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METRIC (SI*) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS APPROXIMATE CONVERSIONS FROM SI UNITS 

Symbol When You Know Multiply By To Find Symbol Symbol When You Know Multiply 
By To Find Symbol 

  
 LENGTH   LENGTH  

  
in. inches 25.4  mm mm millimeters 0.039 inches in 
ft. feet 0.3048  m m meters 3.28 feet ft 
yd. yards 0.914  m m meters 1.09 yards yd 
mi Miles (statute) 1.61  km km kilometers 0.621 Miles (statute) mi 

          
  AREA     AREA   
          

in2 square inches 645.2 millimeters squared cm2 mm2 millimeters squared 0.0016 square inches in2 

ft2 square feet 0.0929 meters squared m2 m2 meters squared 10.764 square feet ft2 

yd2 square yards 0.836 meters squared m2 km2 kilometers squared 0.39 square miles mi2 

mi2 square miles 2.59 kilometers squared km2 ha hectares (10,000 m2) 2.471 acres ac 
ac acres 0.4046 hectares ha      
          

  MASS 
(weight)     MASS 

(weight)   

          
oz Ounces (avdp) 28.35 grams g g grams 0.0353 Ounces (avdp) oz 
lb Pounds (avdp) 0.454 kilograms kg kg kilograms 2.205 Pounds (avdp) lb 
T Short tons (2000 lb) 0.907 megagrams mg mg megagrams (1000 kg) 1.103 short tons T 
          
  VOLUME     VOLUME   
          

fl oz fluid ounces (US) 29.57 milliliters mL mL milliliters 0.034 fluid ounces (US) fl oz 
gal Gallons (liq) 3.785 liters liters liters liters 0.264 Gallons (liq) gal 
ft3 cubic feet 0.0283 meters cubed m3 m3 meters cubed 35.315 cubic feet ft3 

yd3 cubic yards 0.765 meters cubed m3 m3 meters cubed 1.308 cubic yards yd3 

          
Note: Volumes greater than 1000 L shall be shown in m3  

          

  TEMPERATURE 
(exact)     TEMPERATURE 

(exact)   

          
oF Fahrenheit 

temperature 5/9 (oF-32) Celsius 
temperature 

oC oC Celsius temperature 9/5 oC+32 Fahrenheit 
temperature 

oF 

          
  ILLUMINATION     ILLUMINATION   
          

fc Foot-candles 10.76 lux lx lx lux 0.0929 foot-candles fc 

fl foot-lamberts 3.426 candela/m2 cd/cm2 cd/cm
2 candela/m2 0.2919 foot-lamberts fl 

          

  
FORCE and 

PRESSURE or 
STRESS 

    
FORCE and 

PRESSURE or 
STRESS 

  

          
lbf pound-force 4.45 newtons N N newtons 0.225 pound-force lbf 

psi pound-force per 
square inch 6.89 kilopascals kPa kPa kilopascals 0.145 pound-force per 

square inch psi 
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1 Introduction 
The aim of this project is to develop a chemical stabilization guideline for problematic soils 
incorporating the needs of the Montana Department of Transportation (MDT). The guideline will 
be based on the problematic soils encountered in the State of Montana. In the process of 
developing this guideline, Task 1 (Current Practices Survey) focused on the literature review of 
current chemical stabilization guidelines of several states, federal agencies, along with 
stabilization practices of Departments of Transportation (DOTs) of Montana’s neighboring 
states. This task revealed that many states surrounding Montana do not have much experience 
with chemical stabilization of subgrade soils. Thus, the stabilization guideline developed through 
this study will help MDT and provide a reference to the nearby states as well. The next step in 
this project (Task 2 Material Selection) was to study the various problematic soils experienced 
by MDT to help target stabilization. Since a wide variety of problematic soils exist across the 
state of Montana including low bearing capacity soils, expansive soils, high sulfate bearing soils 
and high organic content soils, it is important that the selected soils represent these problematic 
soils. Hence, based on interactions with MDT personnel, six different locations were chosen from 
different regions of Montana. The goal was to obtain different problematic soil types from various 
geological conditions to ensure that the stabilization guideline at the end of this project will address 
diverse problematic soils. These soils were then stabilized using existing guidelines (Task 3 
Evaluate Chemical Stabilizer) to determine the type and the amount of additive needed for soil 
stabilization. To better tailor the stabilization to Montana specific soils, we studied the chemical 
and mineralogical changes between treated and untreated soil samples (Task 4). A combination 
of task reports 2, 3, and 4, were submitted on March 2018. After discussing this report with the 
technical panel, it was decided that the strength target for subgrade treatments to be 50 psi for 
both lime and cement treatments and base treatment was not included as part of this study. Task 
5 of this project is to establish curing and moisture conditioning protocols that can help minimize 
the time needed for curing. A task report summarizing the different protocols studied along with 
recommendations was submitted on June 2019.  

The goal of the current task (Task 6) was to study the permanency of stabilization effects against 
freezing/thawing and wetting/drying. Durability studies were conducted primarily to simulate the 
seasonal moisture fluctuations that might have transpired during summer and winter seasons. 
Past studies (Chittoori et al. 2018, 2009; Gabriele et al. 2016; Puppala et al. 2017; Uzer 2016) 
performed wet-dry and freeze-thaw related tests to address the durability issues and performance 
of stabilizers in different climatic conditions. These studies were reviewed, and test protocols 
that best simulate environmental conditions experienced in Montana were followed in this 
research. This report discusses the protocols followed along with the findings and discussions on 
suitability of type and amount of chemical stabilizer for a given type of problematic soil from 
Montana. The report starts by revisiting the material selection performed for this research, which 
is followed by a description of the freezing/thawing and wetting/drying protocols. This 
discussion is followed by an overview of the test results and significant findings. All of the tests 
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were performed in the Sustainable and Resilient Geotechnical Engineering (SuRGE) laboratory 
at Boise State University.  

2 Materials Used 
Since a wide variety of problematic soils exist across the state of Montana including low bearing 
capacity soils, expansive soils, high sulfate bearing soils and high organic content soils, it is 
essential that the selected soils represent these problematic soils. Hence, based on interactions 
with MDT personnel, soil samples were collected from six different locations from different regions 
of Montana. The goal was to obtain different problematic soil types from various geological 
conditions encountered in Montana to ensure that the stabilization guideline at the end of this project 
will address diverse problematic soils. These soils consisted of two high-plasticity clays, two low 
plasticity clays, one low plasticity silt, and one sandy subgrade. The sampling locations, and 
reference post information are presented in Table 2.1. The naming convention for these soils was as 
per the notation on the sample bags in which they were delivered to Boise State.  

Table 2.1:Summary of soil sampling locations 

Soil Name Nearest 
City/Town 

Nearest 
Highway 

Nearest 
Reference Post 

Great Falls (GF) Great Falls, MT US87 RP 9.3 
Dry Creek (DC) Jordan, MT MT200 RP 243.8 
Bad Route (BR) Fallon, MT I-94 RP 193.3 
Chinook (CNK) Chinook, MT US2 RP 400.2 

North Three Forks Low Plastic (NTF_LP) Three Forks, MT US287 RP 106.5 
North Three Forks High Plastic (NTF_HP) Three Forks, MT US287 RP 105.9 

The lime used for stabilization was high Calcium Quick Lime from Graymont Western US Inc., 
Townsend, Montana. The cement used for stabilization was Type II/V, from Ash Grove Cement, 
Montana City Plant, Clancy, Montana.  

3 Durability Studies 
The main goal of this task was to study the longevity of the chemical stabilizers under different 
environmental conditions. Durability test protocols should replicate the seasonal changes 
experienced by the treated soil in the field. There are generally two types of such protocols, 
Wetting/drying (from here on referred to as W/D) and Freezing/thawing (from here on referred to 
as F/T). W/D protocol is generally preferred in dryer climates where prolonged summer at high 
temperatures (~100°F) can cause considerable drying. This, when followed by a rainfall event, 
may cause the treated soil to lose strength and/or have volumetric changes. F/T protocol is 
preferred in colder climates where the soil freezes during winter. This, when followed by 
thawing in summer, can have a similar effect and may lose the positive effects of stabilization. 
For the type of climate Montana experiences, the research team in consultations with technical 
panel decided to proceed with F/T durability studies. However, W/D studies were conducted on 
two of the soils to understand its impact on the stabilization.  
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3.1 Freeze/Thaw Protocol 

To study the performance of chemically treated soils in cold climates, treated soil specimens are 
exposed to repeated freezing and thawing to determine soil losses, moisture changes, and volume 
change. ASTM D 560 method is the standard method used for conducting F/T investigations and 
help determine the minimum additive required to achieve and sustain adequate strength under 
field weathering. The following section details the test procedure followed in this research and 
the modifications made to ASTM D 560 method. Figure 3.1 shows a number of NTF_LP 
cement-treated soils during the process of freezing and thawing and a UCS test in progress on a 
sample of NTF_HP soil. 

 
a. 

 
b. 

 
c. 

Figure 3.1:Photographs showing the F/T Testing – (a) Samples inside freezer (b) Samples 
being thawed under humidity-controlled conditions (c) UCS sample being tested after 

several F/T cycles 
Test method A of ASTM D 560 was followed using two Proctor-size specimens of dimensions, 
4.58 in. (11.6 cm) in height and 4.0 in. (10.2 cm) in diameter. In addition, two UCS-size 
specimens {2.8 in. (7.1 cm) in diameter and 5.6 in. (14.2 cm) in height} were prepared. One of 
the two specimens (specimen#1) in both sizes (Proctor-size and UCS-size) were used to collect 
data on water content and volume change while the second specimen (specimen#2) for each size 
were used to gather data on soil loss during the durability cycles. The UCS-size specimens made 
it possible to determine UCS after the specimens have undergone F/T cycles. This was a 
modification from the standard ASTM D560 method, along with the measurement of volume 
change.  

After samples were compacted to the required dimensions at OMC and MDUW, they were cured 
for 7 days. At the end of 7th day, the samples were allowed to freeze inside a freezing cabinet at a 
temperature lower than -10°F ( -23°C) for 24 hours. The weight and dimensions of all samples 
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were measured to detect moisture and volume changes. All the specimens were then placed in 
covered container at 70°F (21°C) and 100% relative humidity for 24 hours and allowed to thaw. 
The specimen#2 of both sizes were scratched with two firm strokes all around the sample with a 
wire brush to check for soil loss. Weight and dimensions of all four samples were measured. This 
constitutes one cycle. A total of 12 cycles or until specimen fails were performed. Volume and 
water content change in specimen#1 and soil loss in specimen#2 were reported. At the end of the 
12th cycle, the UCS-size samples were tested for strength.  

3.2 Wet/Dry Protocol 

A right approach to address the durability of chemically treated soils in arid environments is by 
exposing the treated soil specimens to various cycles of wetting and drying processes. During 
these processes, both volume and moisture changes along with soil loss, can be determined. 
These properties will provide insights into the effects of seasonal moisture fluctuations on the 
soil property variations. ASTM D 559 method is the standard method often used for these W/D 
durability investigations. The following section details the test procedure followed in this 
research and the modifications made to ASTM D 559 method. Figure 3.2 shows photographs of 
the wetting and drying setups used in this study. 

 
a. 

 
b. 

Figure 3.2:W/D Testing Cycles – a) Wetting Cycle b) Drying Cycle 
The procedure outlined by ASTM D 559 method was closely followed in this research for the 
two soil samples tested for W/D durability. This method simulates both wet and dry cycle 
conditions close to field conditions in a reasonably short time period. The soil specimens were 
allowed to swell and shrink in both lateral and vertical directions. Test method A of ASTM D 
559 was followed using two specimens of dimensions, 4.6 in. (11.7 cm) in height and 4.0 in. 
(10.2 cm) in diameter. First specimen (specimen#1) was used to collect data on water content 
and volume change while the second specimen (specimen#2) was used to gather data on soil loss 
during W/D cycles. UCS tests were not performed on these samples. 

After samples were compacted to the required dimensions at OMC and MDUW, they were cured 
for 7 days. At the end of 7th day, the samples were submerged in potable water at room 
temperature for 5 hours. The weight and dimensions of specimen#1 were measured. Both 



5 
 

specimens were then placed in an oven at 160°F (71°C) for 42 hours. After this time, specimen#2 
was then scratched with two firm strokes all around the sample with a wire brush. Weight and 
dimensions of specimen#2 were measured. This constitutes one cycle. A total of 12 of cycles or 
until specimens failed were performed. Volume and water content change in specimen#1 and 
loss of weight in specimen#2 were reported.  

3.3 Testing Approach 

A summary of all stabilizers content that satisfied the target UCS strength of 50 psi in this 
research is presented in Table 3.1. The highest additive dosages (for both lime and cement) that 
passed the targeted strength of 50 psi were tested. If samples failed the durability tests at the 
highest dosage level samples were not tested with any further increase in dosage as that would 
turn out to be uneconomical beyond the highest dosage levels.  

Table 3.1:Stabilizer contents that satisfied the target UCS 

Soil USCS Classification Stabilizer Content UCS Strength 
LIME as Additive 

GF CH 2% 58.8 
4% 65.0 

DC CL 2% 118.6 
  4% 166.8 

CEMENT as Additive 
GF CH 7% 104.1 

9% 85.3 
11% 131.9 

DC CL 2% 91.6 
4% 197.9 
6% 276.0 
7% 256.6 
9% 551.2 
11% 484.1 

BR CL 3% 96.4 
7% 216.3 
9% 261.0 

CNK SM 3% 103.9 
7% 162.0 

NTF_LP ML 3% 81.7 
7% 473.4 
9% 775.7 

NTF_HP CH 3% 140.6 
9% 374.0 
11% 483.0 
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An additive dosage is considered to have passed the durability criterion if the percentage of 
weight loss observed after 12 cycles of durability (F/T or W/D) is within the limit shown in 
Table 3.2 for different soil types. These limits are established by Army Corps of Engineers for 
stabilized pavement subgrades (U.S. Army TM 5-882-14/AFM 32-1019 1994). In addition to 
this criterion, the research team established a volumetric strain threshold of 9%. This percentage 
was established using the following approach. It was established by TxDOT (2005) that a 
potential vertical rise (PVR) of 1 in. (2.5 cm) was acceptable for pavements on expansive soils. 
This PVR can be converted into an axial strain using a typical pavement section of 3 ft. (91.4 
cm), which gives an axial strain of 2.7%. Since the deformation measured in both W/D and F/T 
protocols was volumetric, the axial strain was converted to volumetric strain using the Poisson’s 
ratio of 0.3. This gave an acceptable volumetric strain of 4.3%. It should be noted here that PVR 
of 1 in. (2.54 cm) was established under the surcharge of the pavement section. In the current 
protocols (F/T and W/D), since there was no surcharge, and the samples were exposed directly to 
extreme conditions, the allowable volumetric strain was increased twofold. Hence, an allowable 
volumetric strain of 9% was targeted after 12 cycles of treatment for all soil types. It was 
targeted that the UCS cannot drop below 50% of the initial targeted 50 psi of strength after the 
durability treatments.  

Table 3.2:Durability requirements 

  
3.3.1 Volume and weight change measurements 
The volume change was calculated as the difference between the volume of the soil specimen at 
the time of molding and subsequent volumes as a percentage of the original molding volume. 
Similarly, the soil loss percentage was calculated as a difference between the dry soil weight at 
the time of molding and subsequent dry weights as a percentage of initial dry weight (at 
molding). However, there is a portion of water that reacts with cement and stays in the soil after 
oven drying at 230°F (110°C), hence a correction was made to the measured dry mass as per 
ASTM D560. The corrected oven-dry weight of the soil sample after an F/T cycle was calculated 
as per Eq. (1). 

 

 

Soil USCS 
Classification 

Maximum 
allowable weight 

loss 

Maximum 
allowable 

volume change 

Minimum 
allowable 
UCS (psi) 

GF CH 6% 9% 25 
DC CL 6% 9% 25 
BR CL 6% 9% 25 

CNK SM 11% 9% 25 
NTF_LP ML 8% 9% 25 
NTF_HP CH 6% 9% 25 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝑑𝑑 𝑤𝑤𝐶𝐶𝑤𝑤𝑤𝑤ℎ𝐶𝐶 = 𝐴𝐴
𝐵𝐵

 ×  100 ------------(1) 

Where, 

A = oven-dry weight after drying at 230°F (110°C) 

B = percentage of water retained in specimen plus 100 

ASTM D560 recommends the use of prescribed values for B based on soil type. These values are 
from ASTM D560 are provided in Table 3.3 for reference. After calculating corrected oven-dry 
weight, loss in the specimen was calculated as per Eq. (2) 

𝑆𝑆𝐶𝐶𝑤𝑤𝑆𝑆 𝑆𝑆𝐶𝐶𝑙𝑙𝑙𝑙, % = 𝑋𝑋
𝑌𝑌

 ×  100 ----------(2) 

Where, 

X = original calculated oven-dry weight minus corrected oven-dry weight after F/T cycle 

Y = original calculated oven-dry weight 

Table 3.3: Average values of retained water after cement reactions (as per ASTM D560) 

Soil Classification (ASTM 
D3282 or AASHTO M 145) 

Average water retained after 
drying at 230°F (110°C) % 

A-1, A-3 1.5 
A-2 2.5 

A-4, A-5 2.0 
A-6, A-7 3.5 

 

4 Results and Discussion 
This section presents the test results from the durability studies conducted as a part of task#6 of 
the project. Results were discussed to highlight the relative merits of the stabilizers from volume 
change, weight loss, and UCS perspectives. Figure 4.1 and Figure 4.2 present example 
photographs showing how samples looked at different cycles of durability for DC soil. Figure 
4.1presents sample photos for DC soil treated with 4% lime, while Figure 4.2 presents DC soil 
treated with 9% cement. It can be observed from Figure 4.1 that DC soil treated with 4% lime 
experienced substantial distress during the durability cycles while Figure 4.2 clearly shows that 
DC soil treated with 9% cement did not show weakness with durability cycles.  
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After 4 F/T cycles After 5 F/T cycles After 6 F/T cycles 

Figure 4.1:DC soil samples treated with 4% lime at different F/T cycles 
 

    
After 5 F/T cycles After 7 F/T cycles After 9 F/T cycles After 10 F/T cycles 

Figure 4.2:DC soil samples treated with 9% cement at different F/T cycles 
4.1 Freezing/Thawing 

Soil samples treated with both cement and lime additives were tested for F/T durability. Table 
4.1 presents the dosage at which durability testing was conducted in this research. Two out of six 
soils tested in this research qualified to be treated using lime based on current stabilization 
guidelines. All six soils were treated with cement as an additive and tested for durability at the 
dosages that satisfied the UCS requirement. The following sections present this data. 
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Table 4.1:Initial Stabilizer Content used in freeze-thaw durability studies 

 
4.1.1 Lime Treatment 
DC and GF soils met the criterion to be stabilized with lime, based on PI, gradation, and soluble 
sulfate content as per the current stabilization guidelines. For both soils, dosages of 2% and 4% 
satisfied the target strength requirement of 50 psi; however, a higher dosage was tested. Figure 
4.3 presents the volume change data obtained from specimen#1 for both soils tested using lime. 
It can be observed from Figure 4.3 that both soils experienced significant volume changes after 
four F/T cycles which indicates that the positive effects of stabilization were lost after four F/T 
cycles, clearly indicating that this dosage was not durable in the long-term.   

Figure 4.3 shows the loss in soil over the different F/T cycles for DC and GF soils. It can be 
observed the weight loss threshold of 6% (Table 3.2) was exceed by GF soil after three F/T 
cycles and by DC soil after four F/T cycles. The samples were also not intact after the 10th cycle 
to test for UCS. This indicates that the stabilizer contents are not feasible in the long-term for 
these soils. Higher dosages may be needed for effectively stabilizing these two soils with lime. 

 
Figure 4.3:Plot showing the change in volume with F/T cycles for the two lime treated soils 
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GF CH 4% 
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GF CH 11% 
DC CL 9% 
BR CL 9% 

CNK SM 7% 
NTF_LP ML 9% 
NTF_HP CH 11% 
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Figure 4.4: Plot showing the gross weight loss in each F/T cycle for two lime treated soils  

4.1.2 Cement Treatment 
F/T durability tests for cement-treated soils were conducted on all six soils – Dry Creek (9%), 
Bad Route (9%), Great Falls (11%), NTF_HP (11%), NTF_LP (9%), CNK (9%). Figure 4.5 
shows the variation of percentage volume change in proctor sized samples with different F/T 
cycles. It can be observed from the figure that CNK and DC samples consistently showed less 
than 9% volume change throughout the 12 F/T cycles indicating that these soils at these dosage 
levels have the long-term durability. BR and NTF_LP soils showed larger than 9% volume 
change after 8 F/T cycles indicating that these soils may not have high durability in the long-term 
but certainly have medium to low durability at this dosage level. Both GF and NTF-HP soils 
showed larger than 9% volume change after 5 F/T cycles meaning these two soils would be least 
effective in the long-term at this dosage level.  

Figure 4.6 shows soil loss percentage for proctor sized samples for all six soils tested in this 
research. In the case of weight loss, the threshold soil loss percentage depends on the soil type, as 
indicated in Table 3.2. CNK (7% cement), DC (9% cement) and NTF_LP (9% cement) 
performed well with less than 3% weight loss over the entire 12 cycles. NTF_HP (11% cement) 
failed the durability requirement on the 10th cycle and GF (11% cement) on the 5th cycle. BR 
(9% cement) failed the durability threshold on the 6th cycle.  

According to the results from volume change and weight loss, it can be inferred that the 
stabilizer content loses its effectiveness in the long-term for the BR, NTF_HP, and GF soils. 
Long-term performance is better in the case of CNK, DC, and NTF_LP soil samples.  
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Figure 4.5: Plot showing the volume change in each F/T cycle cement-treated soils – 

proctor size samples 

  
Figure 4.6: Plot showing gross weight loss in each F/T cycle cement-treated soils – Proctor 
size samples 
In addition to the volume change and weight loss measurements, UCS tests were performed on 
the UCS sized soil samples at the end of the 12 F/T cycles (see Table 4.2). Between the two UCS 
sized samples, sample #1 was subject to freezing and thawing alone, while sample #2 was 
subject to brushing, in addition to the freezing and thawing (see section 3.1 for test protocols).  
The NTF_LP (9% cement) and DC (9% cement) samples retain high UCS strengths, even after 
undergoing the freeze-thaw and brushing for the entire 12 cycles. 
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Table 4.2:Average water content (W/C) and UCS values at the beginning and end of F/T 
durability studies (cement-treated only) 

Soil 
UCS after 12 
F/T Cycles 

(psi) 

W/C after 
12 F/T 
Cycles 

UCS after   
0 F/T 
Cycles 
(psi) 

W/C after   
0 F/T 
Cycles 

GF 14 41.6% 131.9 35.0% 
DC 325 17.8% 484.1 17.4% 
BR 14 29.4 % 261.0 21.0% 

CNK 53.2 12.5% 162.0 10.7% 
NTF_LP 166 30.8% 775.7 27% 
NTF_HP 13 39.2% 483.0 24.3% 

4.2 Wetting/Drying 

Soil samples with stabilizer content that passed the freeze-thaw durability criteria were chosen 
for wetting-drying durability tests (see section 3.2 for test protocols). Table 4.3 shows the 
stabilizer content and soil types used in the wetting-drying durability study. DC (9% cement) and 
NTF_LP (9% cement) passed with less than 3% weight loss over the entire 12 cycles during the 
freeze-thaw tests. The soil samples used for the wetting and drying tests were all made using 
proctor molds. Two samples were made for W/D tests in which, sample #1 was subject to 
wetting and drying, and sample #2 was subject to brushing at the end of each wetting and drying. 

Table 4.3: Initial Cement Content used in wetting-drying durability studies. 

Soil USCS Classification Stabilizer Content 
DC CL 9% 

NTF_LP ML 9% 
Note: Only samples that passed freeze-thaw durability criteria were chosen for wetting -drying 
durability. 

Figure 4.7 and Figure 4.8 respectively show the percentage change in volume and percentage 
weight loss at the end of each wetting and drying cycles. The plots for volume change represent 
the percentage shrinkage of soil samples compared to initial sample volume at the end of each 
cycle (Figure 4.7), and the plots for percentage weight loss represent the loss of weight after 
brushing of dry samples at the end of each cycle (Figure 4.8).  The volume shrinkage at the end 
of wetting and drying cycles are consistently below 2% for the DC (9% cement) whereas, the 
shrinkage for NTF_LP (9% cement) was seen to be higher and increasing after cycle 3. The DC 
(9% cement) sample performed well below the threshold for weight loss of 6% (Table 3.2) 
during the entire 12 cycles. NTF_LP (9% cement) failed in weight loss durability criteria of 8% 
(Table 3.2) after cycle 4.  
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Figure 4.7: Plot showing percentage volume change in each W/D cycle for treated soils – 

proctor size samples 

 
Figure 4.8: Plot showing gross weight loss in each W/D cycle for treated soils – proctor size 

samples 
5 Summary and Findings 
In this task, the long-term performance of stabilization was tested for all six soils studied in this 
research. Two types of durability studies were conducted, Freeze/Thaw, and Wetting/drying. 
More focus was given to the Freeze/thaw durability as Montana soils are more likely to undergo 
freezing and thawing in the field. However, wetting/drying durability’s were also performed on 
select soils to observe their performance under these conditions. A summary of these findings is 
presented in Table 5.1.  
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Table 5.1:The long performance of stabilized soils under Freeze/thaw and Wetting/ drying 
durability studies 

Soil USCS 
Classification 

Stabilizer 
Content 

The Cycle at which 
they failed*  

Max Weight 
Loss 

Freeze/Thaw (Lime as Additive) 
GF CH 4% 3 66% 
DC CL 4% 4 59% 

Freeze/Thaw (Cement as Additive) 
CNK SM 7% Did not fail @12 cycles < 3% 
DC CL 9% Did not fail @12 cycles < 3% 
NTP_LP ML 9% Did not fail @12 cycles < 3% 
NTP_HP CH 11% 10 30% 
GF CH 11% 5 36% 
BR CL 9% 5 60% 

Wetting/Drying (Cement as Additive) 
DC CL 9% Did not fail @12 cycles 5.5% 
NTP_LP ML 9% 4 9% 

Freeze/Thaw Results 

• The limit for durability requirement in terms of weight loss of 6% was surpassed after 
cycle 3 for GF (4% lime treated) soil and cycle 4 for DC (4% lime treated) soil. 

• In case of durability with cement treatment of Montana soils: CNK (7% cement), DC 
(9% cement) and NTF_LP (9% cement) performed well with less than 3% weight loss 
over the entire 12 cycles. NTF_HP (11% cement) failed the durability requirement on the 
10th cycle, and GF (11% cement) along with BR (9% cement) failed around the 5th cycle. 

Wetting/Drying Results 

• The DC (9% cement) sample performed well below the threshold for weight loss of 6% 
(Table 4.2) during the entire 12 cycles. NTF_LP (9% cement) failed in weight loss 
durability criteria of 8% after cycle 4. 

Chemical treatments performed poorly under durability tests for both GF and DC soils when 
treated with lime. Other types were excluded from treating with lime due to high plasticity or 
chemical compositions. In general, the combined results show that cement treatment is most 
compatible in terms of durability with the DC soil (at 9% cement), CNK (at 7% cement), and 
NTF_LP (at 9% cement). It should be noted here that CNK and NTF_LP soils would be suitable 
to be treated with cement but did not fare as well as DC soil. The prospect of chemical treatment 
to be effective and durable on the NTF_HP and BR soils is poor compared to other Montana 
soils this could be due to the high amounts of sulfates present in these soils.  

Based on these observations and those from earlier tasks, a chemical stabilization guideline is 
being developed for Montana soils and will be presented as a part of the final report of this 
project.  
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