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Abstract 

A total of 108 specimens were prepared to examine the hydraulic and strength performance of 

nine different cement-stabilized soils under unexposed and freeze/thaw (f/t) exposed conditions. 

Specimens from each mix design were evaluated under two levels of curing conditions (i.e. 

immature vs. mature). Hydraulic conductivity and unconfined compressive strength (UCS) 

measurements were performed to assess changes in the performance of specimens after 12 cycles 

of freezing at -10±1oC and thawing at 22±1oC. Measured mass losses of the specimens from a 

standard brushing test was also monitored at different f/t cycles and results were compared to the 

changes in the hydraulic performance for each mix design. Hydraulic conductivity measurements 

on unexposed mature specimens showed that the lowest values likely occur at water contents 

slightly wet of optimum water content (OWC). UCS values showed a general decreasing trend 

with the increase in the water content for both immature and mature specimens under unexposed 

conditions. After f/t exposure specimens showed minor reductions as well as increases of up to 

5250 times in hydraulic conductivity values. Increases of up to 14 percent and reductions of up 

to 58 percent in compressive strength were also observed compared to unexposed conditions. For 

most cases, mature specimens resulted in a higher degree of damage compared to immature 

specimens. Results from the brushing tests showed this test method is not a suitable indicator for 

predicting changes in the hydraulic performance of cement-stabilized soils. Hydraulic 

conductivity measurements after a period of post-exposure healing showed damaged specimens 

have some potential in recovering parts of the increased hydraulic conductivity value due to the 

healing process. 

Keywords: Freeze, Thaw, Soil-Cement, Stabilization, Hydraulic conductivity, Compressive 

strength. 
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1. INTRODUCTION 

Cement-based stabilization is widely used for improving the engineering properties of 

problematic soils. Although the majority of these soil improvement projects focus on increasing 

the strength related properties of the initial materials (e.g. soil-cement used as a base material for 

pavements, foundation stabilization, slope protection, etc.) (ACI 1990), there are many 

applications in which the hydraulic conductivity of the final product is a concern. Canal linings, 

vertical cut-off walls, and cement-based solidification/stabilization remediation projects are a 

few examples of such applications. 

Hydraulic conductivity measurement of cement-stabilized soils has been the subject of studies by 

Ganjian et al. (2004), Bellezza & Fratalocchi (2006), and Hammad (2013). However, there has 

been few studies evaluating the influence of environmental exposures such as cycles of 

freeze/thaw (f/t) on the hydraulic performance of cement-treated materials. Based on evaluation 

of limited number of specimens, Pamukcu et al. (1994) showed minor reductions as well as 

increases of up to two orders of magnitude in the hydraulic conductivity of cement-stabilized 

dewatered sludge after 12 f/t cycles. To predict hydraulic conductivity of compacted soil-cement 

after one f/t exposure, Shea (2011) proposed an equation based on basic soil characteristics, 

cement content, and the 7 day UCS value. 

In absence of sufficient literature and reliable standards, many cement-stabilization projects (i.e. 

durability studies and project performance specifications) where changes in hydraulic 

conductivity may be critical to performance, suggest percent mass loss as an indicator for 

evaluating acceptance of performance under f/t exposure (e.g. Paria & Yuet 2006; ITRC 2011). 
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There are two drawbacks to this approach. Firstly, mass loss does not necessarily correspond to 

internal changes in the structure of cemented soils, which in essence controls the hydraulic 

conductivity of these materials (El-Korchi et al. 1989). Secondly, the actual performance 

degradation of the stabilized soil is not quantified, as the results do not provide any quantitative 

information on the changes in hydraulic conductivity of the material being tested. In other words, 

mass loss may be able to establish that there is damage to the specimen after f/t, but the extent of 

the damage will be unknown. 

Jolous Jamshidi (2014) studied the effect of f/t testing conditions such as freezing temperature (-2, 

-10, and -20oC), curing age at the time of first f/t cycle (16 and 35 days), and number of f/t cycles 

(4 and 12 cycles) on hydraulic and strength performance of a cement-stabilized silty sand. 

Increases of up to three orders of magnitude in hydraulic conductivity as well as strength loss of 

up to 95 percent in the unconfined compressive strength (UCS) values were reported in the study. 

Statistical analyses performed on the results showed that all of the investigated testing factors 

were significant in the observed changes in the hydraulic conductivity and UCS values. It was 

also suggested that modifications in the mix design (i.e. increasing the cement content or reducing 

the water content) may result in better performance of cement-stabilized soils under f/t exposure. 

The current paper investigates the influence of a soil’s grain size distribution (i.e. fines content), 

soil-cement water to cement (w/c) ratio, and curing age on the hydraulic and strength properties 

of cement-stabilized soils under control (i.e. unexposed) and f/t exposed conditions. Given the 

lack of literature on hydraulic performance of soil-cement, measurements on control conditions 

were necessary to better evaluate the influence of mix design on the f/t exposed specimens. The 

efficiency of the mass loss measurement in predicting changes in hydraulic performance of 
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damaged specimens is also discussed. The potential healing capacity of f/t damaged specimens in 

recovery of their increased hydraulic conductive is also examined for some of the specimens that 

underwent damage during f/t. 

2. MATERIALS AND METHODS 

2.1 Soil materials 

The three soils examined in this work were lab-manufactured by blending together “soil A” and 

“soil B” at different proportions, as presented in Table 1. Soil A consisted of a glacially derived 

silty sand (ASTM-D2487 2011) from Halifax, Nova Scotia that was initially sieved through a 9.5 

mm (ASTM-D6913 2004) mesh-sized sieve to remove oversized material. The remaining soil 

was then passed through 4.75, 1.20, 0.30, and 0.08 mm sieves. The portion remaining on the 0.08 

mm sieve was washed through this sieve (with wash water being discarded) in order to minimize 

the amount of fines content in this soil. Soil B was prepared by sieving a silt material derived 

from quarry operations through a 0.08 mm sieve and discarding the oversized portion. The 

graded materials from both soils were stored in plastic bags for future blending according to each 

mix design. The separation of the soils into specific gradation ranges provided some control on 

grain size distribution between different soil-cement mix designs. 

Results of mineral oxides analyses for soil A and soil B are presented in Table 2. For both soils, 

silica and aluminum are the major oxides present, which account for more than 80% of the total 

composition. Ignition of the soil A and soil B at 1000oC yielded a loss on ignition (LOI) of 2.41 

and 1.17%, respectively, indicating the presence of small amounts of organic matter in these 
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soils. X-ray diffraction tests performed on soil A and B samples (<0.044 mm size fraction) 

showed quartz and feldspars as the main mineralogical components of these materials. 

Standard proctor compaction tests (ASTM-D558 2011) were performed on each soil (i.e. Soil I, 

II, and III) blended with 10% cement to identify the optimum water content (OWC) of the 

resulting soil-cement. As presented in Figure 1, the three soils show an OWC in the range of 8 to 

11% and a maximum dry density ranging from 1976 to 2050 Kg/m3. Slight increases in the 

OWC and slight decreases in the maximum dry density were observed with an increase in the 

fines content (passing 0.08 mm sieve) in the soils. 

2.2 Soil-cement specimen preparation 

A total of nine mix designs were used in this research (see Table 1). Specimens were prepared by 

addition of 10% (i.e. cement/dry mass of soil) general use Portland-limestone blended cement 

(CSA type GUL) to each soil at different w/c ratios (i.e. 1, 1.5, and 2). Examination of the water 

content of the soil-cement mixture relative to the OWC, as well as some visual pre-assessment of 

the workability of the mixes, were performed to determine if specimens would be either 

compacted in standard compaction molds (ASTM-D558 2011) or placed into plastic molds for 

self-consolidation (Table 1). A brief description for each of these specimen preparation methods 

is provided in the following sections. 

2.2.1 Compaction method for dry soil-cement specimens 

The required soil for each set of mix design was prepared by mixing soil A and B according to 

proportions presented in Table 1. Cement was then added to the soil and mixed until the mixture 
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became homogeneous. The amount of water required to reach the target total w/c ratio, 

calculated by incorporating the moisture content of the soil before mixing, was then added to the 

soil-cement blend. Mixing was performed using a drill-mounted paddle until a uniform mixture 

was reached. The resulting soil-cement was compacted in standard proctor molds in three layers 

with each layer subjected to 25 blows of a 2.49 Kg standard hammer following ASTM-D558 

(2011). After compaction, the molds were placed in sealed plastic bags (to minimize water 

evaporation) for 5 days prior to extrusion. Specimens were then stored in a 100% humidity moist 

room until the required age of testing. 

2.2.2 Self-consolidation method for wet soil-cement specimens 

For the wet mixing preparation of specimens, dry cement and water were first proportioned at the 

required w/c ratio and then mixed to form a slurry. The soil was then incrementally added to the 

cement slurry and mixed uniformly via a drill-mounted paddle. The given soil-cement mixture 

was then placed into cylindrical plastic molds with a nominal size of 101 mm diameter and 118 

mm height. The soil-cement placement occurred in three layers, each layer being subjected to 20 

strokes using a standard concrete slump testing rod to provide consistent consolidation. Similar 

to the dry mix preparation method, molds were placed in a sealed plastic bag for 5 days prior to 

extrusion. Specimens were then kept in a 100% humidity moist room prior to further testing. 

2.3 F/t conditioning of soil-cement specimens 

Specimens from each mix design were exposed to f/t cycles at immature and mature curing 

conditions. The first f/t cycle exposure occurred at the age of 16 days for immature and over 110 

days for mature curing conditions. F/t cycling consisted of approximately 24 hours of freezing in 
7 

 



a freezer set at -10±1oC followed by thawing in a 100% humidity room at a temperature of 

22±1oC. All specimens were saturated under a minimum backpressure of 524 KPa (with a 

confining pressure of 558 to 593 KPa) for a minimum of seven days prior to f/t exposure 

(ASTM-D5084 2010). 

2.4 Specimen testing  

The testing program was designed to evaluate the physical performance of both unexposed and 

exposed specimens for different mix designs and curing maturities. Figure 2 presents the 

sequence of testing for both immature and mature curing conditions. Tests performed on the 12 

specimens from each mix design are also presented in Table 3. Details of the testing conditions 

used in the study are also discussed in the following sections. 

2.4.1 Hydraulic conductivity 

Hydraulic conductivity measurements were performed on duplicate specimens following method 

A of ASTM-D5084 (2010) (i.e. constant head flexible-wall method). Permeation with de-aired 

water was performed under a hydraulic gradient ranging from 11 to 116 depending on the 

permeability of the specimens in order to control the length of experiments. Test durations 

ranged from 3 days for highly damaged specimens after f/t exposure, to 2 weeks for low 

permeable mature specimens. An outflow to inflow ratio of between 0.75 to 1.25 and a steady 

hydraulic conductivity value were considered as the test termination criteria. For specimens with 

very low hydraulic conductivity (i.e. less than 5×10-11 m/s), the outflow to inflow ratio was 

difficult to achieve in the two-week period of the testing, hence these tests were terminated when 

a steady hydraulic conductivity value was reached in consecutive readings. 
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For immature tests, control hydraulic conductivity values (K0) were measured on specimens 

(specimens 1 and 2 in Figure 2 (a)) after approximately 9 days from specimen preparation. This 

test was completed before day 16, when the f/t cycling of these specimens began. At the end of 

the 12th f/t cycle, these same specimens were tested for hydraulic conductivity values for exposed 

conditions (Kexposed). The hydraulic conductivity ratio, defined as the ratio of hydraulic 

conductivity values of exposed specimens to the values obtained prior to f/t exposure 

(Kexposed/K0), are used subsequently to discuss changes in the hydraulic performance of 

specimens after f/t exposure. 

For mature tests, control hydraulic conductivity values (K0) were measured after about 95 days 

from specimen preparation (specimens 7 and 8 in Figure 2 (b)). At the completion of the test, 

specimens were exposed to 12 f/t cycles. Similar to immature specimens, hydraulic conductivity 

measurements were performed on exposed specimens and the hydraulic conductivity ratio was 

calculated to assess the changes in the performance of specimens after exposure to f/t cycles. 

2.4.2 Percent mass loss 

Current industry practice suggests percent mass loss as an indicator of resistance of cement-

stabilized soils exposed to f/t cycles. To evaluate the reliability of this method in terms of 

predicting the changes in hydraulic performance of soil-cement, the brushing test (as suggested 

by ASTM-D560 (2003)) was performed on duplicate specimens (specimens 3 and 4 in Figure 2 

(a), 9 and 10 in Figure 2 (b)) at the end of each f/t cycle and the specimens’ mass was recorded. 

Brushing consisted of 20 strokes on the sides of the specimens (covering the perimeter twice) 

and 4 strokes on the top and bottom side of the specimens using a wire brush. Changes in the 
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mass of the specimens were monitored by calculating the percent mass loss (Δm) using the 

following equation: 

100×
−

=∆
i

mi
m m

mm
 Equation 1 

where mi and mm are the initial mass and mass of the specimen after brushing at the end of the 

mth cycle, respectively. 

2.4.3 Unconfined compressive strength (UCS)  

Unconfined compressive strength (UCS) measurements were performed on duplicate specimens 

under unexposed (i.e. control) (specimens 5 and 6 in Figure 2 (a), 11 and 12 in Figure 2 (b)) and 

exposed conditions (specimens 3 and 4 in Figure 2 (a), 9 and 10 in Figure 2 (b)). For exposed 

conditions, the same specimens used for brushing tests were tested for UCS and as a result the 

reported values represent the residual compressive strength of the specimens after the brushing 

test. The UCS ratio is calculated by dividing the average UCS values for exposed specimens by 

the average of values for unexposed specimens. In order to minimize variability between tests, 

UCS measurements for both exposed and unexposed specimens were performed on the same 

day. All specimens were sulfur-capped prior to the test to ensure concentric loading during the 

test. UCS values were obtained using a vertical deformation rate of 0.5 mm/min. 

It is known that the hydration of cement occurs at a very slow rate at sub-zero temperatures 

(Kosmatka et al. 2003). Comparing the testing procedures for measuring UCS values of control 

(unexposed) and exposed specimens in Figure 2 (a) and (b) shows that exposed specimens cure 

for about 12 days less than unexposed specimens due to the 12 f/t cycles (assuming minimal 
10 

 



curing during each freezing period). For mature specimens, considering the length of the 

experiments (over 134 days), the curing age difference between control and exposed specimens 

will have a negligible effect on the observations. However, for immature specimens, to minimize 

the possible influence of this difference on UCS values, tests were performed approximately 20 

days after completion of f/t cycles (curing compensation period in Figure 2 (a)). This ensured at 

least 48 days of curing for both control and exposed specimens in immature UCS tests. At this 

age it is assumed that differences observed in the results are due to the f/t cycling of exposed 

specimens as opposed to lack of curing in these specimens. 

Considering the length of time required for f/t cycling and the curing compensation period (only 

for immature specimens), UCS tests for control conditions were performed at about 60 days after 

specimen preparation for immature tests and after 134 days for mature tests. To provide 

additional information on the effect of shorter and longer curing times on UCS than that 

described above, another specimen set was prepared for mixes SI(1), SI(2), SIII(1), and SIII(2) 

(selected as extreme mix designs for fine content and w/c ratio) and was tested for UCS values at 

the age of 16 days and 241 days. 

2.5 Hydraulic conductivity recovery of exposed specimens 

In contrast to exposure to f/t cycles, which is believed to damage the structural integrity of 

porous materials, autogenous healing has been reported to act positively in durability of cement–

based materials (e.g. Jacobsen & Sellevold 1996) and soils (e.g. Eigenbrod 2003). To study the 

possibility for autogenous healing with respect to hydraulic conductivity changes after f/t 

exposure, 10 immature and mature specimens (i.e. immature specimens from SI(1.5), SII(1.5), 
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and SII(2) mix designs and mature specimens from SI(1.5) and SI(2) mix designs) which 

exhibited highest amounts of hydraulic conductivity changes during the experiments were re-

tested for hydraulic conductivity values after a post-exposure curing period of at least 120 days 

in the moist room. Hydraulic conductivity ratios for healed specimens (i.e. Khealed/K0) are 

calculated and compared to hydraulic conductivity ratios for the same specimens measured at the 

end of the 12th f/t cycle (i.e. Kexposed/K0). 

3. RESULTS AND DISCUSSION 

Results of the testing described above are presented in following three sections. Firstly, the effect 

of mix design and level of curing on hydraulic and strength performance of cement-stabilized 

soils is presented (i.e. comparing the changes in the performance between unexposed 

specimens). Secondly, changes in hydraulic and strength performance of specimens after 

exposure to f/t cycles are presented and compared to values obtained from control conditions. 

This section also compares the changes in hydraulic conductivity values due to f/t exposure to 

the brushing tests results. Thirdly, the healing potential of exposed specimens are evaluated by 

presenting the changes in hydraulic conductivity values of damaged specimens after post-

exposure curing.  

3.1 Comparison of performance among control specimens 

3.1.1 Influence of w/c ratio on hydraulic conductivity and UCS 

There is limited data in the literature related to the hydraulic conductivity of cement-stabilized 

soils and its relation to changes in the w/c ratio. Hammad (2013) performed laboratory studies on 

12 

 



the effect of molding water content on hydraulic conductivity of a cement-stabilized silty sand. 

Hammad (2013) found that the lowest hydraulic conductivity for specimens cured for 28 days 

occurs at a water content ranging from 2 to 6 percent above the OWC measured from the 

standard proctor test. Extensive studies on compacted clays also exist in the literature that show 

the minimum hydraulic conductivity occurs at a water content slightly wet of OWC from 

standard proctor compaction effort (e.g. Boynton & Daniel 1985; Haug & Wong 1992). 

Based on the standard compaction test results for this study presented in Figure 1, specimens 

prepared at the w/c ratio of 1.5 (i.e. SI(1.5), SII(1.5), and SIII(1.5)) fall within the water content 

range of 2 to 6 percent wet of OWC (i.e. hatched areas in Figure 1). Figure 1 shows that, with the 

exception of the immature specimens for SI(1.5) and SII(1.5), these specimens have the lowest 

hydraulic conductivity values in comparison to other mix designs for both immature and mature 

conditions. Immature specimens for SI(1.5) and SII(1.5) both have hydraulic conductivity values 

higher than specimens with lower w/c ratio. This different behavior is likely due to high amounts 

of available water in the mix design of these specimens (due to the lower fines content of the 

initial soils) that delays the time required to disconnect the pore structure (Powers et al. 1959; 

Hearn et al. 2011). Even for these specimens, at longer curing times (i.e. mature specimens), the 

lowest measured hydraulic conductivity occurs at w/c ratio of 1.5 (i.e. 2 to 6 percent wet of 

optimum water content). 

Specimens from the SIII(1) mix design, which were compacted dry of optimum water content, 

exhibit hydraulic conductivity values of over two orders of magnitude higher than those 

compacted at slightly wet of optimum. This shows deviation from OWC towards a drier mix 

design can drastically increase the expected hydraulic conductivity values for both immature and 
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mature conditions. Similar observations have been reported in previous studies on compacted 

clays (e.g. Mitchell et al. 1965; Boynton & Daniel 1985). This is likely a result of insufficient 

lubrication of soil and cement particles during the compaction process at these low water 

contents which results in poor kneading compaction.  

The w/c ratio and its importance as an indicator for mix design strength has been widely studied 

for concrete (Popovics & Ujhelyi 2008). According to Abram’s theory (Abrams 1919), provided 

that a minimum w/c ratio required for the hydration of available cement and the workability of 

concrete is available in a mix design, further increase in w/c ratio results in reduction of the 

compressive strength. 

Results of UCS tests on cement-stabilized clays by Aderibigbe et al. (1985) showed a bell shape 

relation between w/c ratio and UCS. Optimum w/c ratios, to achieve the highest UCS, ranged 

from 0.4 to 2.6 for different ratios of cement/clay. Horpibulsuk et al. (2010) conducted some 

experiments to study the relation between the OWC for UCS and density (i.e. standard proctor 

test). Results showed that while for an un-cemented clay, the OWC for UCS and density were 

similar, for cemented samples the maximum strength occurred at about 1.2OWC from proctor 

test results. Horpibulsuk et al. (2003) also showed that Abram’s equation is valid to predict the 

compressive strength of cemented clay with respect to w/c ratio at high water contents. 

Experiments by Guney et al. (2006) on cemented non-plastic soils (i.e. foundry sand) for w/c 

ratios ranging from 2% dry of to 2% wet of proctor test OWC, showed a general decreasing trend 

for UCS. This possibly suggests similarities between non-plastic soils and concrete in terms of 

w/c ratio-UCS behavior with respect to OWC from compaction tests (i.e. requiring minimum 

hydration water and workability as opposed to following the trends of proctor test OWC results). 
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For the three soils investigated in this study, all the w/c ratios, with the exception of SIII(1) 

specimens, are on the wet side of the material’s OWC. UCS results (Figure 1) for the three soils 

show a general decreasing trend in compressive strength values as a result of an increase in the 

water content. 

3.1.2 Effect of curing age (immature vs. mature) 

Cement-based materials have a dynamic structure that changes with time due to the ongoing 

process of cement hydration. According to Powers & Helmuth (1953) the pore size distribution 

within the structure of a cement paste can be divided into gel pores, capillary pores, and air 

voids. Water permeation in cement-based materials mainly occurs through a network of capillary 

pores, and air voids. At the early stages of hydration, capillary pores are connected and provide a 

permeable medium. As the hydration process continues, some of the capillary pores change into 

gel pores and become disconnected, resulting in significant reduction in hydraulic conductivity. 

Powers et al. (1954) showed a reduction of over six orders of magnitude can occur in the 

hydraulic conductivity of cement paste from the time of specimen preparation (i.e. fresh paste) 

until 24 days of curing. The hydration process also causes an increase in the strength of the 

cemented soils because of the increased binding capacity of cement paste (ACI 1990). 

Comparing the hydraulic conductivity results for immature (16 days of curing) and mature (over 

95 days of curing) conditions, Figure 1 shows a decrease of up to two orders of magnitude in the 

values at the longer curing age. However, UCS results in Figure 1 show a negligible difference 

between the values obtained for immature and mature control tests (with some cases immature 

specimens showing slightly higher UCS values compared to mature specimens). The reason for 

15 

 



the minor difference between these cases is that, unlike the hydraulic conductivity specimens, 

UCS measurements for these control specimens were performed at an age of about 60 days for 

immature specimens (after completion of f/t cycling and curing compensation period (see Figure 

2)), at which the main portion of hydration process is likely completed. 

To provide some insight on the UCS values for shorter and longer curing ages, a parallel set of 

tests including mix designs from extreme conditions (lowest and highest w/c ratios and fines 

contents: i.e. SI(1), SI(2), SIII(1), and SIII(2)) was conducted. UCS measurements were 

performed on specimens at the age of 16 and 241 days. Results are presented in Figure 3, and 

show an increase of up to 52 percent in the UCS values between extreme curing ages (16 and 

241 days). Considering the results of control specimens (from immature and mature tests) 

presented in Figure 3, a general increasing trend can be observed for most of the mix designs. 

The exceptions are specimens from SIII(1), which show no obvious trend in the values. 

Considering that these specimens were cast at dry of OWC, this could be due to the low 

workability of this mix design resulting in a higher heterogeneity in the observed values. 

3.2 Influence of f/t exposure on the performance (i.e. exposed conditions) 

Performance of specimens after exposure to f/t cycles are presented in the current section. In 

discussing the behavior of exposed specimens herein, immature and mature exposed specimens 

are referred as immature and mature specimens, respectively. 
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3.2.1 Hydraulic conductivity 

Figure 4 shows the results of hydraulic conductivity measurements for specimens after exposure 

to f/t cycles. In terms of hydraulic conductivity changes, Figure 4 shows both minor reductions 

for some immature specimens (i.e. hydraulic conductivity ratios less than 1) and increases of up 

to 5250 times. The increase in the hydraulic conductivity values can be attributed to the 

formation of cracks/micro-cracks within the structure of cement-stabilized soil during the 

freezing process. Any reduction in the hydraulic conductivity values after f/t is likely a result of 

the continuing hydration process in immature specimens that offsets any deteriorating effect of 

f/t cycles. 

For soil I, specimens compacted near the OWC show the least amount of changes for both 

immature and mature conditions. It is expected that increase in water content in the mix design 

will result in higher f/t susceptibility of specimens (due to the reduced strength and increased 

porosity of the specimens) and hence increase in hydraulic conductivity ratios. According to 

Figure 4 (a), this trend is true with the exception of immature specimens at w/c ratio of 2. For 

these specimens, a reduction in hydraulic conductivity ratio was observed in comparison with the 

specimens prepared at w/c ratio of 1.5. This behavior could be due to interference of the 

hydration process with deteriorating effect of freezing exposure in these specimens. Another 

possible reason for this behavior can be the high initial hydraulic conductivity of specimens from 

this mix design that can facilitate water transport through the soil-cement structure. This can 

prevent development of hydraulic pressure in the specimens during the freezing process and 

reduce the amount of observed damages (Powers & Willis 1949). 
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For soil II (Figure 4 (b)), an increase in the hydraulic conductivity ratio is evident as a result of 

increased w/c ratio in immature specimens. For mature specimens, while hydraulic conductivity 

ratio is noticeably higher for specimens prepared at w/c ratio of 2, specimens with w/c ratio of 1 

and 1.5 exhibit relatively similar changes in hydraulic conductivity values. 

For soil III (Figure 4 (c)), even though there are increasing trends in the hydraulic conductivity 

ratios for mature specimens with the increased w/c ratio, values of hydraulic conductivity for 

immature specimens after f/t exposure are very similar to values measured for control conditions 

(i.e. hydraulic conductivity ratios close to 1). Comparing the hydraulic conductivity ratio for 

immature and mature specimens in Soil III to similar w/c ratios for Soil I and Soil II also shows 

better or relatively similar performance for this soil due to higher fines content. 

From the results in Figure 4, it is also evident that mature specimens undergo a higher degree of 

damage (in terms of changes in hydraulic conductivity values) as compared to immature 

specimens. This is in agreement with observations by the authors in a previous publication 

(Jamshidi 2014). Higher damage in mature specimens is likely a result of their increased 

brittleness due to the hydration process, which makes the material more sensitive to the 

deformations caused during the freezing exposure. The progressive hydration process in 

immature specimens may also offset the deteriorating effect of freezing, which can result in less 

changes in the observed hydraulic conductivity values. 

Othman et al. (1994) showed that for compacted clays, specimens with higher initial hydraulic 

conductivity exhibit lower increases in hydraulic conductivity values after f/t exposure. For the 

specimens tested in this study, variation of hydraulic conductivity ratios after f/t exposure are 
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plotted against initial hydraulic conductivity in Figure 5. While there is no obvious trend in the 

results, it seems that (although there are limited data points available) for initial hydraulic 

conductivity values higher than 1×10-8 m/s, relatively small changes in the hydraulic 

conductivity may occur after f/t exposure. 

3.2.2 Brushing test 

The results of the brushing tests performed on exposed specimens at different f/t cycles is 

presented in Table 4. A mass loss ( m∆ ) of between 0.72 to 23.4 percent was observed at the end 

of the 12th f/t cycle. However, it should be noted that all the experiments, with the exception of 

SII(2)-mature, showed a mass loss of less than 7 percent. This is despite hydraulic conductivity 

increases of up to three orders of magnitude for some of these mix designs. By comparing the 

mass loss data to the hydraulic conductivity changes presented in previous section, we can also 

conclude that the amount of mass loss in specimens is not proportional to the changes in the 

hydraulic conductivity values. For instance, specimens from SII(2)-immature and SII(1)-

immature exhibit approximately equal mass loss at the end of the 12th f/t cycle, however, 

hydraulic conductivity ratios for these mix designs show about 100 times increase for SII(2)-

immature and 15% reduction for SII(1)-immature. This difference is mainly because mass loss 

data represent the changes in the surface of the exposed specimens, while hydraulic conductivity 

is controlled by internal changes in the specimens. 

Comparing the results of mass loss at the end of the 12th f/t cycle for immature and mature curing 

conditions (Figure 6), shows a higher degree of surface damage in mature specimens after the 

brushing test. This is consistent with the observations for hydraulic conductivity changes (i.e. 
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higher increases for mature specimens) presented in the previous section. Figure 6 also shows an 

increase in w/c ratio seems to result in higher amount of mass loss for both immature and mature 

specimens. The exception to this observation being SII(1) and SII(1.5) specimens, which both 

have very low mass loss values of less than 3 percent. The increase in the mass loss due to the 

increased w/c ratio may partially be a result of decreased UCS values (and consequently tensile 

strength) of these specimens, which makes them more vulnerable to surface damages due to the 

brushing test. 

3.2.3 Unconfined compressive strength 

Figure 7 presents the results of UCS tests on specimens after exposure to f/t cycles. Reductions 

as high as 58 percent as well as increases as high as 14 percent were observed after f/t exposure. 

There is no clear trend in the changes in the observed values with regards to the mix design and 

water content. However, for most cases of immature and mature exposure (with the exception of 

SIII(1)-immature), compressive strength values still follow the same trend as control conditions 

(i.e. decreasing value with the increase in water content). SIII(1)-immature specimens showed 58 

percent reduction in the compressive strength, resulting in UCS values smaller than SIII(1.5) and 

SIII(2) mix designs. This difference in the behavior suggests specimens compacted at dry of 

OWC may be more sensitive (in terms of UCS changes) to the exposure of freezing conditions at 

younger curing ages. 

Considering the UCS ratios presented in Figure 7 (a) for soil I, specimens prepared at the w/c 

ratio close to the OWC resulted in minor changes after f/t exposure (UCS ratios close to 1). Also, 

an increase in w/c ratio in the mix designs for this soil seems to result in higher amounts of 
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damage (i.e. lower UCS ratios) for both immature and mature cases with the exception of SI(2)-

immature. This is in agreement with the changes in the hydraulic conductivity values for this mix 

design, which were presented in section 3.2.1. 

For soil II (Figure 7 (b)), UCS ratios decrease (i.e. higher damage) as a result of increase in w/c 

ratio, with the exception of SII(1)-immature. For the SII(1) mix design, while mature specimens 

exhibited a UCS ratio of 1.14 (showing increase in the strength), immature specimens showed a 

decrease of approximately 30 percent (i.e. UCS ratio of 0.71) in the UCS values after f/t 

exposure. The poor performance of immature specimens for this mix design (compared to higher 

w/c ratios) is likely due to incomplete structure of these specimens at the time of exposure as a 

result of low w/c ratio. This is in agreement with the reductions observed in the hydraulic 

conductivity of SII(1)-immature after f/t exposure, which indicates continuation of curing 

process for these specimens. 

For soil III (Figure 7 (c)), mature specimens compacted dry of OWC show an increase in UCS 

values after f/t exposure, while immature specimens from the same mix design exhibit about 58 

percent reduction in UCS values compared to control conditions. Specimens prepared at higher 

w/c ratios exhibit UCS values similar to control conditions (i.e. UCS ratios close to 1), with the 

exception of mature specimens from SIII(1.5) that show about 20 percent reduction in UCS 

values after f/t exposure. 

Dempsey & Thompson (1973) previously showed that there is a good correlation between UCS 

values for f/t exposed specimens (after 5 and 10 f/t cycles) and results of vacuum saturated UCS 

tests on unexposed specimens. The relation between exposed and unexposed UCS values in the 

21 

 



current study is presented in Figure 8. A coefficient of determination (R2) of 80 percent between 

the results suggests that unexposed UCS can be used to predict strength changes in the soil-

cement after f/t exposure. 

Comparing the changes in the UCS and hydraulic conductivity values after exposure to f/t cycles 

doesn’t show any correlation between the observed data. For instance, while SII(1)-mature 

specimens show an increase of about 50 times in hydraulic conductivity values after f/t exposure, 

specimens from the same mix design show a strength gain of about 14 percent. Similarly, while 

hydraulic conductivity of SII(1)-immature decreased after f/t exposure (i.e. improved 

performance), a reduction of 30% is observed in UCS test results (i.e. performance degradation). 

These variations could be due to the different nature of these tests. For a specific mix design, f/t 

conditioning of the specimens may result in an increase in the porosity of the structure that can 

lead to a reduction in the compressive strength values. However, increase in the hydraulic 

conductivity, depends on the amount of connected porosity (including cracks and micro cracks) 

in the structure. Contrary, even a local crack can result in considerable increase in the hydraulic 

conductivity values, but possibly a smaller change in the observed UCS values. 

3.3 Healing potential for exposed specimens 

Many mechanisms have been suggested to result in the self-healing healing of cement-based 

materials after f/t exposure. Those include further hydration of un-reacted cement, crystallization 

(calcium carbonate), or clogging of the cracks due to the impurities in the flow or moving of 

loose particles in the matrix (Edvardsen 1999). A study by Jacobsen & Sellevold (1996) showed 

a partial regain of compressive strength of frost damaged concrete after a period of submersion 
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in water. Microstructural observations by Jacobsen et al. (1995) showed the presence of newly 

formed C-S-H, ettringite, and calcium hydroxide in the cracks after the healing period. A study 

by Yang et al. (2009) on concrete suggests that the recovery of mechanical and transport 

properties of the samples can only be achieved under conditions of extremely tight crack widths. 

Under these conditions, full recovery for crack widths of less than 50 μm and partial recovery for 

crack width of up to 150 μm was achieved. 

To study the potential for hydraulic conductivity recovery of specimens after f/t exposure, ten 

specimens (from both immature and mature curing conditions) that exhibited hydraulic 

conductivity ratios (Kexposed/k0) ranging from 5.4 to 5250 were re-tested for hydraulic 

conductivity, after a post-exposure curing period of over 120 days in the moist room (Khealed). 

The healed hydraulic conductivity ratio was calculated by dividing values after the post exposure 

curing period by the control conditions (Khealed/K0). Comparing the results to the values for 

control and exposed specimens (Figure 9) shows a wide range of healing potential for hydraulic 

conductivity values. Multiplier numbers next to the arrows on Figure 9 show the hydraulic 

conductivity ratios for exposed and healed specimens. 

For immature conditions, SI(1.5) specimens which had hydraulic conductivity ratios of less than 

50 times (49.2 and 43.5 for specimens #1 and # 2, respectively) after f/t cycles, recovered to 

hydraulic conductivity ratios of 5.5 and 2.0 after the healing period. SII(1.5)-immature 

specimens also healed from hydraulic conductivity ratios of 7.8 and 5.4 after f/t, to hydraulic 

conductivity ratios of 1.7 and 2.3, respectively. On the other hand, SII(2)-immature specimens 

which exhibited hydraulic conductivity ratios of 75 and 112.5 after f/t exposure, reached to 

hydraulic conductivity ratios of 13.5 and 54.2 after the healing period, respectively.  
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Mature specimens from SI(1.5) and SI(2) mix designs showed hydraulic conductivity ratios of 

about 300 to 5200 after f/t exposure. After the post exposure healing period, even though these 

specimens exhibited some reduction in the hydraulic conductivity values compared to exposed 

conditions, results are still over two orders of magnitude higher than similar measurements for 

control conditions (Figure 9). 

Results of immature and mature specimens from Figure 9 could indicate that highly damaged 

specimens have less potential in recovery of lost hydraulic conductivity values, potentially due to 

formation of larger crack widths in their structure similar to observations by Yang et al. (2009). 

4. SUMMARY AND CONCLUSIONS 

The current study investigated the influence of fines content in a soil, w/c ratio in soil-cement 

mix design, and curing conditions on performance of cement-stabilized soils prior to, and after, 

exposure to 12 cycles of f/t. A summary of the findings is as follows: 

1. Hydraulic conductivity measurements for unexposed specimens showed that 

minimum values can likely be achieved at a w/c ratio slightly wet of OWC, as was 

previously suggested in the literature (Hammad 2013). Also, comparing the results of 

immature and mature hydraulic conductivity measurements (16 days vs. over 95 days) 

showed a decrease of up to two orders of magnitude at the longer curing age. 

2. For the mix designs investigated, UCS measurements on control specimens 

showed a decreasing trend, as a result of increase in w/c ratio. The difference between UCS 

values of immature and mature specimens were negligible. This was potentially because 
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immature specimens were tested at an age of 60 days, when likely a considerable amount 

of hydration process was complete. A parallel test was conducted to compare the UCS 

values at short (16 days) and long (241 days) curing ages. These tests showed an increase 

of up to 52 percent in the values as a result of the curing process. 

3. Both minor reductions and increases of up to 5250 times were observed in the 

hydraulic conductivity values after f/t exposure. While the increase in the hydraulic 

conductivity is a result of formation of cracks and micro-cracks in the specimens due to the 

freezing process, reduction in the hydraulic conductivity values may be a result of the 

continued hydration of cement that offsets the deteriorating effect of f/t cycles. 

4. Mature specimens exhibited higher increases in the hydraulic conductivity values 

after f/t exposure as compared to immature exposed specimens. This is likely due to 

brittleness of the specimens at mature conditions that makes them more susceptible to 

induced deformations during the freezing action. A continuing hydration process can also 

reduce the observed changes in the hydraulic conductivity of immature specimens after f/t 

exposure. 

5. Brushing tests were performed at the end of each thawing phase, and the mass 

loss for each specimen was monitored for twelve cycles of f/t. Mass loss ranged from 0.72 

to 23.4 percent, with most of the observed values under 7 percent. Mature specimens 

showed higher amount of surface damage (mass loss) compared to immature specimens 

exposed to f/t cycles. Comparing mass loss data with hydraulic conductivity changes after 

f/t cycles showed the changes are not proportional. This suggests mass loss is not a 
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credible indicator for predicting changes in the hydraulic conductivity of cement-stabilized 

soils exposed to f/t cycles.  

6. Changes in UCS values were monitored for different specimens exposed to f/t 

cycles. Decreases of up to 58 percent and increases of up to 14 percent were observed 

compared to control conditions. No obvious pattern in the changes was observed. Also 

comparing the results to the hydraulic conductivity measurements didn’t show any 

correlation between the values. 

7. Results of hydraulic conductivity measurements after a post exposure healing 

period of over 120 days showed that depending on the amount of initial damage, some 

reduction in hydraulic conductivity values can be expected over time. Specimens with 

lower amounts of damage (i.e. lower increase in hydraulic conductivity values) 

demonstrated a better potential in terms of reduction in the hydraulic conductivity values 

after the healing period. However, none of the specimens could achieve full recovery of the 

hydraulic conductivity values as compared to measurements performed for control 

conditions. 
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Figure captions 

Figure 1: Effect of mix design on hydraulic and strength performance of cement-stabilized soils. 

Note: hatched areas represent water contents that are 2 to 6% above optimum water content. 

Figure 2: Summary of the testing procedures for a) immature b) mature tests. 

Figure 3: Effect of curing age on the compressive strength of cement-stabilized soils. 

Figure 4: Hydraulic conductivity ratio (top) and exposed hydraulic conductivity (bottom) for 

exposed specimens. Note: Vertical solid line represents the OWC conditions. 

Figure 5: Variation of hydraulic conductivity ratios after f/t exposure compared to initial 

hydraulic conductivity values. 

Figure 6: Mass loss of the exposed specimens at the end of the 12th cycle of freezing/thawing. 

Figure 7: Unconfined compressive strength ratio (top) and residual compressive strength 

(bottom) of specimens after f/t exposure. Note: Vertical solid line represents the OWC 

conditions. 

Figure 8: Correlation of UCS values for exposed and unexposed conditions. 

Figure 9: Hydraulic conductivity recovery of exposed specimens after post-exposure healing 

period. 
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Table 1: Summary of soil particle size distributions and w/c ratios used for different mix designs. 

Soil 
name 

Mix 
designation 

Water/cement 
ratio 

Mixing 
method 

Soil composition by dry weight, % 
USCS 

classification 
of blended soil 

Soil A Soil B 
<0.08 
mm 9.5-4.75 

mm 
4.75-1.20 

mm 
1.20-0.30 

mm 
0.30-0.08 

mm 

Soil I 
(SI) 

SI(1) 1 Compaction 

13 42 30 15 0 
Well graded 

sand 
SI(1.5) 1.5 

Self-
consolidation 

SI(2) 2 
Self-

consolidation 

Soil II 
(SII) 

SII(1) 1 Compaction 

11 36 25 13 15 Silty sand SII(1.5) 1.5 Compaction 

SII(2) 2 
Self-

consolidation 

Soil III 
(SIII) 

SIII(1) 1 Compaction 

9 30 21 10 30 Silty sand SIII(1.5) 1.5 Compaction 

SIII(2) 2 
Self-

consolidation 

 

  



Table 2: Mineral oxides analysis of the soils used in the study. 

Mineral oxide 
Soil A 
Wt. % 

Soil B 
Wt. % 

Al2O3 14.57 15.31 

CaO 0.49 1.85 

Fe2O3 2.66 5.66 

K2O 3.27 4.02 

MgO 0.61 1.60 

MnO 0.09 0.12 

Na2O 3.03 3.08 

P2O5 0.23 0.39 

SiO2 71.82 65.65 

LOI (1000°C)* 2.41 1.17 

Total 99.18 98.85 

*LOI: Loss on ignition 

 

 

  



 

 

Table 3: Details of testing on specimens from each mix design. 
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Table 4: Summary of percent mass loss data due to brushing of specimens at different f/t cycles. 
 SI

 w/c=1 w/c=1.5 w/c=2
 Immature Mature Immature Mature Immature Mature 

f/t 
cycles 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 0.72 0.03 0.93 0.08 0.14 0.04 0.44 0.10 0.51 0.16 0.39 0.12
2 0.84 0.05 1.23 0.22 0.34 0.09 0.60 0.09 0.89 0.22 0.70 0.30
3 0.91 0.08 1.46 0.33 0.48 0.10 0.83 0.19 1.25 0.14 0.97 0.50
4 0.95 0.11 1.69 0.38 0.68 0.09 1.45 0.00 1.62 0.20 1.47 0.81
5 0.86 0.17 1.97 0.24 0.87 0.04 1.74 0.00 1.92 0.21 1.81 0.96
6 0.92 0.17 1.98 0.38 0.99 0.08 2.03 0.00 2.07 0.24 2.45 1.38
7 0.90 0.21 2.20 0.44 1.19 0.11 2.39 0.00 2.38 0.24 2.66 1.58
8 0.99 0.20 2.38 0.50 1.33 0.17 2.59 0.00 2.70 0.33 2.91 1.72
9 1.02 0.21 2.43 0.49 1.41 0.12 2.74 0.00 2.82 0.27 3.18 1.97
10 1.05 0.21 2.56 0.52 1.59 0.19 2.98 0.01 3.02 0.27 3.41 2.04
11 1.08 0.28 2.70 0.57 1.71 0.13 3.21 0.01 3.60 0.52 3.78 2.32
12 1.15 0.28 2.88 0.59 1.83 0.14 3.36 0.01 3.87 0.27 4.17 2.66

 SII
 w/c=1 w/c=1.5 w/c=2
 Immature Mature Immature Mature Immature Mature

f/t 
cycles 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 0.66 0.04 0.76 0.35 0.09 0.01 0.54 0.05 -0.01 0.04 0.05 0.05
2 0.95 0.03 1.11 0.36 0.26 0.01 0.75 0.06 0.13 0.01 0.18 0.05
3 1.04 0.02 1.42 0.43 0.35 0.02 0.94 0.05 0.25 0.03 0.08 0.02
4 1.12 0.05 1.64 0.37 0.49 0.02 1.12 0.03 0.37 0.10 0.05 0.01
5 1.21 0.02 1.74 0.37 0.51 0.01 1.24 0.03 0.44 0.13 0.08 0.08
6 1.30 0.01 1.93 0.39 0.56 0.02 1.23 0.02 0.68 0.15 0.12 0.10
7 1.38 0.07 2.01 0.44 0.57 0.02 1.35 0.03 0.75 0.16 0.50 0.03
8 1.41 0.06 2.19 0.44 0.60 0.02 1.36 0.04 0.87 0.12 2.47 1.88
9 1.51 0.09 2.27 0.48 0.61 0.02 1.41 0.02 0.91 0.14 5.19 4.50
10 1.51 0.05 2.33 0.47 0.64 0.01 1.47 0.01 1.11 0.17 9.05 7.63
11 1.60 0.04 2.50 0.45 0.68 0.04 1.50 0.03 1.80 0.46 22.57 1.12
12 1.66 0.03 2.57 0.50 0.72 0.03 1.52 0.04 1.90 0.46 23.40 1.50

 SIII
 w/c=1 w/c=1.5 w/c=2
 Immature Mature Immature Mature Immature Mature

f/t 
cycles 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

Average 

mΔ  

Standard 
deviation 

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 0.38 0.11 0.61 0.10 0.72 0.01 0.90 0.14 0.56 0.04 0.51 0.01
2 0.47 0.12 1.06 0.27 0.87 0.03 1.08 0.16 0.68 0.04 0.90 0.08
3 0.56 0.15 1.30 0.31 0.98 0.09 1.26 0.18 0.81 0.05 1.21 0.12
4 0.70 0.16 1.44 0.29 1.12 0.08 1.36 0.20 0.97 0.08 1.43 0.22
5 0.80 0.20 1.50 0.24 1.15 0.09 1.46 0.20 1.05 0.07 1.47 0.27
6 0.88 0.25 1.64 0.23 1.20 0.13 1.60 0.21 1.15 0.08 1.59 0.31
7 0.94 0.28 1.68 0.29 1.29 0.14 1.66 0.19 1.29 0.07 1.78 0.36
8 0.93 0.28 1.74 0.73 1.32 0.16 1.80 0.18 1.33 0.08 1.84 0.40
9 0.98 0.20 1.83 0.74 1.40 0.19 1.84 0.13 1.43 0.09 1.89 0.41
10 1.13 0.34 1.85 0.76 1.43 0.20 1.85 0.15 1.41 0.11 1.99 0.47
11 1.12 0.37 2.00 0.78 1.43 0.20 2.04 0.11 1.47 0.12 2.18 0.53
12 1.23 0.45 2.01 0.77 1.47 0.21 2.07 0.13 1.54 0.11 2.29 0.58
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