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1 INTRODUCTION 
Montana has a diverse geology. As a result, a wide variety of subgrade soils are present 

across the state. These subgrades include soils that have low bearing capacities such as soft clays 
and loose sands as well as soils with high bearing capacity such as dense sands and stiff clays. In 
addition, the state also has expansive soils that are capable of volumetric strains due to moisture 
fluctuations. Thorough understanding of the subgrade soils is key to designing an appropriate 
pavement section. Depending on the strength of in-situ soils and project requirements, the 
properties of the subgrade may need to be improved using ground improvement techniques such 
as mechanical compaction, chemical stabilization, geogrid reinforcement, and moisture control 
barriers (Zornberg et al. 2008). Subgrade stabilization using any of these techniques is critical to 
providing a pavement that is resilient and sustainable over its design life. Subgrade stabilization 
can increase shear strength, minimize permanent deformation and fatigue cracking, along with 
limiting expansion and contraction. Subgrade stabilization will also avoid the excavation of poor 
subgrade thus saving the transportation costs and the corresponding environmental impacts 
resulting from hauling the poor subgrade to a landfill for disposal and importing suitable material 
to the site. 

The pavement subgrade section of the geotechnical manual of Montana Department of 
Transportation (MDT) lists geosynthetic reinforcement as well as chemical treatment as choices 
for subgrade stabilization. However, the practice has been inclined towards geosynthetic usage 
due to the familiarity with the method. Hence, through this project MDT is researching chemical 
methods for subgrade stabilization and develop stabilization guidelines tailored to the needs of 
MDT thus providing an alternative for subgrade stabilization other than geosynthetics. As a first 
step towards this objective, task#1 focused on gathering literature on current chemical 
stabilization guidelines of selected state and federal agencies. A survey was also conducted to 
learn about the stabilization practices of Departments of Transportation (DOTs) from states near 
Montana. This report summarizes these findings.  

This report starts with an introduction to chemical stabilization using lime, cement, and 
fly ash followed by an overview of current chemical stabilization guidelines of various state and 
federal agencies. Findings from the survey are summarized along with current MDT stabilization 
practices. Lastly, further steps to achieve the objectives of this project are presented.  

2 CHEMICAL STABILIZATION 
Chemical soil stabilization has been a topic of interest and discussion for several decades 

due to a potential reduction in the construction and maintenance costs of pavement infrastructure 
built on problematic grounds (Tayabji et al. 1982). Chemical stabilization is achieved either 
through bonding of fine particles (and forming new compounds), or through waterproofing of 
particles by coating particle surface with the additive or through a combination of the both. 
Chemical stabilization generally involves mixing or injecting soil with a chemical stabilizer. A 
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good chemical stabilizer should be capable of stabilizing a wide range of soils, have a permanent 
stabilizing effect, be readily available at low cost in large quantities, present no serious storage or 
transport problems, be relatively nontoxic, and preferably non-corrosive (Sherwood 1993). 
Commonly used stabilizers like lime, cement, and fly ash meet these criteria (Puppala et al. 
2013). There are other non-traditional stabilizers such as cement kiln dust (CKD), ground 
granulated blast furnace slag (GGBFS), potassium compounds, etc. that could be used in special 
situations. The following discussions will focus on the mechanisms responsible for stabilizing 
subgrade soils using traditional stabilizers such as lime, cement, and fly ash.  

2.1 Lime stabilization 
Lime is a product of decomposition of limestone at elevated temperatures. Many researchers 
have used lime as a stabilizer with appreciable amounts of success.  Lime stabilization is a 
widely used means of chemically transforming unstable soils into structurally sound construction 
materials. Lime stabilization enhances engineering properties in soils, including improved 
strength; improved resistance to fracture, fatigue, and permanent deformation; improved resilient 
properties; reduced swelling; and resistance to the damaging effects of moisture (Little 2000). 

When lime, water, and soil are intermixed, two types of reactions occur: (1) flocculation and 
agglomeration and (2) pozzolanic compound formation. 

Flocculation and Agglomeration: After initial mixing, the calcium ions (Ca++) from hydrated 
lime migrate to the surface of the clay particles and displace water and other ions. As a result, the 
ion density around the clay particles changes due to the modification of diffuse-double layer. 
This change in double layer thickness causes the particles to come close to each other – this 
phenomenon is termed as flocculation. Due to this phenomenon, the soil becomes friable and 
granular, making it easier to work and compact (NLA 2004). At this stage, the Plasticity Index of 
the soil decreases dramatically, as does its tendency to swell and shrink. This process generally 
occurs in a matter of hours to days depending on the type of clay present in the soil (Al-Rawas et 
al. 2005; Bell 1996; Chittoori et al. 2013; Puppala 2016, Sherwood 1993). For this reason, 1 to 4 
day mellowing period is generally suggested. The amount of lime required to complete this 
reaction is typically known as lime fixation point (LFP) or initial consumption lime (ICL). 

Pozzolanic Compound Formation: After the initial flocculation reactions are complete, the soil 
continues to react with the remaining lime, forming chemical compounds such as calcium-
silicate-hydrates (CSH) and calcium-aluminate-hydrates (CAH). These compounds are known as 
pozzolanic compounds and are responsible for the strength increase in treated soils. They form 
the matrix that contributes to the strength of lime-stabilized soil layers. As this matrix forms, the 
soil is transformed from a weak/soft material to a hard, relatively impermeable layer with 
significant load bearing capacity. The matrix formed is permanent, durable, and significantly 
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impermeable, producing a structural layer that is both strong and flexible. The strength gain is 
directly proportional to curing time and temperature (Bell 1996). 

As per Chen (1988), amount of lime required for stabilization of expansive soils lies in between 
2% to 8%. In the case of collapsible soils, lime, and bitumen emulsions have been used for loess 
stabilization, particularly in relation to road constructions (Bell 1993). In a study conducted by 
Akpokodje (1985), it was noted that 7-day unconfined compressive strength after lime treatment  
using 2% to 12% had very little to no improvement in unconfined compressive strength (UCS) 
strength for highly gypsiferous/bassanitic sandy soil and highly calcareous sandy soil (SM) with 
miniscule amount of clay. Since the lime stabilization mechanism is dependent on the presence 
of clay particle, lime stabilization does not seem viable for such geomaterials. Lime stabilization 
is also not preferred when sulfate-laden soils are encountered, due to the issues with ettringite-
induced swelling after lime stabilization.  

2.2 Cement Stabilization 
Cement is a product manufactured to meet a variety of performance criteria by controlling the 
relative proportions of calcium, silica, alumina, and iron compounds. When combined with 
water, hydration occurs, resulting in the formation of new compounds, most of which have 
strength-producing properties. The two most important compounds formed after hydration of 
cement are calcium silicate hydrate (CSH) and calcium hydroxide (CH). The CSH forms a hard 
structure around the soil particle while the CH initiates the ion exchange process (Prusinski and 
Bhattacharja 1999). In case of clayey soils, the ion exchange results in flocculation of clay 
particles and reaction of calcium hydroxide with silicates and aluminates of clay results in long 
term stabilization which are similar to that of lime. As per Herzog and Mitchell (1963), the 
calcium hydroxide from hydration of cement is finer and well dispersed through the soil as 
compared to that of lime. 

Water to cement ratio (wc/c) plays a vital role in the strength of cement treated clay (Geiman 
2005; Rafalko et al. 2007). Higher the value of wc/c, lesser will be the strength of the stabilized 
mix. For soil with high specific surface area (i.e. montmorillonite dominant clay), use of finer 
cement is more effective whereas for clay dominated by kaolinite, fineness of cement doesn’t 
play a vital role in strength gain (Rafalko et al. 2007).  

Cement is effective in stabilizing a wide variety of soils, including granular materials, silts, and 
clays. It is generally more effective and economical to use it with granular soils due to the ease 
of pulverization and mixing, and the smaller quantities of cement required. Fine-grained soils of 
low to medium plasticity were stabilized with cement, but not as effectively as coarse-grained 
soils.  If the PI exceeds 30, cement becomes difficult to mix with the soil. In these cases, it is 
recommended that lime be added as an initial additive before adding cement, as lime will reduce 
PI and improve workability (Hicks 2002). 
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In case of high sulfate soils, where the chance of etringite induced swelling is likely, it is 
recommended to use Type I/II and Type V cements as these were known to resist sulfate attack. 
(Puppala et al. 2004). 

2.3 Fly Ash 
Fly ash is a non-plastic fine silt-sized residue that results from burning coal and is considered a 
waste material. The exact composition of fly ash varies depending on the type of coal burnt 
(Sharma et al. 2012). There are mainly two types of fly ashes, namely Class F and Class C fly 
ash. Class F fly ash is obtained from burning bituminous coal contains low concentrations of 
calcium and thus does not have self-cementing characteristics. This type of fly ash needs 
lime/cement to initiate the cementation process and is typically used to partially replace lime or 
cement. Class C fly ash on the other hand is obtained from burning sub-bituminous coal, which 
is rich in calcium carbonate and is self-cementing. Although Class C fly ash is used in the 
presence of lime and cement, it has the ability to form cementitious bonds similar to Portland 
cement and hence can be used as a standalone additive (Ferguson 1993; Mackiewicz and 
Ferguson 2005). The stabilization mechanism for clays using fly ash is cementation resulting 
from hydration of tricalcium aluminate present in the fly ash and reaction of free lime (CaO) in 
fly ash with silica and alumina, resulting in cementation (Acosta et al. 2003). 

Fergusson (1993) showed that fly ash increases CBR while reducing the optimum moisture 
content of fine-grained soils. However, it was noted that the decrease in plasticity and swell 
potential after fly ash stabilization was generally less than that of lime because fly ash did not 
provide as many calcium ions that modify the surface charge of clay particles. White et al. 
(2005) noted that fly ash could also dry wet soils effectively and provide an initial rapid strength 
gain, which is useful during construction in wet, unstable ground conditions. Sulfate contents can 
cause the formation of expansive minerals such as ettringite and thaumasite in soil-fly ash 
mixtures, which severely reduce the long-term strength and durability (Puppala et al. 2004).  

3 REVIEW OF CHEMICAL STABILIZATION PRACTICES 
Chemical stabilization of subgrades depends on the type of material present in the subgrade 
layers, drainage, type and amount of stabilizer, and the construction method followed (Jones et 
al. 2012). Hence, the design guidelines vary based on stabilizer type. However, the following 
generalized flowchart presented in Figure 1 assists in understanding the process involved in 
chemical soil stabilization.   

Texas Department of Transportation (TxDOT), the US Army and Air Force (U.S. Army TM 5-
882-14/AFM 32-1019), Portland Cement Association (PCA), National Lime Association (NLA), 
Federal Highway Administration (FHWA), and other relevant agencies, have developed 
stabilization guidelines for pavement subgrade stabilization. As a part of task#1 for this project, 
the research team conducted a thorough review of these stabilization guidelines with a purpose to 
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understand and adapt these guidelines for Montana specific soils. Table 1 lists all the guidelines 
reviewed by the research team and highlights the major aspects of the stabilization process in 
each of these guidelines. It can be observed from this table that there are similarities between 
stabilization guidelines in addressing sulfates and organics present in the soils. All stabilization 
guidelines at a minimum are addressing the strength improvement aspect of the stabilization. A 
more detailed version of this table describing the procedures involved in each of the guidelines is 
presented in Table A1-Table A9 as an Appendix to this report.  

 
Figure 1: Overview of stabilization design procedure (Jones et al. 2012) 
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Table 1: Overview of stabilization guidelines reviewed in this research 

Important aspects of the 
guideline TxDOT (2005) CALTRANS (2012) INDOT (2015) NCHRP (2009) U.S. Army / 

Air Force NLA (2006) PCA (1992) SHT (1980) 

 Does the guideline specify 
procedures for all aspects 
of stabilization process 
listed in Figure 1 

YES YES YES YES YES NO YES NO 

 Does the guideline specify 
target strength values? YES 

YES  
(Follows U.S. Army 

/ Air Force 
Guidelines) 

YES 

YES 
 U.S. Army / Air 

Force Guidelines for 
Cement 

NLA Guideline for 
Lime 

YES YES 

YES 
But supplementary 

and used by 
shortcut method 

YES 

 Does the guideline require 
durability studies as part 
of stabilizer evaluation 
process? 

NO 
Curing, drying and 

moisture condition is 
done before strength 

testing 

YES  
(Follows U.S. Army/ 

Air Force 
Guidelines) 

NO 

YES 
U.S. Army/ Air Force 
Guideline for Cement 
Fly ash – Freeze/thaw 
durability as required 

YES 
pH test to 

determine the 
interference on 

hardening 

NO 
Gives UCS values for 
expected no. of cycles 
during first winter of 

exposure 

YES 
YES 

For Cement 
Stabilization only 

 Does the guideline specify 
separate procedures for 
sulfate rich soils? 

YES 

YES 
>3000 ppm and 

<8000 ppm modified 
procedure 

YES 
No Modified design 
methods soils having 
sulfate just above 
1000 ppm 

YES 
Follow TxDOT 

guideline 

YES – Cement 
Stabilization 

 
NO - Lime 

stabilization 

YES 
Modified procedures 
for various level of 

sulfates present 

NO 

YES- Lime 
stabilization 

No Modified design 
methods soils having 

sulfate above 0.2-0.5% 
 

NO – Cement 
Stabilization 

 

 Does the guideline specify 
separate procedures for 
organic soils? 

YES 

YES 
>1% and <5% 
Analysis for 
stabilization 
economics 

YES 
 Loss of Ignition >6 

% 
• Unacceptable 

YES 
 YES YES NO YES 

 What type of chemicals 
does this guideline 
address? 

Lime, Cement, 
Lime-Fly Ash 

Lime, cement, Fly 
ash (Class F and 

Class C) 

Lime, Cement, Fly-
ash, Lime-Fly ash 

Lime, Cement, Fly-
Ash, Lime-Fly Ash 

Lime, Cement, 
Lime-Fly ash Lime Cement Lime and Cement 

 What stabilization 
purposes does this 
guideline address? 

• Strength increase 

• Moisture control,  
• Plasticity 

reduction, 
• Strength increase 

• Plasticity 
reduction 

• Strength increase 
• Drying 

• Strength increase 

• Plasticity 
reduction 

• Strength 
increase 

• Strength increase  • Strength 
increase 

• Drying 
• Strength increase 

Note: TxDOT: Texas Department of Transportation ; CALTRANS: California Department of Transportation (Jones et al. 2012) ; INDOT: Indiana Department of Transportation ; NCHRP: National Cooperative Highway 
Research Program - (Syam and Little 2009); U.S. Army/Air Force : U.S. Army TM 5-882-14/AFM 32-1019 NLA: National Lime Association ; PCA: Portland Cement Association; SHT : Saskatchewan Highway and 
Trasportation , Canada 
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Excluding the desktop study mentioned in Figure 1, the stabilization design procedure can be 
divided into three phases: (1) Soil Exploration, Material Sampling and Soil Classification;       
(2) Additive Selection, (3) Mix Design. Figure 2 presents a flowchart of these phases as per 
TxDOT (2005) guidelines for subgrade stabilization. In an attempt to describe the steps involved 
in these phases, stabilization guidelines from U.S. Army TM 5-882-14/AFM 32-1019 and 
TxDOT (2005) manuals are discussed in the following sections. 

 
Figure 2: Flowchart for subgrade soil treatment (from TxDOT (2005) Guidelines) 

Obtain samples of each 
material on the project in 

accordance with Tex-100E

Perform Soil Classification (Tex-142-E), Sieve Analysis 
(Tex-110-E), Atterberg Limits (Tex-104, 105, 106 and 107-

E), and sulfate content (Tex-145-E and Tex-146-E)

Sulfate content 
greater than 
3000 ppm

Refer to Guidelines on 
Treatment of Sulfate Rich 

Soils

YES

Select initial additive(s) using additive selection 
criteria described in Step 2

Perform mix design to determine the improvement of 
engineering properties at varying concentrations of 

selected additive

NO

Evaluate the overall improvement and durability of 
the enhanced engineering and material properties. 

Proceed with construction

Do the improved 
properties meet 
minimum project 
requirements and 

goals?

NO

YES

STEP 1: 
Soil Exploration, 
Material Sampling 
and Classification

STEP 2: 
Additive(s) 
Selection

STEP 3: 
Mix Design
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3.1 Subsurface Exploration, Material Sampling, Soil Classification 
As per the studies conducted by Little and Nair (2009) and TxDOT (2005), subsurface 
exploration is vital for preliminary engineering survey, as it provides material for testing and also 
reveals soil stratigraphy, water table location, and other aspects of the underlying strata that can 
affect the performance of the pavement structure and treated layers. In case of soil stabilization, 
subsurface exploration aids in deciding if stabilization is warranted for a particular subgrade and 
if the stabilized material can be used as subgrade or a base or both. For example, soils generally 
need stabilization when the fraction passing a No. 200 sieve is greater than 25%. On the other 
hand, when the fine fraction is lower than 25%, the same soil can serve as a base layer with 
proper stabilization techniques. Soil containing an appreciable amount of sulfate salts cause a 
potential problem when stabilized with calcium based stabilizers (Hunter 1988). As per Little 
and Nair (2009) and TxDOT (2005), sulfate contents greater than 3000 ppm require sulfate 
specific treatment. 

3.2 Additive selection 
Selection of an appropriate additive(s) depends on factors including: 

• Soil type  
• Soil mineralogy and content (sulfates, organics, etc…) 
• Soil classification (gradation and Atterberg limits) 
• Goals of treatment 
• Mechanisms of stabilization 
• Desired engineering properties (strength, modulus, etc…) 
• Design life 
• Environmental conditions (drainage, water table, etc.) 
• Engineering economics (cost savings vs. benefit) 

According to the U.S. Army TM 5-882-14/AFM 32-1019 , the selection of candidate stabilizers 
is made using the soil gradation triangle shown in Figure 3. This triangle is based on percentage 
of soil particles retained and passing #200 sieve (0.075 mm). The triangle is divided into three 
broad areas 1, 2, and 3 representing sands, gravels, and clays. Areas 1 and 2 are further 
subdivided into subgroups based on the amount of fines present in the soil. The selection process 
continues with Table 2 which recommends candidate stabilizers and restrictions based on grain 
size and/or PI. For example, successful lime stabilization is expected for soils with PI greater 
than 12, except for soils in Area 1B while cement stabilization is suitable for sandy soils with PI 
less than 30 and fine-grained soils with PI less than 20 and LL less than 40. 

In case of TxDOT (2005) stabilization guidelines, the selection of the appropriate additives is 
dependent on the gradation and plasticity index as presented in Figure 4. As per this figure, 
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subgrade stabilization is recommended for soils containing more than 25% fines. The selection 
of additive is based on the PI of the soil. Cement stabilization is preferred if PI is less than 15 
while lime stabilization is preferred for soils with PI greater than 15. As per this table lime-fly 
ash combination could work for all three PI ranges.  

After the selection of appropriate additive, further validation testing must be performed to ensure 
that the selected additive accomplishes the goals and requirements of the stabilization. This 
phase of testing is call mix design and is discussed in the next section. 

 

 
Figure 3: Gradation triangle for aid in selecting a commercial stabilizing agent (U.S. Army 

TM 5-882-14/AFM 32-1019) 
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Table 2: Guide for selecting a stabilizing additive (U.S. Army TM 5-882-14/AFM 32-
1019) 

Area Soil Classification Type of Stabilizing Additive 
Recommended 

Restriction on LL and 
PI of Soil 

Restriction 
of % 

Passing No. 
200 sieve 

Remarks 

 1A SW or SP 
(1) Bituminous 
(2) Portland -Cement  

  
(3) Lime-Cement-Fly Ash PI not to exceed 25 

1B 
SW-SM or   SP-

SM or   SW-SC or    
SP-SC 

(1) Bituminous PI not to exceed 10 

  
(2) Portland -Cement PI not to exceed 30 

(3) Lime PI not to exceed 12 

(4) Lime-Cement-Fly Ash PI not to exceed 25 

1C SM or SC or  SM-
SC 

(1) Bituminous PI not to exceed 10 
Not to 

exceed 30% 
by weight 

 (2) Portland -Cement * 

 (3) Lime PI not less than 12 

(4) Lime-Cement-Fly Ash PI not to exceed 25 

2A GW or GP 

(1) Bituminous 

 
 

Well-graded material only  

(2) Portland -Cement 
Material should contain at 

least 45% by weight of 
material passing No.4 sieve 

(3) Lime-Cement-Fly Ash PI not to exceed 25  

2B 
GW-GM or  GP-
GM or   GW-GC 

or   GP-GC 

(1) Bituminous PI not to exceed 10 

 

Well-graded material only  

(2) Portland -Cement PI not to exceed 30 
Material should contain at 

least 45% by weight of 
material passing No.4 sieve 

(3) Lime PI not less than 12 
 

(4) Lime-Cement-Fly Ash PI not to exceed 25 

2C GM or GC or    
GM-GC 

(1) Bituminous PI not to exceed 10 
Not to 

exceed 30% 
by weight 

Well-graded material only  

(2) Portland -Cement * 

 

Material should contain at 
least 45% by weight of 

material passing No.4 sieve 
(3) Lime PI not less than 12 

 
(4) Lime-Cement-Fly Ash PI not to exceed 25 

3 

GH or CL or   MH 
or ML or  OH or 

OL or 
ML-CL 

(1) Portland LL less than 40 and PI 
less than 20  

Organic and strongly acid 
soils falling within this area 

are not susceptible to 
stabilization by ordinary 

means 
(2) Lime PI not less than 12  

* PI ≤ 20 + [(50-percent passing No. 200 sieve) / 4] 
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Figure 4: Additive selection criteria for subgrade material using soil classification 

3.3 Mix design 
The main goal of developing a mix design is to determine the optimal additive content that 
achieves the targeted material properties. Mix design procedures also include testing the 
durability of the mix (soil/additive/water) to verify its effectiveness over long term enviromental 
conditions. At the end of mix-design, the amount of additive required to achieve the targeted 
properties is established along with the density and moisture control parameters for construction.  

The following sections discuss the mix design procedure by using cement, lime, and fly ash 
stabilizers as per U.S. Army TM 5-882-14/AFM 32-1019 and TxDOT (2005) stabilization 
guidelines. This procedure is similar to the various stabilization guidelines reviewed.  

3.3.1 Determination of additive content for Cement 
According to U.S. Army TM 5-882-14/AFM 32-1019 guidelines, the cement content is initially 
estimated based on the soil classification (see Table 3). Using this cement content, maximum dry 
unit weight, and optimum water content of the soil-cement mixture is calculated. Three 
specimens are prepared at recommended, - 2%, and +2% cement content. Unconfined 
compressive strength and durability tests are performed on these specimens and the lowest 
cement content which meets the strength requirement and demonstrates the required durability is 
chosen as the design cement content.  

TxDOT (2005) guidelines to determine the amount of cement required for soil-cement 
stabilization are primarily based on exceeding a minimum unconfined compressive strength and 
attaining a minimum strength after moisture conditioning in the laboratory. Minimum strength 
requirements for stabilized mixes are based on the class specified in the plans as summarized in 
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Table 4 (Veisi et al. 2010). As per Table 4, 2068 kPa (300 psi) should be the target strength for 
cement stabilized bases. Higher strengths are not recommended because they can lead to brittle 
cracking. 

UCS is the most widely referenced property of soil cement. UCS serves as a criterion for 
determining the minimum cement content requirements. Typical ranges of UCS after 7 and 28 
days of curing for soaked soil-cement mixtures are presented in Table 5, classified into soil 
groups (ACI 230.1R-90 1997)  

Table 3: Cement requirements for soils (U.S. Army TM 5-882-14/AFM 32-1019) 

Soil Classification Initial Estimated Cement Content  
(% dry weight) 

GW, SW 5 
GP, GW-GC, GW-GM, SW-SC, SW-SM 6 

GC, GM, GP-GC, GP-GM, GM-GC, SC, SM, SP-SC, 
   

7 
CL. ML, MH 9 

CH 11 
 

Table 4: Soil-cement strength requirements as per Veisi et al. (2010) 

Class 7-Day Unconfined Compressive Strength, Min. 
kPa(psi) 

L 
Flexible pavements 

2068(300) 
M 1206(175) 
N Rigid pavements As shown on the plans 

 

Table 5 Ranges of UCS for soil-cement (ACI 230.1R-90) 

Soil Type 7-Day Soaked Compressive 
Strength, kPa(psi) 

28-Day Soaked Compressive 
Strength, kPa(psi) 

Sandy and gravelly soils 2068(300)-4137(600) 2758(400)-6895(1000) 
Silty soils 1724(250)-3447(500) 2068(300)-6205(900) 
Clayey soils 1379(200)-2758(400) 1724(250)-4137(600) 
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3.3.2 Determination of additive content for Lime 
As discussed in Section 2.1, there are two stages in the determination of the design lime content. 
The first step is to determine the initial consumption lime (ICL) to satisfy the cation exchange 
and the second step is to determine the total lime required to achieve a target strength value by 
adding additional lime beyond the ICL. U.S. Army TM 5-882-14/AFM 32-1019 prefers that the 
ICL be established using the pH test or Eades & Grim test (ASTM D6276). The lowest lime 
content at which a pH of 12.4 (the pH of free lime) is reached is the ICL.  

An alternate method for determining ICL is by the PI wet method (AASHTO T-220), as shown 
in Figure 5. In this method the ICL is established by using PI and % soil binder (passing #40). PI 
of the soil is plotted on top x-axis which then follows the curved line until it intersects with the 
horizontal line from % binder at the y-axis. A straight vertical line is plotted from the point of 
intersection to meet the top of the x-axis. ICL is read proportional to the values inside the circle 
of curved lines at the top of the x-axis. After the ICL is obtained, proctor curves are established 
for soils mixed with ICL lime content and with increments of 1 or 2%. The lowest lime content 
that meets the targeted UCS strength is selected as the required lime content. 

U.S. Army TM 5-882-14/AFM 32-1019 also recommends that durability tests be performed at 
the final lime content to ensure that the stabilization effects are lasting. If results of the 
specimens tested do not meet both the strength and durability requirements, a higher lime content 
may be selected and the mix design is reevaluated.  

 
Figure 5: PI wet method to calculate amount of lime for stabilization (Tex-121-E 2002) 
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TxDOT (2005) follows Eades & Grim test to establish the ICL. After establishing the ICL, a 
series of specimens with lime percentages ranging from ICL to 10% in 1 or 2% increments are 
tested in the lab to determine the required amount of lime. The required lime content is the 
lowest amount of lime that satisfies the strength criterion. The minimum strength criterion for 
lime content is based on an unconfined compressive strength of 1034 kPa (150 psi) for the base 
and 345kPa (50 psi) for subgrade.  

 

3.3.3 Determination of additive content for Fly Ash (FA) and Lime-Fly Ash (LFA) 
Like cement, the unconfined compressive strength is used as an index to determine the suitable 
amount of additive. A minimum unconfined compressive strength of 150 psi is suggested as 
adequate for FA or LFA stabilized soils. Unconfined compressive strengths for FA or LFA base 
courses should approach the strength requirements of soil cement presented in Table 4 above. 
According to U.S. Army TM 5-882-14/AFM 32-1019 guidelines, design with LFA is different 
from that with lime or cement. For a given combination of materials (aggregate, fly ash, lime), a 
number of factors can be varied in the mix design process such as the percentage of lime-fly ash, 
the moisture content, the ratio of lime to fly ash and the percentage of aggregate fines. The fly 
ash, lime, and minus No. 4 aggregate fines are referred to as matrix materials. To establish the 
amount of additives, the first step is to determine the optimum fines content by targeting the 
maximum dry density of the matrix. In case of LFA mixtures, it is recommended that this 
optimum value be increased by 2% since higher strength and improved durability is achieved 
when matrix material is able to “float” the coarse aggregate particle after filling the available 
void spaces. 

The initial fly ash content should be about 10% based on dry weight of the mix. Tests are run at 
2% increments of fly ash, up to a total of about 20%. Compaction characteristics using standard 
proctor are determined for these fly ash contents and the final content is selected at 2% above the 
mix that yields maximum unit weight. The ratio of lime to fly ash that will yield the highest 
strength and durability is determined, by using lime to fly ash ratios of 1:3, 1:4, and 1:5. Three 
specimens are prepared and tested for unconfined compression strength and wet-dry or free-thaw 
cycles (as needed) are conducted. The lowest LFA content that meets the strength criteria from 
Table 4 is selected as the design LFA content. 

4 STABILIZATION PRACTICES IN THE NEIGHBORING STATES 
A thorough literature search was performed to collect soil stabilization literature published by 
agencies in the states neighboring Montana as the conditions in these regions are similar to that 
of Montana. This search included DOTs of North Dakota, South Dakota, Wyoming, and Idaho in 
the US along with the Saskatchewan Province in Canada, north of Montana. The search yielded 
very limited information as most of the nearby states except for the Saskatchewan Province, do 
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not have established guidelines to perform chemical stabilization of soils. NDDOT (2008) and 
WYDOT (2010) included stabilization construction protocols after the mix designs are 
determined, but the actual protocols for the mix design procedures are not specified. In case of 
Idaho Department of Transportation and South Dakota DOT there were no specific guidelines 
for either laboratory mix design protocols or field construction procedures.  

SHT (1980) specifies laboratory protocols for both modification and stabilization. It defines 
modification as the addition of chemicals for the purpose of minimizing swelling and making the 
soil drier to have stable working ground. Stabilization is defined as the addition of chemicals 
with the intent of improving strength characteristics of the subgrade soil. For modification, the 
lime content purpose is selected by mixing various amounts of lime and testing for PI. The 
amount of lime beyond which there is no change in PI is chosen as design lime content for 
modification. For stabilization, the amount of lime is chosen based on the 28-day UCS value 
with a targeted of 1320 kPa (191 psi) for high plastic clays and 2070 kPa (300 psi) for silty soils. 
Lime stabilization is recommended for soils with PI greater than 10 except when these soils have 
pH less than 7 (acidic), organic content more than one percent, or sulfate content higher than 
2000 to 5000 ppm (0.2 to 0.5 percent). 

As per SHT (1980), cement stabilization is recommended for well graded sands and gravels and 
the required cement content is typically less than 6% by dry weight of the soil. Mix design 
procedure for soil cement is based on the target UCS value and durability performance of soil 
cement specimen cured 7 days. The durability tests include wet-dry and freeze-thaw tests as 
recommended by PCA (1992). The maximum allowable loss in weight after 12 cycles of freeze-
thaw and wet-dry is 14 percent. Minimum compressive strength requirement for soil-cement is 
based on the percentage of 50 μm and 5 mm sizes contained in the soil sample as per Figure 6. 

 
Figure 6 Minimum compressive strength requirements for soil cement as per PCA (1992)  

The minimum percentage of cement that satisfies both compressive strength and durability 
criteria is chosen as the final design content. Generally, the percentage of cement is controlled by 
freeze-thaw results. Approximate cement content determination can be done by using 
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correlations, developed from the results of Saskatchewan soil cement designs over the years 
(SHT 1980) 

4.1 Survey of Practices 
In order to ensure that the research team did not miss any unpublished data from any of the 
above-mentioned states, a survey of stabilization practices was carried out in the neighboring 
states and the results of this survey are presented and discussed in this section. 

A survey questionnaire was modeled after the surveys by Carpenter et al. (1992) and Sargand et 
al. (2014) and was formulated to obtain information on whether, or not the participating states 
use chemicals as a stabilizer for problematic soils. The survey was conducted using an online 
survey tool, Qualtrics, to automatically collect the responses and analyze them. The final version 
of the survey, approved by the technical panel, was sent to MDT for distribution. The approved 
survey questionnaire is presented in Table 6. 

Table 6: Approved survey questionnaire 

Q. No. Question Options 

1 
Has your Department dealt with problematic subgrade 
soils? (i.e. weak, unstable, excessive rutting, or failure to 
support construction) 

Yes 
No 

2 What is the magnitude of the problematic soil issues (cost 
and frequency)?  

High 
Medium 
Low 
N/A 

3  
What types of problematic soils has your Department dealt 
with? (please check all that apply) 
 

Swelling Soils 
Collapsible Soils 
Soft Clay Soils 
Loose Sands 
Others (Please Specify) 

4 Please state the encountered issues with the selected 
problematic soils. [Description] 

5 
Please list general locations where problematic soils have 
been encountered. (City, county, the area of the state, road 
name/number, etc...) 

[Description] 

6 
Does your Department use chemical treatments on soils for 
the purpose of stabilization of problematic subgrade soils? 
(if no is answered, please go to question 10) 

Yes 
No 

7 If yes, is the stabilization meant for short term, or long 
term? 

Short term (allowing construction or 
drying out) 
Long term (stabilized strength integral 
to pavement design) 

8 What chemicals has your department used for the purpose 
of stabilization? (please check all that apply) 

Cement 
Lime  
Fly Ash 
Kiln Dust 
Calcium Chloride 



 

17 
 

Q. No. Question Options 

Magnesium Chloride 
Asphalt Emulsion 
Other (please specify) 
N/A 

9 What is the deciding factor in the chemicals used? (please 
check all that apply) 

Cost Effectiveness 
Availability 
Recommendations (please specify) 
Previous Experience 
Others (please specify) 
N/A 

10 If chemicals are not permitted or used, please state why. 
(please check all that apply) 

Environmental concerns 
Legal concerns 
Equipment limitations 
Lack of research 
Not cost effective 
Unavailable in area 
Others (please specify) 
N/A 

11 If chemicals are not used to stabilize soils, please identify 
the current method(s) used. [Description] 

12 What factors are used to determine the type of stabilizer? 
(please check all that apply) 

Pervious experiences 
Compressive strength 
Laboratory/field testing 
Mineralogy 
Plasticity index 
Depth of base material 
Triaxial testing 
Others (please specify) 

13 
What are the typical layer types and thicknesses of a 
flexible highway pavement in your jurisdiction? (please 
answer numerically in inches) 

Hot Mix Asphalt (0-9<)= 
Base (0-24<)= 
Subbase (0-24<)= 

14 
What are the typical layer types and thicknesses of a rigid 
highway pavement in your jurisdiction? (please answer 
numerically in inches) 

Portland Cement Concrete (0-12<) 
Base (0-12<) 
Subbase (0-12<) 

15 Please provide the following contact information: 

Name: 
Title: 
Office or Section: 
State: 
Phone No.: 
Email address: 

 

MDT distributed this survey to agencies including, Idaho Department of Transportation (ITD), 
Wyoming Department of Transportation (WYDOT), North Dakota Department of Transportation 
(NDDOT), and South Dakota Department of Transportation (SDDOT). The following sections 
summarize these responses.  
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4.1.1 Participation and Roles 
A total of 5 participants started the survey, with only 3 continuing to the completion. The 
participants of the survey were involved in the engineering department of their respective 
organizations. Two identified themselves as Geotechnical Engineers, with the remaining 
participant listed as the Chief Engineering Geologist. All participants were in positions to handle 
the design and management of the specifications for stabilizing the problematic soils.  

4.1.2 Overall Experience with Problematic Soils  
All of the participants who completed the survey stated that their department has dealt with 
problematic soils. When asked the severity of the problematic soils in terms of cost and 
frequency, all participants stated that the issue was of medium severity.  

The types of problematic soils encountered by agencies are summarized in Table 7. 
Transportation departments from the States of North Dakota (ND), South Dakota (SD), and 
Wyoming (WY) all indicated that they dealt with soft clays. These soft clay soils cause issues in 
isolated regions of eastern SD, most of northern and southwestern WY, and the eastern third of 
ND. Swelling soils were encountered in both western SD and around the same areas of soft clays 
in WY. The representative from WY also stated that collapsible soils were an issue at the edges 
of the basins contained in that state. SD indicated that loess was an issue for them primarily in 
the southeastern parts of the state. No participants indicated that loose sands were an issue with 
which they currently deal.  

Table 7: Type of Problematic Soils dealt by surrounding states 

States Problematic Soils 
North Dakota Soft Clay Soils 
South Dakota Swelling Soils, Soft Clay Soils, Loess 
Wyoming Swelling Soils, Collapsible Soils 

 

All participants indicated that the problems with soft clay soils affected their base and subbase 
design. NDDOT participant stated that where it is encountered, it is “not competent to place 
base”. SDDOT participant stated that the soft clay soils do not support construction traffic and 
are unsuitable for embankment designs. WY has a similar issue, but WYDOT typically 
excavates the problematic soils, replaces them with a more suitable subbase material, and uses 
geosynthetics in order to stabilize the remainder of the soil.  

When swelling soils are encountered in WY, an impermeable membrane is spread over the 
subgrade in order to mitigate the effects of differential swelling. In order to mitigate swelling 
soils in SD, SDDOT controls density and water content during construction to achieve stability 
during the design life.  
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WYDOT is the only DOT surveyed, which stated having dealt with collapsible soils. Previously, 
WYDOT has dealt with this soil through dynamic compaction but found the costs to be 
excessive. The current practice is to excavate the collapsible soils, and compact using a 
geosynthetic material as reinforcement in the upper two to three feet.  

SDDOT was the only participant who dealt with loess. Frost heaving due to loess was reported. 

4.1.3 Use of Chemical Stabilizers 
SDDOT and WYDOT participants confirmed that they did use chemical stabilization on soils, 
while NDDOT participant did not. Both responses indicated that this form of stabilization had 
been used in only a short-term capacity (allowing for construction or drying out of soils). The 
stabilizers used in both SD and WY are lime, fly ash, and cement. No other chemical stabilizing 
agents were selected by either responder.  

Both respondents chose the “Other (Please specify)” option on how they chose these stabilizers. 
The participant from SDDOT chose “other” with the specification of use during construction late 
in the season in order to keep the moisture content down. They listed that this helps to save time 
while drying the soil. When asked to specify, the participant from WYDOT responded that 
chemical stabilization is minimally used with the exception of stabilizing in case of full depth 
reclamation projects. The SDDOT representative who chose the option of “Recommendation 
(Please Specify)”, specified that the decision was based on the need to reduce the swell potential 
of shale faults as well as heaves. Neither of these DOTs chose these stabilizers for cost-
effectiveness, availability, nor previous experience.  

NDDOT indicated that they do not use chemical stabilization. As per the representative from 
NDDOT, chemical stabilization is not used because of lack of research, not cost-effective, 
unavailable in the area, and the projects where stabilization is needed are small enough in scope 
that mechanical means are their preferred alternative. 

Each participant was then asked how they chose to stabilize soil. It should be noted that, for 
unknown reasons, the participant from NDDOT did not answer this question. The response from 
SDDOT participant was that they used previous experience, laboratory/field testing, gradation of 
the soil, plasticity index, and “other” option which was specified as the California Bearing Ratio 
(CBR). WYDOT, on the other hand, had less information on how they made their decisions. 
They chose only previous experience and the “other” option and clarified by stating that they 
used industry recommendations.  

The practice of chemical stabilization, type of chemical stabilizer and factors for stabilizer type 
determination by different DOT’s are summarized in Table 8. 
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Table 8: Use of chemical stabilization by states 

States  Use of Chemical 
stabilization 

Type of Chemical 
Stabilizer 

Factor for stabilizer type 
determination 

North Dakota  No N/A N/A 

South Dakota Yes 

Lime, Fly ash, 
Cement 

Previous Experiences 
Laboratory/field testing 

Gradation 
Plasticity index 

CBR 

Wyoming Yes Lime, Fly ash, 
Cement 

Previous Experiences 
Industry recommendations 

 

4.1.4 Roadway Specifications 
 The final questions dealt with thicknesses of pavement designs. The first consideration 
dealt with Flexible Highway Pavement. Over the three participants, the average Hot Mix Asphalt 
(HMA) thickness was 5” thick, with a maximum of 6” coming from SDDOT and a minimum of 
4” coming from WYDOT. The next consideration came from the typically designed base 
thickness. This had an average of 11” with NDDOT having the thickest base design of 15”, 
WYDOT having the thinnest of 6”, and SDDOT having a design thickness of 12”. The final 
consideration of this type of pavement came from the subbase. SDDOT and NDDOT do not 
typically use a subbase while WYDOT typically uses a subbase depth of 18”. Typical pavement 
cross-sections of flexible pavement adopted by WYDOT, NDDOT, and SDDOT are shown in 
Figure 7. 

The next question dealt with Rigid Highway Pavement design. The average depth of Portland 
Cement Concrete (PCC) is 9.67”. The thickest PCC come from WYDOT and NDDOT at 10” 
thick while SDDOT had the thinnest at 9”. For the base design of rigid pavement, the average 
depth was 6.33”. NDDOT had the thickest base design at 8”, WYDOT having the second 
thickest at 6”, and SDDOT having the thinnest at 5”. For the subbase, the results mirrored that of 
the flexible pavement designs. WYDOT had a thickness of 18”, while neither SDDOT nor 
NDDOT typically used a subbase. Typical pavement cross-sections of rigid pavement adopted 
by WYDOT, NDDOT, and SDDOT are shown in Figure 8. 
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(a) (b) (c) 

Figure 7 Typical flexible pavement sections reported by the survey respondents 
(a) WYDOT (b) NDDOT (c) SDDOT 

 

   
(a) (b) (c) 

Figure 8 Typical rigid pavement sections reported by the survey respondents 
(a) WYDOT (b) NDDOT (c) SDDOT 

 

5 CURRENT MDT STABILIZATION GUIDELINES 
As per the MDT geotechnical manual, when poor subgrades are encountered, it is recommended 
that the soil be stabilized using geosynthetics or chemical additives. In case of geosynthetics, it is 
recommended that a thorough geotechnical evaluation be performed before using them in the 
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field. This evaluation should include factors such as soil conditions, design loads, service life, 
geosynthetic type, and life cycle costs.  

In case of chemical stabilization, the manual recommends the use of cementing agents such as 
Portland cement, lime, and lime fly ash as chemical additives. Cement stabilization is 
recommended for granular soils, silty soils, and lean clays, but it is not recommended for organic 
materials. The cement percentages for lean clays range from 9 to 15% while that for granular 
soils is 5 to 9%. Both these percentages seem high for cement stabilization. Lime stabilization is 
currently recommended for granular soils and lean clays. This recommendation can be extended 
to high plastic clays as lime stabilization works best in these soil types. Fly ash is recommended 
as a stabilizer in the presence of lime to provide the required calcium for pozzolanic compound 
formation. However, there are no mix design procedures established for each of these additives. 
This research project will contribute towards developing laboratory stabilization protocols for 
performing mix designs using lime, cement, and fly ash. 

6 SUMMARY AND PATH FORWARD 
The report provides an overview of chemical stabilization of problematic soils using traditional 
stabilizers like lime, cement, and fly ash. Existing standard of practices for soil exploration, 
material sampling, additive selection, and mix design for common geomaterials developed by 
TxDOT (2005) and U.S. Army TM 5-882-14/AFM 32-1019 were discussed in detail while those 
for other agencies are summarized in a table. A literature search on stabilization practices of 
neighboring states and Saskatchewan Province, Canada revealed very limited information as 
most of the nearby states except for the Saskatchewan Province, do not have established 
guidelines to perform chemical stabilization of soils. To ensure that the research team did not 
miss any unpublished data from any of the above-mentioned states, a survey of stabilization 
practices was carried out in the neighboring states with the help of MDT and the results of this 
survey are presented and discussed.  

Based on the literature search and survey of practices, it can be concluded many states nearby 
Montana does not have much experience with chemical stabilization of subgrade soils. The 
stabilization protocol that will be developed at the end of this study will not only help MDT but 
also give nearby states a template for their own stabilization guidelines. It is also evident from 
the SHT (1980) guideline that freezing-thawing is going to be the controlling factor for this 
region and hence the research team will focus on freezing/thawing while evaluating the 
durability of stabilization.  

With the development of the stabilization protocol these additive contents will be considerably 
lower, and thereby minimize construction costs using chemical stabilization. Cost comparisons 
of chemical stabilization vs geosynthetic alternative will also be presented towards the end of 
this project to give managers better comprehension of the advantages of chemical stabilization. 
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Based on the knowledge gained through this literature review, select soils will be stabilized using 
lime and cement and subjected to freeze-thaw cycles and study how they respond to different 
amounts of stabilizers. Four of the six proposed soils were are collected with help from MDT 
and baseline testing on these soils is complete. Lime stabilization testing is currently underway. 
Findings from these tests will be presented in a report at the end of tasks 2 and 3.   
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APPENDIX A 
Table A1: Summary of the stabilization guidelines adopted by CALTRAN (2012) 

 

  

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  

C
A

L
T

R
A

N
S 

(2
01

2)
 

1. Desktop study 
2. Site Investigation 

a. DCP 
b. Sample collection 

3. Preliminary Laboratory testing, analysis and strategy 
selection  
a. Index Tests  
b. Strength Test – R value<20 requires 

stabilization 
c. Sulfate test - > 3000 ppm requires specific 

stabilization procedure. 
d. Organic Content 
e. Soil pH 

4. Mix design testing and analysis 

Soluble Sulfate < 3000 ppm 
% passing #200 sieve > 25% 

PI < 15 
- Cement (primary) 
- Lime-fly ash(Class F), fly ash(Class C) or asphalt 

15 < PI < 35 
- Lime or cement (primary) 
- Lime then cement (primary) 
- Lime-fly ash (class F), fly ash (class C) 

PI ≥ 35 
- Lime (Primary) 
- Lime then cement (Primary) 
- Lime-fly ash (Class F), fly ash (Class C) 
 

% passing #200 sieve < 25% 
PI < 12 

- Lime or Cement (Primary) 
- Fly ash (Class C), Asphalt 

PI ≥ 12 
- Lime or cement(Primary) 
- Lime then cement(Primary) 
- Lime-fly ash(Class F) and Fly ash (Class C) 
 
Soluble Sulfate ≥ 3000 ppm 

- 3000 -8000 ppm  
• Problematic area < 20 % - replace or dilute and use standard practice 
• Problematic area > 20 % - modified practice. 

- >8000 ppm – realignment /alternative treatment 
 
Organic Content 
- < 1 % - follow standard practice 
- 1%-5%  

• Economical % of stabilizer and satisfactory performance – follow standard practice 
• Problematic area < 20% - - replace or dilute and use standard practice 

- All other case – consider realignment/ alternative treatment. 
 
Low pH Soil and High Chloride content 

- Lime and Cement; higher amount than soil with soil with normal pH. 
- Neutralizing with lime before mix design. 
- Alternative stabilization if amount is uneconomical. 

High Soil Moisture Content (Lime) 
- Moisture content(CT 226)- to determine optimum stabilizer content  

• Minimum % of stabilizer (0.5 -2.5%) to reduce the natural water content to OMC 
• Conduct relative compaction (CT 216) between the soil with selected % of stabilizer and natural soil. 
• Adopt similar procedure for cement, fly ash and kiln dust use. 

 
High plasticity soils (Lime) 
- Perfume Atterberg Limits (CT 204) 
- Determine least amount of modifier (1%-4% of dry weight) to bring PI below 12. (Cement or other modifier can be used to further reduce PI or additional lime can be 

used) 
- More than 4% , uneconomical and lead to shrinkage 
 
Low Strength fine grained soil  
Soil with sulfate content <3000 ppm and organic content < 1% 

Lime or Cement 
- Determine initial consumption of stabilizer (ICS) – ASTM D6276 
- Determine strength using UCS test (ASTM D1633 – cement and ASTM D5102 – lime)  

• Soaked UCS strength of 30 psi-60 psi or as project requirement for subgrade improvement 
• Determine optimum stabilizer content  

- Conduct durability tests if subgrade is susceptible to wet/dry cycles or freeze thaw cycles 
• ASTM D559 – wet/dry, ASTM D560 – freeze/thaw 
• Assessment of durability based on maximum allowable weight loss and minimum UCS strength for granular, silt and clay as per Army/Air Force guidelines 

Class C fly ash( standalone ) 
- Determine initial stabilizer consumption 
- OMC/MDD for ICS+1%, ICS+2% and ICS+3% 
- Preparation of Specimens with stabilizer content with maximum MDD and moisture content between (OMC-1) % to (OMC – 5) %.  
- Curing for 7 days at 38oC 
- UCS tests 

• Compare the strength with project requirement 
Lime-Fly ash(Class F) or Cement-Fly ash(ClassF) 

- Determine ICS for lime or cement 
- Starting fly ash content = ICS+1% and for lime or cement = 0.5 x ICS. Ratio of activator : fly ash is maintained 1:2 
- Determine OMC/MDD for the given selected mixtures. 
- Conduct UCS and curing as per ASTM lime or cement protocol depending on whether lime or cement was used 

• Compare the strength with project requirement 
 
Sulfate Rich Soils 
- Stabilizer selection as usual - Lime (most commonly used) 
- Determine ICS and OMC. 
- Samples at design moisture content, +1%, +2%, +3% and +4% are tested for sulfate content at 24 hours interval for 7 days 
- Select best combination of moisture content and mellowing time where sulfate content drops below 3000 ppm. 
- Prepare samples at design stabilizer content and determined moisture content and mellowing time 
- Check for project strength requirement 
- Alternatives are: use of higher stabilizer %, alternative stabilizers or combination of stabilizers 
 
Strength Requirement Criteria 
- UCS Strength of 30psi – 60 psi is considered sufficient for general subgrade improvement. 
- Consider project strength requirement 
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Table A2: Summary of the stabilization guidelines adopted by INDOT (2015) 

 
Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  

IN
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1. Desk Study 
2. Soil Sampling 
3. Index testing 
4. Stabilizer Suitability testing 
5. ICS determination 
6. Loss of ignition 
7. Sulfate Content determination 
8. UCS test on compacted and chemically modified soil 
9. Resilient modulus on chemically treated soil 

Quantity suggested for Stabilization/Modification 
 

Lime: 4%-6% , Cement : 4%- 6% and Fly ash : 10%-15% 
 
Combination of fly ash with cement and lime shall be based on laboratory test which shall include 
minimum of 2%  of lime or cement 
 

 
Stabilization 

Lime: Clay content > 20% and PI > 10 
Cement: Clay content <= 20% and PI <=10  

 
Modification 

Lime: Clay content > 20% and PI > 10 and % passing #200 sieve > 35% 
Lime-Fly ash: Clay content < 20% and    10< PI <=20 and % passing #200 sieve > 35% 
Cement Fly ash blends: Clay content <=20% and  5< PI < 15 and % passing #200 sieve <= 35% 
Cement: Clay content <= 20% and PI <= 10 % passing #200 sieve <= 35% 
Cement or Fly ash: Clay content <= 20% and PI <= 10 and % passing #200 sieve > 35% 
 
Sulfate Content < 1000 ppm (ITM 510) 
 
Organic Content – Loss of ignition <6 % (AASTHO T-267) 
 
A-4 and A-6 soils treated with lime may not provide immediate stability and cement can be used for 
faster strength gain in these conditions 
 
Weather limitation on chemical modification: cement may be used with fly ash or lime to improve 
rate of strength gain. 
 
Use of fly ash in not permitted between October 15 and April 15. 
 
 

-  

Mix Design for Lime Modification/Stabilization 
- Mechanical and physical tests 
- Determine optimum lime content using Eades and Grim pH tests 
- Evaluate drop in maximum dry density with time using compaction test.(AASTHO T-99) 
- UCS test on 95% proctor compaction (AASTHO T-208) and curing for 48 hours at 70oF  
- For stabilization, resilient modulus testing of two samples at 95% proctor compaction in addition to above steps. 
 
Mix Design for Cement Modification/Stabilization 
- Soil Classification as per AASTHO 

• A-1 and A-3- typical range – 4%-5% 
• A-2 and A-4 – typical range – 4%-6% 

- Standard proctor on soil-cement mixture. 
- Sample preparation at 95% of proctor compaction and  
- UCS test on 95% proctor compaction (AASTHO T-208) and curing for 48 hours at 70oF  
- Resilient modulus testing of two samples at 95% proctor compaction in addition to above steps (AASTHO T-307). 
 
Mix Design for Fly ash for Modification 
- OMC and MDD for 10%, 15% and 20% of fly ash mixed with the soil. The test shall be conducted within 2 hours of mixing 
- % of fly ash with highest MDD – optimum fly ash for that soil 
- UCS test, on 95% proctor compaction (AASTHO T-208) and curing for 48 hours at 70oF 
- Resilient modulus testing of two samples at 95% proctor compaction(AASTHO T-307) 
- Swell for 7 days < 3% to be acceptable. 
 
Soil Drying (Lime and Fly Ash) 
- At room temperature, soil at its natural moisture content is tested for mechanical, physical. Ignition, pH (soil and lime sample) and sulfate. 
- Moisture density test for 3%, 4%, 5% and 6% lime and develop chemical modifier % vs moisture content relationship to adjust the moisture content as necessary in 

the field. 
 
Strength Requirement Criteria 
- Minimum UCS strength gain on 48 hours cured sample 

• Lime – soil is 50 psi over the natural soil 
• Fly ash - soil is 50 psi over the natural soil 

- Cement-soil is 100 psi over the natural soil 
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Table A3: Summary of the stabilization guidelines adopted by TxDOT (2005) 

 

  

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  
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• Soil Exploration, Material Sampling and 
Classification  

• Additive(s) selection 
• Mix Design 

- Lime, Cement, Fly ash, Lime-Fly ash, Lime- Cement, Asphalt 
Subgrade (>=25% passing No. 200 Sieve) 

- PI < 15 
• Cement 
• Asphalt (PI <6) 
• Lime-Fly Ash 

- 15<= PI < 35 
• Lime 
• Lime-Cement 
• Lime-Fly Ash 
• Fly Ash 
• Cement 

- PI >=35 
• Lime 
• Lime-Cement 

- Lime-Fly Ash 

Mix Design 
Soluble Sulfate < 3000 ppm (Tex-145-E-and Tex 146-E)and organic Content(ASTM D 2974) <1% 
- Moisture/Density relationship 
- Determination of minimum lime amount  

• pH method (Tex-121-E, Part III) 
- PI wet method – % of Lime for stabilization – Should be substantiated using Tex-121-E 
- Strength Testing 

Soil-Lime Testing (Tex-121-E) 
• OMC/MDD (Tex -133-E) for each soil lime mixtures (% of Lime -0%-10%)  
• Through mixing the sample with respect OMC at let it stand for at least 12 hours 
• Compaction (Tex-113-E) with uniformly mixed 3 wetted lime sample at OMC for each % of lime 
• Moist curing for 7 days at room temperature 
• Drying the specimen at 60oC for 6 hours 
• Enclosing the specimen in triaxial chamber – 1 psi lateral pressure and 0.5 psi surcharge with capillarity for 10 days (Tex-117-E.) 
• UCS tests - strength of at least 50 psi for subbase and 150 psi for base 

Soil-Cement Testing(Tex-120-E) 
• OMC/MDD (Tex-113-E) for 6% cement and adjust w/c for 4%,8% and 10% cement content samples or OMC/MDD for individual % of cement  
• Through mixing the sample with respect OMC at let it stand for at least 12 hours 
• Molding samples for each cement content at OMC/MDD 
• Moist curing for 7 days at room temperature 
• UCS testing  

Lime-Fly Ash(LFA) Testing 
• Blending sufficient Fly Ash with each selected lime content 
• Further processes similar to soil - lime 

- Selection of lowest modifier content that satisfies project requirement 
- Organic content >1% will require additional additive. 
 
3000 <Soluble sulfate<=8000 ppm and PI >15 
- Determination of optimal lime content (OMC and MDD) using the process for soluble sulfate content < 3000. 
- Samples are mixed with different moisture contents above OMC at design lime content 
- Soluble Sulfate concentration Tex-145-E) is checked periodically with respect to time. 
- Mellowing time and moisture content for soluble sulfate <3000 ppm at most rapid rate is determined 
- Through mixing of design lime with soil at determined moisture content and allowed to mellow for the time determined before final placement or compaction 
 
Soluble sulfate > 8000 ppm and PI >15 
- Remove and replace 
- Blend in low sulfate non-plastic granular material(15<=PI<35) 

• Granular material should be grading criteria 
• Potential Vertical Rise (PVR) < =1in. 
• Satisfy strength requirement as per Tex-117-E 

 
Soluble sulfate > 3000 ppm and PI<=15 
- Addition of non-plastic material 
- Re-analyze pavement design 
- Remove and replace 
 
Strength Requirement Criteria 
- Cement: Base -300 psi 
- Lime : Base - 150 psi / soil or subgrade- 50 psi 
- Lime-Fly ash: Base: Same as cement, subbsae :150 psi 
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Table A4: Summary of the stabilization guidelines adopted by SHT (1980), Canada  

 

  

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  
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 Lime 
- PI>=10 
- Organic content < 1% 
- Sulfate <0.2-0.5% 
- 2-3% for modification 
- 7 - 8 % for stabilization 
- Organic content >1 problematic for long term stabilization 
- Addition of pozzalin (fly ash) for long term lime cementing action in silt and granular material 
 
Cement 
- All soil fractions 
- Economical for well graded sand or gravel as compared to clayey soils 

- Organic content reduces reaction between soil and cement thereby reducing durability 

Lime Modification 
- Prepare samples for different % of lime mixed in soil and allow to rot for 24 hours 
- Determine Atterberg limits. 
- Design lime content 

• % of lime at with there is little or no change in PI  
 
Lime Stabilization 
- Samples are prepared for different % of lime mixed in soil and allowed to rot for 24 hours 
- Samples compacted to 50mm x 50mm size and cured for 28 days in moist room with mold still intact. 
- Soaked in water for 4 hours prior to UCS testing. 
- Minimum strength requirement for frost resistant stabilization 

• 1380 kPa for heavy clay 
• 2070 kPa for silty soils 

 
Cement Stabilization 
Adopt shortcut PCA method or Use of Experience curves 
 
Durability (Cement stabilized soil) 
Freeze-thaw and wet-dry tests as per Saskatchewan Highways and Transportation Standard Test Procedure Manual-Section 208-8 
- Wet-dry test – determine the weight loss 

• Soak the cured sample for 5 hours in room temperature and dry in an oven for 42 hours at 71oC  
• Brush the sample 
• Repeat the test for 12 cycles 

- Freeze-thaw test – determine the weight loss 
• Place the cured specimen in freezer at -20oC for 24 hours. 
• Remove the specimen and place it in a moist room at 21oC with absorption pad for 23 hours 
• Brush the sample and place it in the freezer 
• Repeat the test for 12 cycles 

- Minimum compressive strength is as per PCA guideline and maximum allowable weight loss is 14% 
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Table A5: Summary of the stabilization guidelines adopted by NLA (2006) 

 

 

  

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  
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 Lime 
- >=25% passing #200 sieve and PI>=10 
- <1%-2% of organic content as per ASTM D 2974-  
- Soluble sulfate < 0.3%  

- >0.3% special precautions 

Lime stabilization 
- Determine minimum lime amount for stabilization 

• ASTM D 6267 – Eades-Grim 
- OMC and MDD of lime treated soil 

• Sample (minimum lime mixed with OMC of soil+2-4%) is stored in moisture proof bag for 1-24 hours (Quick lime 20-24 hours) 
• ASTM D 698 

- Preparation, cure and conditioning of UCS sample 
• Soil mixture at OMC is stored in moisture proof bag for 1-24 hours (Quick lime 20-24 hrs) 
• Minimum of 2 specimens is prepared as per ASTM D5102 procedure B 
• Immediately wrap ad seal in a airtight moisture proof bag and cure for 7 days at 40oC. 
• 24 hours capillary soaking prior to strength testing – without specimen coming in direct contact with the water 

- Determination of UCS strength  
• ASTM D 5102 procedure B 

 
Strength recommendations: 

Anticipated Use 
Extended 

Soaking for 8 
days 

*Cyclic Freeze-thaw 

3 cycles 7 cycles 10 cycles 

Su
bb

as
e 

Rigid 50 50 90 120 
Flexible 
(>10 in) 60 60 100 130 

Flexible 
(8-10 

in) 
70 70 100 140 

Flexible 
(5-8 in.) 90 90 130 160 

Base 130 130 170 200 
*- expected no. of cycles during first winter of exposure 
 
Expansive soils 
- Check volume change before and after 24-hours soaking using calipers and pi-tape. 
- Volume change 

• 1-2% acceptable 
• >1-2% increase the amount of lime by 1-2% are repeat the test  

 
Sulfate >0.3%(3000 ppm) and < 0.5% (5000 ppm) 
- Excess water (3-5% above OMC) during mixing, mellowing and curing 
- Use of lime-slurry increase of hydrated or quick lime 
- Mellowing period should be at least 72 hours 
 
Sulfate > 0.5% (5000 ppm) and < 0.8% (8000 ppm) 
- Similar procedure as Sulfate >0.3 %( 3000 ppm) and < 0.5% (5000 ppm) but require swell potential determination. 
- Establishing mellowing time based on swell 
 
Sulfate > 0.8% (8000 ppm) 
- Curing water content at 3%to5% above OMC 
- Mellowing period of 72-hours to 7-days 
- Double lime application 
- Sulfate >1% (10000 ppm) is not suitable for lime application 
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Table A6: Summary of the stabilization guidelines adopted by U.S. Army TM 5-882-14/AFM 32-1019  

  

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  
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1. Selection of Additive 
2. Determination of Stabilizer content 
 

 
SW or SP 

- Bituminous 
- Portland Cement 
- Lime-Cement-Fly Ash  

 
SW-SM, SP-SM, SW-SC, SP-SC 

- Bituminous (PI<=10) 
- Portland Cement(PI<=30) 
- Lime (PI<=12) 
- Lime-Cement-Fly Ash  

 
SM, SM, SM-SC 

- Bituminous (PI<=10, Passing #200 sieve <=30) 
- Portland Cement (PI<=20+(50% passing #200)/4) 
- Lime (PI>=12) 
- Lime-Cement-Fly Ash  

 
GW-GP 

- Bituminous (well graded only) 
- Portland Cement (>=45% passing #4 sieve) 
- Lime-Cement-Fly ash 

 
GW-GM, GP-GM, GW-GC, GP-GC 

- Bituminous (PI<=10,well graded only) 
- Portland Cement (PI<=30 and >=45% passing #4 sieve) 
- Lime (PI>=12) 
- Lime-Fly Ash-Cement 

 
GM, GC, GM-GC 

- Bituminous PI<=10,well graded only, passing #200 not exceeding 10% of the weight) 
- Portland Cement (PI<=20+(50% passing #200)/4) and >=45% passing #4 sieve) 
- Lime (PI>=12) 
- Lime-Cement-Fly Ash 

 
GH, CL, MH, OH,OL, ML-CL (Organic and strongly acid soils are not susceptible to stabilization 
by ordinary means) 

- Portland Cement (LL < 40 and PI < 20) 
- Lime (PI>=12) 

 
 
*For Lime-Cement-Fly Ash, PI<=25 
 

Cement Modification 
- Hit and trial method to different on successive samples for determining the desired PI ( ASTM D423 and ASTM D 424) 
- Select the minimum % of cement that required for reducing the PI to desired level. 
- Cement content should be adjusted for total sample as PI is determined for minus #40 sieve material. 
 
Cement Stabilization 

Soluble sulfate(< 1% for fine grained soil) 
- Determine soil classification and gradation of soil using ASTM D 422 and ASTM D 2487 
- Estimate the initial cement content as per the table below. 

GW,SW 5% 
GP,GW-GC.GW-GM,SW-SC,SW-SM 6% 
GC,GM,GP-GC,GP-GM,GM-GC, 
SC,SM,SP-SC,SP-SM, SM-SC,SP 

7% 

CL,ML,MH 9% 
CH 11% 

- Determination of OMC/MDD (ASTM D 1557) initial estimate 
- Test on 3 specimens at recommended % of cement and +/- 2% for UCS and durability 

• Prepare samples as per ASTM D 1632 at 95% of MDD if > 35% pass #4 sieve or 4’’ x 8’’ otherwise 
- Cure the sample in humid room for 7 days 
- Conduct UCS test on the cured samples as per ASTM D 1633 
- Conduct wet/dry (ASTM D 559) or freeze/thaw (ASTM D 560) durability test whichever is appropriate. 
- Select minimum % of Cement that satisfies7 days UCS and durability condition 
 
Lime Modification 
- Similar trial and error process as for cement modification 
 
Lime Stabilization 
- Initial lime content  

• pH test as per ‘Eades-Grim’ as used by TxDOT (2005) 
• PI wet method (AASTHO T-220) 

- Conduct OMC/MDD on initial lime content as per ASTM D 1557 
- Prepare 3 samples at initial lime content, +2% and +4 % as per ASTM D 3551 at 95% MDD when % passing #4 sieve > 35%. Otherwise 4” x 8” sample shall be 

prepared. 
- Cure the sample in sealed container for 28 days at 73oF or accelerated curing for 48 hours at 120oF. 
- Conduct UCS and durability test (12 cycles of freeze/thaw without wire brushing if frost design if considered)  
- Select minimum % of Cement that satisfies28 days UCS and durability condition 
 
Lime-Fly Ash 
- Determination of optimum fines content for MDD  

• Vary % of fly from 10% to 20% of the dry weight of the mix at 2% increment for each ratio 
• Conduct OMC/MDD test (ASTM D1557)- Optimum fines content is where the MDD is highest while varying fly ash from 10%-20% 

- Design fly ash % = optimum fly ash % +2% 
- Prepare 3 specimen with lime: fly ash of 1:3,1:4 and 1:5, determine design fly ash content at OMC determined for in the previous step as per ASTM D 1557 
- Conduct UCS and durability test (12 cycles of freeze/thaw without wire brushing if frost design if considered) 
- Lowest Lime: Fly ratio satisfying strength and durability requirement is selected. 
 
Lime-Cement-Fly Ash stabilization 
- Similar to lime-fly ash.(Cement,1-2% is added and/or replace when lime is added) 
 
Minimum UCS strength (7 days strength for Cement, 28 days strength for lime, lime-cement) 

- Stabilized Base – 750 psi (Flexible pavement) 500 psi (rigid pavement) 
- Subgrade, subbase – 250 psi (Flexible pavement), 200 psi (Rigid pavement) 

 
Durability Criteria  
Maximum allowable loss of weight after 12 freeze/thaw cycles or wet/dry cycles 

- Granular Soil, PI<10 – 11% 
- Granular Soil, PI>10 – 8% 
- Silt – 8% 

- Clay – 6% 
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Table A7: Summary of the stabilization guidelines adopted by PCA (1992) 

 

 

  

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  
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Major Project 
- Soil Sampling and preparation 
- Soil Identification 

• Sandy Soil 
• Short-Cut Test Methods 
• Others 
• Complete series of detailed tests 

Minor Project 
- Soil Sampling and preparation 

• Soil Identification by soil series 
• Rapid Test Methods 

 

 
Soils Estimated 
A-1-a 5 
A-1-b 6 
A-2 7 
A-3 9 
A-4 10 
A-5 10 
A-6 12 
A-7 13 

 

Cement Stabilization 
- Determination of preliminary cement estimate 
- OMC/MDD test as per ASTM D 558; AASTHO T134 
- For sandy soil 

• % retained on #4, % of material smaller than 0.05mm and MDD, select cement content from table in PCA manual 
- For silty and clayey soil 

• Group index , % of material between 0.05mm – 0.005mm  and MDD, select cement content from table in PCA manual 
- Samples are molded at +2% and -2% cement content and placed in high humidity for 7 days. 
- Freeze/thaw (ASTM D560; AASTHO T136 )and wet/dry test (ASTM D559; AASTHO T135) should satisfy the following condition  

Soil USCS Max. Allowable wt. loss 
(%) 

A-1-a GW,GP,GM,SW,SP,SM 14 
A-1-b GM,GP,SM,SP 14 
A-2 GM,GC,SM,SC 14 
A-3 SP 14 
A-4 CL,ML 10 
A-5 ML,MH, CH 10 
A-6 CL,CH 7 
A-7 OH,MH,CH 7 

 
- Compressive strength tests supplementary to soil-cement test 

• 2, 7 and 28 day’s strength of sample store at 100% humidity. 
• Specimen is soaked in water before loading. 
• Relationship exists between 7- day’s compressive strength and  durability  

- Short-cut test procedure for sandy soils (<50% silt and clay, <20 % clay and < 45% retained on #4 sieve)  
• Method A (all soil pass through #4 sieve) 
• % of Cement from graph- 
• OMC/MDD for soil cement  as per ASTM D558/AASTHO T134 and % smaller than 0.05mm -  
• Prepare compressive strength test samples at OMC/MDD with cement content from graph. 
• 7- day’s compressive strength test and compare with minimum 7- days compressive strength for % of material smaller than 0.05 

- No durability test required 
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Table A8: Summary of the stabilization guidelines adopted by NCHRP (2009) 

 

  

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  
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1. Soil Exploration 
- Preliminary data collection 
- Subsurface investigation 

2. Soil Classification 
- Base material 
- Subgrade material (soluble sulfate >3000 ppm – 

follow sulfate guideline) 
3. Modifier Selection 
4. Mix design 
5. Evaluation of Properties. 

Selection of stabilizer similar to TxDOT (2005) 
 
Organic content  
- 1-2% may be difficult to stabilized with economic amount of additives 
 
Soluble sulfate(AASTHO T-290 or equivalent) 
- Threshold for sulfate to cause problem varies from 0.1% to 0.3% depending on researchers 
 

Lime Stabilization 
- Adopts NLA procedure. 
Cement Stabilization 
- Preliminary cement estimate 
• Adopts PCA guidelines 
- OMC/MDD determination (ASTM D558 or AASTHO T 134) for median cement content in preliminary estimate  
- Durability assessment 

• Durability – PCA method or Army /Air Force Soil Stabilization Guideline using 3 sample at nominal cement content, +2 % and -2% of nominal cement 
content 

- Strength assessment 
• %percentage of cement that satisfies minimum 7 days UCS strength (US Army Corps of Engineers) for the sample prepared in accordance to ASTM D 

1633 is the design cement content 
Fly Ash Stabilization  

Class C - Self Cementing 
- OMC and MDD determination for each fly ash content adopting ASTM C 593 
- Moisture-strength relationship  

• Blending of soil at several moisture contents lower than OMC 
• Curing for 7 days at 100oF, moisture conditioning and immersion before strength testing in accordance to ASTM C 593 
• Minimum 7 days compressive strength is 400 psi 
• Durability as per ASTM D 560 -may be waived in places with no freeze thaw effect. 

Class F - Non- Self Cementing Fly Ash (to achieve maximum strength) 
- Optimal fly ash content 

• 5 sample with fly ash content varying from 6 % to 20% by weight of coarse aggregate fraction are molded at estimated OMC in accordance to ASTM C 593 
to determine MDD.  

• Optimum fly ash % = % fly ash with highest MDD is selected + 2% 
- Optimal activator (lime or cement) content 

• Activator: fly ash = 1:3 to 1: 4 
• Samples for compressive strength with varying activator content are prepared 
• Curing for 7 days at 100oF for lime as an activator or curing for 7 at 73oF at 100 % relative humidity environment for Portland cement as an activator. 
• moisture conditioning and immersion before strength testing in accordance to ASTM C 593 
• Minimum 7 days compressive strength is 400 psi 
• Durability as per ASTM D 560 -may be waived in places with no freeze thaw effect. 

Non- Self Cementing Fly Ash (To achieve target strength) 
-  Fly ash staring with 4% fly ash with 2% increment and activator: fly ash = 1:2(generally). 
- Total of 6 trials mixes – 3 different fly ash contents with two activator contents per fly ash content 
- OMC and MDD determination 
- Samples are prepared at OMC as per ASTM C 593 
- Curing is done similar to lime stabilized soil 
- Design stabilizer content from strength test 
 
Stabilization of sulfate rich soils 
- Follow TxDOT (2005 )guidelines  
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Table A9: Summary of the stabilization guidelines adopted by FHWA (1992) 

 

Agency ID Stabilization Protocol Summary Selection of Additive Type Criteria Selection of Additive Content Criteria  
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 Lime Stabilization 
- PI > 10 and/or % passing #200 > 25% (minimum 10% clay content) 
- Also considers Army Air Force guidelines 
 
Cement Stabilization 
- Considers PCA guidelines. 
- Considers Army Air Force guideline 
- Treatment of soil with sulfate content > 1% should be avoided. 
 
Fly Ash Stabilization 
- Silts 
 
Lime-Cement Fly ash stabilization 
<=12% passing #200 sieve and PI of minus #40 sieve does not exceed 25 

Lime Stabilization 
- Minimum cured compressive strength as per different agencies 
- Design lime content = % that produces maximum strength for given curing condition. 
- Minimum strength requirement 

• 7 days cured compressive strength of 250 to 400 psi – durable against heaving 
 
Cement Stabilization 
- Approximation of quantities 

• U.S. Army TM 5-882-14/AFM 32-1019  
- Check for pH of soil-cement  

• pH>12.1 – use cement 
• pH<12.1 – do not use cement 

- Sulfate determination  
• > 0.9% and fine-grained soil – no cement stabilization 
• > 0.9% and coarse-grained soil – sulfate resistance cement 
• < 0.9% - good for cement stabilization 

- Determination of cement content 
• Follow PCA method 

 
Lime-Fly Ash Stabilization 
- Typical proportions are 2.5% to 4% lime and 10% to 15%  
- Strength and durability criteria  

• Similar to NCHRP criteria 
 

Agency Minimum Compressive 
strength, psi 

Maximum Weight Loss *, 
% 

ASTM C 400 - 
Illinois DOT 400 10 
Ohio DOT 400 10 
Pennsylvania DOT - 14 
Federal Aviation 
Administration 

400 14 

- *(12 cycles of freeze/thaw ASTM D560) 
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