function and possibly influence the ability to detect the RF of the 177 

sample (Sansalone (1997)). An accelerometer (PCB model 353B02) magnetically coupled to the 178 

specimen was used to acquire the resulting signal and to transfer it to a Freedom NDT Data PC 179 

Platform (Olson Instruments Inc.) for further processing. A fast Fourier transformation (FFT) was 180 

applied to the signal in the computer’s software to calculate the longitudinal RF of each specimen. 181 

Data were sampled using a 500 kHz data acquisition card with a period of 2 µs and a record size of 182 

8192 in order to provide a frequency resolution of 61 Hz. Five replicates of the RF were measured 183 

and averaged for each of two different specimens at different f/t cycles. 184 

The normalized changes in the longitudinal RF at the mth f/t cycle ( mβ ), were calculated based 185 

on Equation 1, as follows: 186 

0RF
mRF

m =β  
[1] 

Where RFm and RF0 are resonant frequencies at the mth and initial cycle of f/t, respectively. The 187 

average values for the normalized RF values of duplicate specimens are reported in the results section. 188 

 189 
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3. RESULTS 190 

Of the fourteen sets of tests performed, the highest level of physical damage to the specimens 191 

was visually observed for the I12-10 and M12-10 test series. A high degree of surface degradation 192 

was observed for these tests and resulted in problems with handling and testing of the specimens, 193 

especially at higher f/t cycles. As a result of the damage to these specimens, the method of 194 

measurement for the hydraulic conductivity and strength properties did not meet the requirements of 195 

available standard methods. Hence, the residual hydraulic conductivity and compressive strength of 196 

these specimens are presented in this paper only for the sake of a rough estimate for comparison 197 

between the scenarios and completion of the factorial experiment analysis. 198 

A summary of hydraulic conductivity and compressive strength test results are presented in 199 

Figure 1 and Figure 2, respectively. Comparing the results for control and exposed conditions show 200 

that f/t cycles can greatly influence the expected performance of solidified soils. Increases of up to 201 

three orders of magnitude in hydraulic conductivity and decreases of up to 95% in UCS values were 202 

observed. In the following sections, the changes in the ratios of hydraulic conductivity and UCS 203 

values are separately discussed for each studied factor. 204 

 205 

3.1 Influence of f/t cycles, curing time, and freezing temperature on hydraulic conductivity 206 

and UCS 207 

3.1.1 Number of f/t cycles 208 

The extent of f/t cycles expected in any exposed system depends on the local climate and depth 209 

of freezing (Benson and Othman (1993); Othman et al. (1994)). Previous studies on compacted clays 210 

show that a significant portion of total damage (in terms of increase in hydraulic conductivities) can 211 

occur at exposure to initial f/t cycles (Othman and Benson (1992)). In the current study, the 212 
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performance of the cement-treated soils at 4 and 12 f/t cycles was investigated. Impact resonance 213 

testing was performed on selected specimens at intermediate cycles between 0, 4, and 12 cycles. 214 

Figure 3 presents changes in the values of the hydraulic conductivity ratio (Kexposed/K0) with 215 

respect to the number of f/t cycles performed. It can be observed that for both immature and mature 216 

specimens exposed to -10oC, a considerable increase in hydraulic conductivity (approximately 30 to 217 

70 fold) occurs in the first 4 f/t cycles. The damage continues as the number of f/t cycles is increased 218 

to 12, resulting in hydraulic conductivity values of up to three orders of magnitudes higher than initial 219 

conditions. Mature specimens exposed to -2oC also see a continued increase in the hydraulic 220 

conductivity from 0 to 4 to 12 cycles (approximately 10 and 500 fold, respectively). This constant 221 

increase in the hydraulic conductivity at higher f/t cycles is in agreement to reported observations in 222 

the literature on soil-cement (Guney et al. (2006)). 223 

For immature specimens exposed to -2oC the approximately six-fold increase after 4 f/t cycles 224 

is followed by a slight decrease in hydraulic conductivity from 4th to 12th cycle, resulting in hydraulic 225 

conductivity values comparable to initial conditions. This reduction in hydraulic conductivity is likely 226 

a result of interaction between the self-healing processes and the damage development in the 227 

solidified soil. A detailed explanation of these processes is presented by Hearn (1998).  228 

Figure 4 shows the changes in UCS ratio at different f/t cycles based on the factorial 229 

experiments. A general trend of decreasing strength can be observed for specimens exposed to -10oC 230 

as the number of f/t cycles increases from 0 to 4 to 12 (up to approximately 40 and 95% reduction, 231 

respectively). For the specimens exposed to -2oC, at 4 cycles of f/t, the changes seem to be negligible, 232 

which is in contrast to the results of hydraulic conductivity ratios (approximately 6 times increase). 233 

This might imply the unsuitability of strength indicators for predicting the hydraulic performance of 234 

solidified soils subjected to f/t cycles at early stages of damage development. As the number of f/t 235 

cycles increases from 4 cycles to 12 cycles, a contrasting response is observed for immature and 236 
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mature specimens. While mature specimens exposed to 12 cycles of f/t at -2oC show a decrease of 237 

over 20% in the UCS values, immature specimens seem to reach higher strengths compared to control 238 

conditions (approximately 10%). This strength gain is consistent with the trends observed for 239 

hydraulic conductivity results described above (i.e. I12-02 series). The higher compressive strength 240 

values for f/t exposed specimens compared to control conditions may also be due to the conditioning 241 

(i.e. saturation) of the specimens prior to f/t exposure. 242 

IR results shown in Figure 5 provide some further insight on the damage occurring during the 243 

successive f/t cycles. Shifts in the RF of specimens can represent changes in their structure which 244 

may be a result of mechanical damage or section loss (reduction in the frequency) or due to curing 245 

(increase in the frequency) as the RF is proportional to the dynamic modulus of elasticity of the 246 

material (ASTM-C215 (2008)). Based on the RF ratios at the end of the first f/t cycle, two distinct 247 

types of behavior were observed at further f/t exposures. For the exposed specimens in which the 248 

frequency reduction was less than 30% of the initial value, the specimens seem to self-heal at further 249 

f/t cycles resulting in an increase in the RF ratio (I12-02, I12-10(LWS), and I12-10(20%) in Figure 250 

5). These specimens showed a better performance in terms of hydraulic conductivity (less than an 251 

order of magnitude increase) and unconfined compressive strength (less than 10 percent decrease) 252 

changes. However, for the cases in Figure 5 where the decrease in the frequency at the end of the first 253 

cycle were more than 30%, the propagation of damage continues resulting in a considerable change 254 

in the performance of the specimens measured at the end of the 12th cycle (I12-10, M12-10, and M12-255 

02 in Figure 5). Previous studies (e.g. Yang et al. (2009)) have shown that autogenous healing can 256 

happen at a certain crack width, which may explain the recovery in resonant frequency of certain 257 

specimens. Results imply that resistance of a solidified soil to the first cycle of f/t action may have 258 

the potential to be considered as a predictive tool for the performance of the samples at higher 259 
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exposure levels. However, this conclusion needs to be examined on a larger database of experimental 260 

results. 261 

 262 

3.1.2 Curing time 263 

Curing time is a factor that greatly influences the length of time required to perform experiments 264 

related to cement-based materials. Current practices for the examination of soil-cement under f/t 265 

cycles suggest short curing periods prior to f/t exposure (as low as seven days in ASTM-D560 (2003) 266 

for instance). This approach overlooks the differences in the structure of the soil-cement as a result 267 

of hydration progress and also neglects the possible interference of damage formation mechanisms 268 

during f/t exposure with the hydration of cement. In this paper, the effect of curing time before f/t 269 

exposure was evaluated on specimens cured for 16 (i.e. immature) and over 35 days (i.e. mature). 270 

Visual observations showed that, in general, mature specimens undergo a higher degree of surface 271 

damage compared to immature specimens. 272 

In Figure 6, changes in hydraulic conductivity values due to different f/t conditions are 273 

compared for exposure of immature and mature specimens. In general, a higher degree of change in 274 

the hydraulic conductivity (up to 410 times) was observed for mature specimens as compared to 275 

immature specimens. The results might suggest that immature specimens may have a higher capacity 276 

for self-healing compared to mature specimens. The exception to this was the case of exposure to 12 277 

cycles at -10oC (factorial experiments: I12-10 and M12-10). This slightly higher increase in immature 278 

specimens is likely due to the high degradation of specimens in both cases. Comparison of 279 

compressive strength test results for different scenarios of immature and mature f/t exposure (Figure 280 

2), however, do not suggest any notable trend. 281 

 282 

 283 
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3.1.3 Freezing temperature 284 

One of the main concerns in the design of a testing procedure for examining the performance 285 

of cement-treated soils under f/t exposure is to estimate the conditions expected in the field and 286 

attempt to replicate these conditions in the laboratory. Freezing temperature is an important factor 287 

with this regard as it controls the rate of freezing (Newton’s law of cooling) and amount of freezable 288 

water (Nmai (2006)) within a material’s structure. Choosing a freezing temperature for this purpose 289 

would greatly depend on the scenario that is investigated. For cases where exposure of the s/s material 290 

during the construction phase is concerned, freezing temperatures closer to 0oC might present a more 291 

realistic scenario. On the other hand, if the exposure in the service life of the product is of concern, 292 

harsher scenarios (lower freezing temperatures) could be preferable. Previous study by Othman and 293 

Benson (1992) on compacted clays show a slight increase in the hydraulic conductivity of exposed 294 

specimens as the freezing temperature is reduced from -1oC to -23oC. 295 

In the current study, specimens were examined at three freezing temperatures (-2, -10, and               296 

-20oC). As shown in Figure 6, for mature specimens exposed to 4 f/t cycles, it was observed that the 297 

hydraulic conductivity ratio increased as the freezing temperature decreased from -2oC to -10oC and 298 

-20oC (approximately 8 and 35 times, respectively). For immature specimens exposed to 4 f/t cycles, 299 

although a six times increase in hydraulic conductivity ratio is observed for exposure to -10oC 300 

compared to -2oC, these values show no significant change as the freezing temperature is further 301 

reduced to -20oC. 302 

An increase in the hydraulic conductivity ratio (approximately 3 orders of magnitudes) with the 303 

decrease in the freezing temperature (from -2oC to -10oC) was also observed for immature specimens 304 

exposed to 12 f/t cycles. However, as presented in the case of the mature specimens (12 cycles), 305 

relatively similar hydraulic conductivity ratios were observed at these freezing temperatures. The 306 
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reason is likely the high degree of damage at these exposure conditions that could influence the 307 

expected trends for the results. 308 

Exposed compressive strength values (Figure 2) also show a noticeable reduction when the 309 

freezing temperature drops from -2oC to -10oC for most of the cases studied. However, as the freezing 310 

temperature changes from -10oC to -20oC (for exposure to 4 f/t cycles) contradictory results were 311 

observed. For these cases, while immature specimens showed a reduction in the UCS values, changes 312 

in the UCS values for mature specimens were negligible (See Figure 2). Therefore, the data currently 313 

available is not sufficient to suggest any trends at temperatures below -10oC.  314 

 315 

3.2 Statistical analysis of investigated factors (Factorial experiments) 316 

A “three factor”-“two level” factorial experiment was performed to identify the effect of 317 

freezing temperature, curing time, and number of f/t cycles on the performance of solidified soils 318 

exposed to f/t cycles. Values for unconfined compressive strength ratio and logarithm of hydraulic 319 

conductivity ratio were chosen as the dependent variables in the analysis. For the hydraulic 320 

conductivity study, due to the high variability of the results in different test conditions, the logarithm 321 

of the hydraulic conductivity ratios was preferable as it helped to provide constant variance under the 322 

assumed normality of the data (Brown and Berthouex (2002)). As a result, the response, 𝐾𝐾�, for each 323 

hydraulic conductivity test was calculated by: 324 

𝐾𝐾� = log (
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐾𝐾0

) [2] 

A summary of the testing conditions for different experiments and observed values for changes 325 

in the performance of replicate specimens (denoted as Trial 1 and Trial 2) are presented in Table 3. 326 

Analysis of Variance (ANOVA) was performed using the SPSS 18 software (SPSS Inc., Chicago, IL, 327 

USA), to examine the significance of each factor on changes in the hydraulic conductivity and UCS 328 
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ratios, for which the results are presented in Table 4. The influence of a factor is usually considered 329 

significant when the corresponding p-value is less than 0.05 which means it can be claimed, with 330 

95% confidence, that observed changes are a result of the different levels in the investigated factor 331 

(and not only due to the random error occurring between the tests). Based on the results, all of the 332 

studied factors are significant (with p-values less than 0.01) in observed changes for hydraulic 333 

conductivity and compressive strength. This is consistent with discussions presented in the previous 334 

sections. These results further emphasize the requirement for developing case specific f/t studies for 335 

cement-based s/s projects, based on the environmental conditions and specific project objectives. 336 

 337 

3.3 Discussion 338 

The previous sections have focused on evaluating the influence of various testing factors on the 339 

resulting damage (i.e. hydraulic conductivity and UCS) of soil-cement samples. For the majority of 340 

the tests performed, differing degrees of damage were observed for both immature and mature 341 

specimens. From a practical perspective, this does not necessarily mean that all cement-based s/s 342 

materials undergoing f/t exposure are at risk to damage, but more so that it is important to evaluate a 343 

given mixture design for risk of f/t damage using some of the techniques outlined in this paper. The 344 

mixture design used throughout the factorial tests was held constant and had a high water content, 345 

hence explaining some of the excessive damage observed from the f/t exposure. Also, the possible 346 

interaction of contaminants in cement-based s/s systems with f/t exposure degradation processes was 347 

not considered. 348 

To demonstrate how the damage observed for this silty soil can be mitigated in a mix design 349 

for this particular soil, the complementary tests with higher cement content and reduced water to 350 

cement ratio (i.e. I12-10(20%) and M12-10(20%)) and lower water to solids ratio with 10 percent 351 

cement content (i.e. I12-10(LWS) and M12-10(LWS)) were performed. As is shown in Figure 1 and 352 
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Figure 2, by increasing the cement content and decreasing the water content, both mix design 353 

modifications may partially improve the performance of solidified soil under the f/t exposure 354 

conditions adopted. When examining the absolute hydraulic conductivity values of both these mix 355 

designs in Figure 1, it can be seen that for both immature and mature specimens, the specimens all 356 

achieved a hydraulic conductivity of less than 10-9 m/s, which is often the lower limit of specification 357 

set for s/s projects. Similarly, high strengths are maintained after f/t, as shown in Figure 2. As shown 358 

in Figure 6, this does not mean that damage is prevented in the specimens, but rather that damage can 359 

be mitigated by increasing cement content or lowering water to solids ratio. Lowering the water 360 

content (while keeping the cement content constant) seems to be an effective tool to improve the 361 

overall performance of solidified soil as it reduces the porosity, and consequently the amount of 362 

freezable water in the porous structure, and increases the strength of the soil-cement mixture. 363 

Currently additional testing is being performed to further evaluate the effect of water content in the 364 

mix design on the performance of soil-cement exposed to cycles of f/t.   365 

 366 

4. CONCLUSIONS  367 

In this study, physical performance of a cement-treated silty sand was evaluated under exposure 368 

to different f/t scenarios. A total of fourteen sets of tests were performed. The results of hydraulic 369 

conductivity and unconfined compressive strength testing show that depending on the f/t exposure 370 

scenario, a considerable change was observed for the solidified soil tested. This included changes as 371 

high as three orders of magnitude increase in the hydraulic conductivity results and strength loss of 372 

up to 95 percent based on the residual UCS values. Based on the results of statistical analysis using 373 

ANOVA, the number of f/t cycles, freezing temperature, and curing time all are significant factors in 374 

observed changes in hydraulic performance and strength of the cement-treated soil examined. 375 

Monitoring of the RF changes in the specimens show that, changes in the structure can be expected 376 
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as early as one f/t cycle exposure. Changes in hydraulic conductivity and compressive strength of 377 

specimens were studied after 4 and 12 f/t cycles in factorial experiments. Results show that for most 378 

cases higher damage happens at the end of 12th cycle. This is with the exception of immature 379 

specimens exposed to -2oC which (due to the hydration process) specimens seem to “self-heal” 380 

resulting in better performance compared to results of exposure at 4 cycles of f/t. 381 

Specimens exposed to -10oC were shown to be considerably more damaged compared to 382 

specimens exposed to -2oC. However, observations due to further reduction of freezing temperature 383 

to -20oC (as discussed based on the results of complementary tests) were inconclusive.  384 

 385 

5. ACKNOWLEDGEMENTS 386 

The authors acknowledge funding provided by the NSERC Discovery and CREATE 387 

programs. Funding was also provided through the Canadian Foundation for Innovation.  388 

 389 

6. REFERENCES 390 

Antemir, A., Hills, C.D., Carey, P.J., Gardner, K.H., Bates, E.R., Crumbie, A.K., (2010). “Long-term 391 

performance of aged waste forms treated by stabilization/solidification.” Journal of hazardous 392 

materials, 181(1-3), 65-73. 393 

ASTM-C215, 2008. Standard test method for fundamental transverse, longitudinal, and torsional 394 

resonant frequencies of concrete specimens. In Annual Book of ASTM Standards. West 395 

Conshohocken, PA: ASTM International. doi:10.1520/c0215-08.2. 396 

ASTM-C666, (1997). “Standard test method for resistance of concrete to rapid freezing and thawing.” 397 

Annual book of ASTM standards, ASTM International. West Conshohocken, PA. 398 

ASTM-D4842, (2001). “Standard test method for determining the resistance of solid wastes to 399 

freezing and thawing (Withdrawn 2006).” Annual book of ASTM standards, ASTM International. 400 

West Conshohocken, PA. 401 

18 
 



ASTM-D5084, (2010). “Standard test methods for measurement of hydraulic conductivity of 402 

saturated porous materials using a flexible wall permeameter.” Annual Book of ASTM Standards. 403 

ASTM International, West Conshohocken, PA. 404 

ASTM-D560, (2003). “Standard test methods for freezing and thawing compacted soil-cement 405 

mixtures.” Annual book of ASTM standards, ASTM International. West Conshohocken, PA. 406 

ASTM D6035, (2002). “Determining the effect of freeze-thaw on hydraulic conductivity of 407 

compacted or intact soil specimens using a flexible wall permeameter.” Annual Book of ASTM 408 

Standards. ASTM International, West Conshohocken, PA. 409 

Batchelor, B. (2006). “Overview of waste stabilization with cement.” Waste management. 26 (7), 410 

689-98. 411 

Benson, C. and Othman, M., (1993). “Hydraulic conductivity of compacted clay frozen and thawed 412 

in situ.” Journal of Geotechnical Engineering, 119(2), 276-294. 413 

Bone, B.D., Barnard L.H., Boardman D.I., Carey, P.J., Hills, C.D., Jones, H.M., MacLeon, C.L., 414 

Tyrer, M., (2004). Review of scientific literature on the use of stabilisation/solidification for the 415 

treatment of contaminated soil, Solid Waste and Sludges. British Environmental Agency. 416 

SC980003/SR2. 417 

Brown L.C., and Berthouex P.M., (2002). Statistics for Environmental Engineers, Second Edition. 418 

Lewis Publishers. 419 

Dempsey, B.J. and Thompson, M.R., (1973). “Vacuum saturation method for predicting freeze-thaw 420 

durability of stabilized materials.” In Highway Research Record 442. Highway Research Board, 421 

US National Research Council, pp. 44–57. 422 

El-Korchi, T., Gress, D., Baldwin, K., and Bishop, R. (1989). “Evaluating the freeze-thaw durability 423 

of portland cement-stabilized-solidified heavy metal waste using acoustic measurements”. 424 

Environmental Aspects of Stabilization and Solidification of Hazardous and Radioactive Wastes, 425 

American Society for Testing and Materials, Philadelphia, ASTM STP 1033: 184-191. 426 

Guney, Y., Aydilek, A.H., and Demirkan, M.M., (2006). “Geoenvironmental behavior of foundry 427 

sand amended mixtures for highway subbases.” Waste management, 26(9), 932-45. 428 

Hearn, N., (1998). “Self-sealing, autogenous healing and continued hydration: what is the 429 

difference?” Materials and Structures, 31, 563-567. 430 

19 
 



Hearn, N., Hooton, R.D., and Nokken, M.R, (2006). “Pore structure, permeability, and penetration 431 

resistance characteristics of concrete.” Significance of tests and properties of concrete and 432 

concrete making. Edited by: Lamond J.F. and Pielert J.H., The American Society for Testing and 433 

Materials, Philadelphia, ASTM STP 169B. 434 

ITRC (Interstate Technology & Regulatory Council), (2011). Development of Performance 435 

Specifications for Solidification/Stabilization. S/S-1.Washington, D.C.: Interstate Technology & 436 

Regulatory Council, Solidification/Stabilization Team. www.itrcweb.org. 437 

Kettle, R.J., (1986), “Assessment of freeze-thaw damage in cement stabilized soils.” Conference 438 

Proceeding: Research on Transportation Facilities in Cold Regions. Boston, Massachusetts, 16- 439 

31. 440 

Klich, I., Wilding, L.P., Drees, L.R., Landa, E.R. (1999). “Importance of microscopy in durability of 441 

solidified and stabilized contaminated soils.” Soil Science Society American Journal, 63, 1274-442 

1283. 443 

Micah Hale, W., Freyne S., Russell B. (2009). “Examining the frost resistance of high performance 444 

concrete.” Construction and Building Materials. 23(2), 878-888. 445 

Nmai, C.K., (2006). “Freezing and thawing.” Significance of tests and properties of concrete and 446 

concrete making. Edited by: Lamond J.F. and Pielert J.H., The American Society for Testing and 447 

Materials, Philadelphia, ASTM STP 169B. 448 

Othman, M.A. and Benson C.H. (1992). “Effect of freeze-thaw on the hydraulic conductivity of three 449 

compacted clay from Wisconsin.” Transportation Research Board. Advances in Geotechnical 450 

Engineering, 1369, 126-129. 451 

Othman M.A. and Benson C.H., (1993). “Effect of freeze-thaw on the hydraulic conductivity and 452 

morphology of compacted clay.” Canadian Geotechnical Journal, 30, 236-246. 453 

Othman, M.A., Benson, C.H., Chamberlain, E., and Zimmie, T., (1994). "Laboratory testing to 454 

evaluate changes in hydraulic conductivity of compacted clays caused by freeze-thaw: State-of-455 

the-Art," Hydraulic Conductivity and Waste Contaminant Transport in Soil, American Society for 456 

Testing and Materials, Philadelphia, ASTM STP 1142. 457 

Paria, S. and Yuet, P.K., (2006). “Solidification/stabilization of organic and inorganic contaminants 458 

using Portland cement: A Literature Review”. Journal of Environmental Reviews, 14, 217-255. 459 

20 
 



Pamukcu, S., Topcu, I.B. and Guven, C., (1994). “Hydraulic conductivity of solidified residue 460 

mixtures used as a hydraulic barrier.” In Hydraulic Conductivity and Waste Contaminant 461 

Transport in Soil (STP 1142). Edited by D. E. Daniel & S. J. Trautwein. Philadelphia, PA: ASTM 462 

International, pp. 505–520. 463 

Penttala, V. (2006). “Surface and internal deterioration of concrete due to saline and non-saline 464 

freeze–thaw loads.” Cement and Concrete Research. 36, 921–928. 465 

Sansalone, M. (1997). Impact-echo nondestructive evaluation of concrete and masonry, Bulbrier 466 

Press, Jersey Shore, PA. 467 

Shihata, S.A. and Baghdadi, Z.A. (2001). “Simplified method to assess freeze-thaw durability of soil 468 

cement.” Journal of Materials in Civil Engineering. 13(4), 243-247. 469 

Stegemann, A. and Coté, P.L. (1996). “A proposed protocol for evaluation of solidified wastes.” The 470 

Science of the Total Environment. 178, 103-110. 471 

Yang Y., Lepech M.D., Yang E., Li V.C., (2009). “Autogenous healing of engineered cementitious 472 

composites under wet–dry cycles.” Journal of Cement and Concrete Research, Volume 39, 382-473 

390. 474 

21 
 



 

 

 

 

 

 

Table 1: Factors and levels used in the factorial experiment. 

Factors Levels 
Lower level Upper level 

Curing time 
“Mature” 

(> 35 days) 
 

“Immature” 
(16 days) 

 
Freezing temperature -10oC -2oC 

Number of cycles 12 4 
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Table 2: Summary of mix designs and exposure conditions for the different tests performed 

Test group Test series 

Mix design  Exposure scenario 

W/C1 W/S2 Cement 
content3, %  Curing 

Freezing 
temperature, 

oC 

Number of f/t 
cycles 

Factorial 
tests 

I04-10 

2.7 0.25 10 

 “Immature” -10 4 
I12-10  “Immature” -10 12 
I04-02  “Immature” -2 4 
I12-02  “Immature” -2 12 

M04-10  “Mature” -10 4 
M12-10  “Mature” -10 12 
M04-02  “Mature” -2 4 
M12-02  “Mature” -2 12 

Complementary 
tests 

M04-20 2.7 0.25 10  “Mature” -20 4 
I04-20  “Immature” -20 4 

M12-10(20%) 1.2 0.20 20  “Mature” -10 12 
I12-10(20%)  “Immature” -10 12 

M12-10(LWS) 1.6 0.15 10  “Mature” -10 12 
I12-10(LWS)  “Immature” -10 12 

Note:  
1. W/C: water to cement ratio. 
2. W/S: water to solids ratio. 
3. Cement content expressed per dry mass of soil. 
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Table 3: Testing program and results for the factorial experiments 

Testing conditions  Log(Kexposed/K0)  UCS ratio 
cu

rin
g 

tim
e 

f/t
 c

yc
le

s 

Fr
ee

zi
ng

 
te

m
pe

ra
tu

re
, 

o C
 

 
Trial1

, 
𝐾𝐾1� 

Trial2, 
𝐾𝐾2� Average Variance Trial 1 Trial 2 Average Variance 

“Immature” 4 -2  0.82 0.77 0.80 1.6E-03  0.95 1.01 0.98 1.8E-03 
“Mature” 4 -2  1.19 0.78 0.98 8.3E-02  0.96 1.02 0.99 1.8E-03 

“Immature” 12 -2  0.06 0.20 0.13 9.3E-03  1.09 1.10 1.10 5.0E-05 
“Mature” 12 -2  2.95 2.61 2.78 5.7E-02  0.77 0.74 0.75 4.5E-04 

“Immature” 4 -10  1.34 1.68 1.51 5.5E-02  0.85 0.97 0.91 7.2E-03 
“Mature” 4 -10  1.94 1.76 1.85 1.7E-02  0.62 0.50 0.56 7.9E-02 

“Immature” 12 -10  3.50 2.34 2.92 6.7E-01  0.27 0.15 0.21 7.2E-03 
“Mature” 12 -10  2.42 3.10 2.76 2.3E-01  0.02 0.09 0.05 2.5E-03 
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Table 4: P-values based on the results of ANOVA test on hydraulic conductivity and UCS changes 

Factor P-value 
Log(Kexposed/K0) UCS ratio 

Curing time 3.9×10-3 1.1×10-4 
Number of f/t cycles 1.7×10-3 3.7×10-6 
Freezing temperature 4.1×10-4 1.1×10-7 
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Figure 1: Summary of hydraulic conductivity results for different exposure scenarios and mix designs. 
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Figure 2: Summary of UCS test results for different exposure scenarios and mix designs. 
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Figure 3: Changes in hydraulic conductivity ratios at different f/t cycles. 
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Figure 4: Changes in the UCS ratios due to exposure to different number of f/t cycles. 
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Figure 5: Changes in the resonant frequency ratio after exposure to different f/t scenarios. 
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Figure 6: Comparison of the hydraulic conductivity changes for different 

 scenarios of mature and immature conditions. 
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