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TÓM TẮT 
Đề tài LVTN: “Phân tích một số yếu tố ảnh hưởng đến cường độ nén nở hông của cọc 

xi măng đất tại công trình đường liên cảng Cái Mép – Thị Vải và đánh giá hiệu quả 

của phụ gia muội silic.” 

Tuyến đường liên cảng Cái Mép – Thị Vải nối liền hệ thống cảng và các khu 

công nghiệp chạy dọc sông Cái Mép - Thị Vải với tổng vốn đầu tư 6300 tỉ đồng. Hiện 

đang thi công đoạn số 3 (từ km 7 + 199 – km 9 + 612). Vị trí công trình nằm trên khu 

vực đất yếu thuộc trầm trích sông biển hỗn hợp có tính chất phức tạp. Do đó để đảm 

bảo khả năng khai thác của tuyến đường tải trọng cao đòi hỏi phải có một giải pháp 

nền móng hợp lý và kinh tế.  Với những ưu điểm trong công tác xử lý nền đất yếu, 

công nghệ cột xi măng đất được xem như giải pháp tối ưu cần phải được xem xét và 

ứng dụng rộng rãi.  

Để góp phần thực hiện điều này, trong luận văn này tác giả đã tập trung vào 

nghiên cứu các vấn đề sau:  

- Tìm hiểu cơ sở lý thuyết của phương pháp cọc xi măng đất. 

- Tiến hành trộn mẫu trong phòng để phân tích một số yếu tố ảnh hưởng 

đến cường độ nén nở hông, đánh giá hiệu quả của phụ gia muội silic  và 

đưa ra hàm lượng tối ưu. 

- Nghiên cứu ảnh hưởng của môi trường xung quanh: 

• Chịu ảnh hưởng của nước (điều kiện nước ngầm) 

• Sự thay đổi hàm lượng muối trong đất. 

• Môi trường đất tự nhiên xung quanh cọc 

- So sánh sự khác biệt giữa cường độ cọc đất xi măng thực tế so với mẫu 

trộn trong phòng thí nghiệm. 
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ABSTRACT 
The graduation thesis: “Factors affect on unconfined compressive strength of 

soil cement column in Thi Vai – Cai Mep inter-port road and assessing effect of silica 

fume admixture.” 

The Cai Mep-Thi Vai inter-port road system connects to the ports system and 

industrial zones along the Cai Mep - Thi Vai River, total of initial investment equals 

6300 billions VND. The component project No.3 (Km 7+199 to Km 9+612) is being 

executed at present. The construction is located on weak soil foundation of near shore 

marine – alluvial deposit which has complex properties. Therefore, to ensure the 

effectively using of the super-weight construction needs to have a reasonable and 

economical geological solution. With the specific advantage in weak soil foundation 

treatment, the soil cement column is considered a most optimal solution needs to 

research and apply.  

 To contribute to execute above matter, in this research (composition), the 

author has researched and analyzed some matter as follows: 

- To understand theory of soil cement column. 

- Preparing, mixing, testing specimens in laboratory in order to analysis 

factors affecting on unconfined compressive strength of soil cement 

samples, assessing effect of silica fume admixture and outputting 

optimum mixture ratio.  

- Researching effect of curing environment: 

• The effect of water to strength of soil cement columns 

• The effect of salt content in water to strength of soil cement 

columns. 

• The effect of natural soil around columns. 

- Research the correlation of unconfined compressive strength between 

laboratory mixed specimens and core samples of soil cement columns.  
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INTRODUCTION 
 

1. General 

 In recent years, out country is entering the period of industrialization and 

modernization. National economy is more and more growing nowadays. The growing 

demand of centralizing industrial parks, expanding markets, urban infrastructure 

rehabilitations and new urban developments, highways, sports, etc have created very 

active. The constructions are usually concentrated in places where convenient 

economic condition and traffic, but engineering geological condition is unfavorable 

such as Mekong river delta, Ho Chi Minh City, Can Gio, some where in Baria - Vung 

Tau province, etc. Here, geologic structure is complex, including many layers of soft 

soil. It is large and different thickness, surface distribution. The characteristics of soft 

soil are most of all: low shear strength, high compressibility and low permeability, 

which create difficulties in the design and construction over it. 

The task of geotechnics  and civil engineers find different methods to treat soft 

soil foundation such as: prefabricated concrete  pile, sand pile, sand well, geotechnical 

material (vertical artificial drain, geotextile fabric),… Each of methods has specific 

strengths and weaknesses. When construction will have been built, engineers often 

select method to improve soft soil very difficultly, especially super-weight of 

constructions. The most suitable method for each project is usually selected 

considering technical quality and economical benefit. Prefabricated concrete pile is 

high strength but expensive, vertical artificial drain may be break, time-long 

construction. Depend on each of projects, they maybe not economical and 

technological.  

The way of solving that problem, people tried applying improvement of soft soil 

by soil-cement column in many countries. This method has been applied in the world 

for a long time, but it has been approached newly in Viet Nam. So that, the researches 

about this method in Vietnam hasn’t been much, especially with concrete ground 

areas. The research of Nozu,M in Fudo Construction Co. Ltd, Japan showed that the 
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soil cement column method  is considered to be more suitable than vertical drain 

method. The strength of soil cement column depend on many factors.  

This study will research in Cai Mep – Thi Vai International Port Zone in Ba Ria 

– Vung Tau province where soil salinity (soil salinity is the salt content in the soil) and 

high organic content. Recently, the research for soil salinity showed following: 

With soil salinity, when low level of salt in the soil (<0.3%) isn’t affect on 

soil characteristics. However, level of salt in the soils is higher than 0.3%, soil 

characteristics are noticeable chance. Research results for Binh Thuan clay 

showed that soil inner friction angle decrease 4 degree, soil cohesion decrease 

around 0.5 time when soil salinity increase from 0-1%. (MSc graduation 

thesis of Ly Huynh Anh Ly, HCMUT,2007) 

So that, research for affecting by soil salinity, soil pH and water environment 

around soil-cement column on strength of soil-cement column is necessary. Thence, 

application of soil-cement columns achieves higher effect when stabilizing soft soil in 

Cai Mep – Thi Vai International Port Zone.  

2.  Purpose and scope of research 

 The main goal of this research understand particular detail of  factors affect on 

unconfined compression strength of soil-cement stabilization method in Thi Vai – Cai 

Mep internal road and assessment of the affect by  silica fume admixture. 

 This graduation thesis includes 4 chapters, which were summarized as follows: 

  The opening chapter, student introduced urgency of the research. To explain 

purpose and scope of this research. To show methodology, innovation and 

limitations of the research.  

  Chapter 1: Basing on literature review, author presented the general working 

of soil-cement column to improve the soft soil. Author described briefly the 

factors affecting on unconfined compression strength of soil-cement column. 

To find out using for admixture for increase strength of soil-cement columns. 

  The main purpose of chapter 2 focus on describing soil testing, methods of 

making, curing specimens and testing unconfined compression strength 
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specimens of soil-cement columns in laboratory. Specimens are made of 

different cement content, water/cement ratio, silica fume/cement ratio and it is 

cured on different environment.  

  Chapter 3: Summarizing, analyzing and comparing test results on specimens 

from Lab and Field. Assessing effect of silica fume admixture.  

 The end chapter summarized the previous chapters and showed the final 

conclusions and future works. 

4. Methodology of study 

Research on theory: 

Theoretical basic of reaction in soil-cement mixtures for unconfined 

compressive strength gain of soil cement column. 

Experimental research: 

Test on physical-mechanical properties of undisturbed soil. 

Author tested unconfined compressive strength of field mixed and 

laboratory mixed specimens.   

Basing on test result author summarized, analyzed and compared test 

results on specimens from laboratory mixed specimens and core sample 

of soil cement column. 
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Figure 0.1: Schematic of tasks performed in this research 
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5. Scientific significance of research 

 Author defined factors affect on unconfined compression strength of soil-

cement column. Assessing effect of silica fume admixture. 

6. Practical significant of research 

 Determining optimal ratio of binder, water/cement ratio for Thi Vai -Cai Mep 

Inter-port road project. Besides, applying the test result to pre-design projects, which 

use silica fume admixture for soil cement column. 

7. Innovation of the research 

This study is practiced at concrete ground areas (littoral – alluvial deposit of 

Thi Vai – Cai Mep inter-port road, Ba Ria –Vung Tau province). 

Scope of the study include 4 curing environments, 3 cement contents,  3 

water/cement ratio, 3 admixture ratio.  

Formation of USC strength is explained by combining of test result in 

laboratory, in field and terms of silicate chemistry.  

 8. Limitations of research 

 The research performed a short-time (60 days), so that the result didn’t show 

clearly to   affect of curing environment, silica fume admixture. 

 The research only examined unconfined compressive strength test. It was not 

mentioned to direct shear test, unconsolidated undrained test. There are many factors 

affect on unconfined compressive strength of soil-cement column but this research 

only examining some factors following: cement content, water/ cement ratio, silica 

fume/cement ratio, curing environment, curing time.  
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CHAPTER 1: LITERATURE REVIEW 
 

1.1 History and application of soil cement column 

The deep soil mixing methods or soil-cement columns method is an in-stu soil 

treatment technology whereby the soil is blended with cementitious and/or other 

materials. There materials are referred to as “binders” and can be introduced in a slurry 

or dry form. They are injected through hollow, rotated mixing shafts tipped with some 

type of cutting tools.  

Currently, there are more than eighteen different terminologies used to identify 

different types of deep soil mixing methods (Porbaha 1998 and 2000). Table 1-1 

defines current terms used in deep mixing industry and research project. Other phases 

include mixed-in-place piles, in-stu soil mixing, lime-cement columns and soil cement 

columns.  

Table 1.1 Deep Mixing Acronyms and Terminology (After Porbaha, 1998) 

 Acronym Terminology 

 SMW Soil mix wall 

 DSM  Deep soil mixing 

 DCM Deep chemical mixing 

 DMM Deep mixing method 

 CCP Chemical churning pile 

 DCMM Deep cement continuous method 

 DJM Dry jet mixing 

 DLM Deep lime mixing 

 SWING  Spreadable WING method 

 RM Rectangular mixing method 

 JACSMAN Jet and churning system management 

 DEMIC Deep mixing improvement by cement stabilization  
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1.1.1 History 

The following listing summarizes the dates of key event in the development of 

DMM technology, and contains references to some of the many variant of DMM, 

which are detailed in later chapters. The chronology is introduced at this early point in 

the report so that the classification and evolution of different DMMs can be more 

clearly appreciated in other research.  

Table 1.2 Complementary information on research project has recently been provided  

by porbaha (1998). 

 

Year 
 

Researches and applications 

1954 
Intrusion Prepakt Co. (United States) develops the Mixes in Place (MIP) 

Piling Technique (singer auger), which sees only sporadic use in the United States. 

1961 

MIP already used under license for more than 300,000 lineal meters of piles in Japan 

for excavation support and groundwater control. Continued until walls and DMM 

(SWM) technologies. 

1967 

The Port and Harbor Research Institute (PHRJ, Ministry of Transportation, Japan) 

begins laboratory test, using granular or powdered lime for treating soft marine soil 

(DLM). Research continues by Okumura, Terashi et al through early 1970s to: (1) 

investigate lime – marine clay reaction, and (2) develop appropriate mixing 

equipment. Unconfined compressive strength (UCS) of 0.1 to 1MPa achieved. Early 

equipment (Mark I-IV) used on first marine trial near Hameda Airport (10 m below 

water surface).  

1967 

Laboratory and field research begins on Swedish Lime column method for treating 

soft clays under embankments using unslaked lime (Kjeld Paus, Linden – Alimak 

AB, in cooperation with Swedish Geotechical Institute (SGI), Euroc AB, and BPA 

Byggproduktion AB). This follows observations by Paus on fluid lime column 

installation in the United States. 

Late 

1960s 
China reported to be considering implementing DLM concepts from Japan. 

1972 Seiko Kogyo Co of Osaka, Japan begins development of Soil Mixed Wall (SMW) 



“Chapter 1: Literature Review” 

8 

method for soil retaining walls, using overlapping multiple augers (to improve lateral 

treatment continuity and homogeneity/quality of treated soil). 

1974 

PHRI report that the Deep Lime Mixing (DLM) method has commenced full- scale 

application in Japan. First applications in reclaimed soft clay at Chiba (June) with a 

Mark IV machine developed by Fudo Construction Co., Ltd 

1974 
Intensive trials conducted with Lime Columns at Ska Adeby Airport, Sweden: basic 

test and assessment of drainage action (columns 15 m long and 0.5 m in diameter)  

1974 
First detailed description of Lime Column method by Arrason et al. (Linden Alimaik 

AB) 

1975 

Following their research from 1973 to 1974, PHRI develops the forerunner of the 

Cement Deep Mixing (CDM) method using fluid cement grout and employing it for 

the first time in large-scale projects in soft marine soils offshore. (Originally similar 

methods include DCM, CMC (still in use from 1974), closely followed by DCCM,  

 DECOM, DEMIC, ect., over the next five years). 

1975 

First commercial use of Lime Column method in Sweden for support of excavation, 

embankment stabilization, and shallow foundation near Stockholm (by Linden 

Alimak AB, as contractor SGI as consultant/researcher). 

1976 
SMW (Soil Mixed Wall) method used commercially for time in Japan by Seiko 

Kogyo Co. 

1977 
CDM (Cement Deep Mixing) Association established in Japan to coordinate 

technological development via a collaboration of industrial and research institutes. 

1977 First practical use of CDM in Japan (marine and land uses) 

1979 
Tenox Company develops Soil Cement Column (Teno Column) system in Japan: 

subsequently introduced into the United States in 1992. 

1980 
First commercial use Japan of DJM, which quickly supersedes DLM thereafter (land 

use only) 

1981 Prof.Jim Mitchell presents general report at ICSMFE (Stockholm) on lime and lime 

cement columns for treating plastic, cohesive soil, increasing international 
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awareness. 

1983 
Eggestad publish state of the art report in Helsinki dealing with new stabilizing agent 

for Lime Column method. 

1984  
SWING method developed in Japan, followed by various related jet-assisted (W-R-J) 

methods in 1986, 1988 and 1991. 

1985 First commercial use of Lime Cement Column method in Finland. 

1987 
Cementation Ltd, reports on use their single auger deep mixing system in U.K 

(developed in early-mid 1980s).  

1989 
The Trevisani and Rodio Companies in Italy develop their own DMM version, 

starting with dry mix injection, but also developing a wet method. 

1990 

New mixing equipment developed in Finland using cement and lime (supplied and 

mixed separately): capable of creating columns greater than 20 m deep, 800 mm 

diameter, through denser, surficial layers. 

1992 
SMW method used for massive earth retention and ground treatment project at Logan 

Airport, Boston, MA. 

1992 
Jet and Churning System Management (JACSMAN) developed by Fudo Company 

and Chemical Company in Japan. 

1992 First SCC installation in United States (Richmond, CA). 

1993 
First DMM activities of Millgard Corporation (United States), largely for 

environmental work. 

1995 From 1977 to 1995, more than 26 million m3 of CDM treatment reported in Japan. 

1996 
First commercial uses of lime cement columns in the United States (Stabilator 

Company in Queens, NY). 

1998 
Formation of Deep Mixing Subcommittee of Deep foundation Institute during annual 

meeting in Seattle, WA, October. 

Now Continue research and develops DM technology. 
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1.1.2 Application 

 The soil-cement column have employed for a number main purpose as (Holm, 

2003): 

a. To improve the deformation properties of the soil to: 

- Reduce the settlement and differential settlement; 

- Reduce the horizontal deformations; 

- Reduce the time for settlement. Hence, shorten the construction 

period; 

 

Figure 1.1: Picture illustrated some applications of soil-cement column 
(from website: www.raitoinc.com) 

b. To increase the strength of soil to: 

- Increase the stability of a road or railway embankment; 

- Increase the bearing capacity; 

- Reduce the active load on retaining walls; 

- Prevent liquefaction. 



“Chapter 1: Literature Review” 

11 

 

Figure 1.2: DMM used for liquefaction control and seepage cut off.  

Jackson Lake Dam, WY (Taki and Yang, 1991) 

c. To increase the dynamic stiffness of the soil to: 

- Reduce the vibrations induced by high speed trains; 

- Reduce the vibration to the surroundings. 

d. To remediate contaminated land by: 

- Solidification; 

- Stabilization; 

- Hydraulic cut-off walls. 



“Chapter 1: Literature Review” 

12 

 

Figure 1.3: a) Prevention of sliding failure for high banking 
b) Prevention of sliding failure for banking or the like and reduction of settlement  

(from Japan DJM Association 1996) 

 

 

Figure 1.4: c) Stability of excavated slope gradient 

d) Prevention of sliding failure for abutment and reduction of settlement for banking 

(from Japan DJM Association 1996) 
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Figure 1.5: Soil Cement Excavation Support Wall 
(Picture from Schnabel Foundation company, www.schnabel .com) 
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The DSM technology has been used in these projects for the following specific 

applications: 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Proposed classification of DSM application (Porbaha, 1998) 

 

The development of new applications should take advantage of the unique 

characteristic of DSM in which rapid stabilization is possible in a short period of time, 

which will lead to accelerated construction in the field. Although the initial demand for 

DSM was to gain higher strength at lower cost, the recent complex construction 

dilemmas in expansive soils and other problematic soils have led to a greater need of 

evaluating this technology for expansive soil modification in field settings (Porbaha 

and Roblee 2000). The main applications in Japan involve ground treatment for 

transportation and harbor facilities in soft native or reclaimed soils. 

According to DSM Association (Japan): form 1980 to 1996 period had 1345 

projects, used 26 millions square meters DSM, specific 1997 – 1993 quantities is 
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stabilized by CDM to 26.3 millions square meters at sea and mainland projects (about 

300 projects). Japan is applying about 2 millions meter square per year now.  

 

Figure 1.7: Soil cement columns use for land and marine projects  
(Kenneth R Bell et al, 2005) 

Technique is advanced technology of improvement in Viet Nam. Some projects 

have used this method for 2002. Ba Ngoi harbour project (Khanh Hoa province) used 

4000m DSM, Can Tho aerial port (2006), Bac Lieu airport, etc. Recently year, more 

and more projects use this technology for soft soil treatment.   

1.1.3 Typical arrangement patterns of soil cement columns 

The various CDM techniques can be used to produce a wide range of treated soil 

structures on both land and marine projects Depending on purpose and ground 

conditions, soil-cement columns method, can be configured in typical arrangement 

patterns (Figure 1.8):  

Single column 

Rows of overlapping element (Wall or panels). 

Grids or lattices. 

Blocks. 
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Figure 1.8: Different configuration of DSM columns (a) Single column (b) Block 

type columns (c) Wall pattern and (d) Grid types (Anand J Puppala et al, 2008) 

Single type is separately installed most easily under the pattern of square, 

triangular, or hexagon grid and the construction machine is simple. It is mostly used on 

land for improvement of the soft foundation of temporary and light structures or 

embankment for highway to improve the stability of slope, to reduce vertical and 

horizontal displacement and to prevent the bottom heave in the excavation (Terashi 

and Tanaka, 1983).  The bearing capacity of the column type pattern is relatively great 

under vertical loading. Moreover, the column is likely to resist the lateral pressure 

acting on it due to the existence of its bending moment capacity. Single type normally 

use for embankment stabilization.  

Block type is formed in the ground by overlapping every stabilized column. 

This pattern is almost 100% treatment of the weak stratum underneath a structure 

similar to the case replacement method. This improvement can achieve the most stable 

improvement, but the cost is rather higher than other improvements. This type of 

improvement is normally applied to heavy and permanent structures such as the port 

and harbor structures.  

The wall pattern is a combination of long wall and short wall of stabilized soil 

in which each wall formed by overlapping every stabilized column. The long wall has 

a function to bear the weight of superstructures and other external forces and transfers 

them to the deeper rigid ground layer. Meanwhile, the short wall has a function to 
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combine the long walls in other to increase the rigidity of the total improved soil mass. 

In recent times this improvement has been commonly applied to port and harbor 

constructions because of its reasonable cost. The lattice type of improvement is 

recognized as an intermediate type between the block-type of improvement is 

recognized as an intermediate type between the block-type and wall type. This 

improvement has been usually applied to soil improvement under sea revetment, but 

recently it is also applied as a counter measure against ground liquefaction (CDIT, 

2002). 

1.2 Overview of method of constructions soil cement columns 

Nowadays, Dry jet mixing (DJM) and wet jet mixing is the best popular on 

DSM constructions. 

1.2.1 Dry Jet Mixing (DJM) 

DJM use mixing blades to mix dry reagents, such as cement or lime, with in 

situ soils to increase the strength and reduce the compressibility of the soft ground. 

The chemicals react with the soil water and get hardened, thereby enhancing the soil 

strength. 

In Dry Jet Mixing (Figure 1.9), compressed air is used the medium for the 

transport of dry binder power from the tanks to the soil. The use of compressed air the 

medium for transporting the binder has the advantage that it takes relatively small 

amount of binding agent to achieve the requisite strength gain. Given that loose soils, 

especially peat soil already contain a lot of water. It appears logical not to add still 

more water to the soil, as is done when the wet method is employed. However, the 

addition of air adds to the difficulty of the mixing process in a material, soft soil, 

whose rheological properties are already very complex. In the mixing process an air 

borne binder complicates the dispersion process with regard to the wetting of line and 

cement particles and the breaking up of agglomerates. 
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Figure 1.9: Line-up of Dry Jet Mixing system (www.raito.co.jp, 2006) 

 

Figure 1.10: Dry mixing method: (a) on board binder silo, (b) Separate binder silo (Roslan 

Hashim and Md. Shahidul Islam, 2008) 

1.2.2 Wet Jet Mixing 

In wet jet mixing method (Figure 1.11) binder usually cement, is premixed with 

water to form slurry, thus distributing the binder to the soil in liquid form. This is 

dominant technology in Japan and elsewhere. 

http://www.raito.co.jp/�
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Figure 1.11: Line-up of Wet Jet Mixing system (www.raito.co.jp, 2006) 

 

(a) (b)   

Figure 1.12:  Deep wet mixing plant with (a) on board binder silo, (b) separate binder silo 

(Roslan Hashim and Md. Shahidul Islam, 2008) 

 

1.3 Investigation on reaction in soil cement columns 

1.3.1 Composition of Portland Cement 

Portland cement is a closely controlled chemical combination of calcium, 

silicon, aluminum, iron and small amounts of other compounds, to which gypsum is 

http://www.raito.co.jp/�
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added in the final grinding process to regulate the setting time of the concrete. Some of 

the raw materials used to manufacture cement are limestone, shells, and chalk or marl, 

combined with shale, clay, slate or blast furnace slag, silica sand, and iron ore. Lime 

and silica make up approximately 85 percent of the mass. Chemical, mineral and effect 

of them are showed in table 1.3 and table 1.4 below (http://www.hatien1.com.vn): 

Table 1.3 Chemical composition 

 
Oxide 

 
SiO2 

 
Al2O3 

 
CaO 

 
Fe2O3 

 
MgO 

 
SO3 

 
K2O 

 
Na2O 

Abbreviation 
Notation S A C F - - - - 

Percent 
19-
25% 2-9 % 

62-
67% 1-5% 0-3% 1-3% 0.6% 0.2% 

 

Table 1.4 Crystal composition 

Mineral Oxide 
composition 

Abbrevia- 
tion 

Percent Purpose 

Tricalcium 
silicate (alite) 

3CaO.SiO2 C3S 55 % To get early strength, quick 
hardening ,  make more Ca(OH)2 

for pozzolanic in long term 

Dicalcium 
silicate (belite)  

2CaO.SiO2 C2S 15 % Lower hydration, make less 
Ca(OH)2 than C3S 

Tricalcium 
aluminate  

3CaO. Al2O3 C3A 10 %  Quick hydration, to get high 
strength. Lower C3A content 

promotes resistance to sulfates. 

Tetracalcium 
aluminoferrite 

4CaO.AlnFe2-

nO3 

C4AF 8 % Higher amounts of ferrite lead to 
slower hydration 

http://www.hatien1.com.vn/�
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Figure 1.13: A pictorial representation of a cross-section of a cement grain.  

Adapted from Cement Microscope, Halliburton Services, Duncan. 

 

  Blended Portland Cement (PCB) is a hydraulic adhesive, produced by finely 

grinding a mixture of clinker or Portland cement with some mineral additives and a 

needed amount of gypsum, or by regularly mixing finely ground mineral additives 

with Portland cement not containing mineral additives. 

1.3.2 Basic mechanisms of soil cement stabilization 

As above, Portland cement is most commonly use for the ground treatments. 

Portland cement is mainly composed of C3S, C2S, C3A crystal, and solid solution 

described as C4AF (Lea 1956; Herzog and Mitchell 1963). Carlo (2000) observed two 

main stages of reaction in soil-cement mixtures. 

The complicated mechanism of cement stabilization is simplified and 

schematically shown in Figure 1.14 for the chemical reactions between clay pore 

water, cement and silica fume (Saitoh et al.,1985): 

 

: 
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Figure 1.14: Chemical reactions between cement, Silica fume, clay and water 

 

 Base on Figure 1.14, we can see the process of cement stabilization happen as 

below:  

Hydration reaction and hydrated cement (to form primary cementitious product) 

When using cement to stabilize ground, minerals on cement surface react 

hydration reaction and hydrated cement with pore water of soil quickly to form hidrate 

calcium silicate (C3SHx, C3S2Hx), hydrated calcium aluminate (C3SAx, C3S2Ax) and 

calcium hidroxite (Ca(OH)2)). The first cementitious products are the primary 

cementitious product. The reactions between cement and water can describe as 

following: 

 2C3S + 6H = C-S-H (hydrated gel) + 3Ca(OH)2 (2-1) 

 2C2S + 4H = C-S-H + Ca(OH)2 (2-2) 

 2C3A + 27H = C4AH19 + C2AH8 (2-3) 

 C3A + 3CSH2 + 26H = C6AS3H32 (ettringite) (2-4) 

 C6AS3H32 + 3 C3A + 4H = 3C4ASH12 (monosulfate) (2-5) 
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Where C-S-H is a series composition with C/S = 0.5-2 and S/H = 1-2 

 With regard to soil stabilization, the two calcium silicate phases are the most 

important. Upon hydration, these two phases produce calcium hydroxide which 

provides available calcium for cation exchange, flocculation and agglomeration, and 

stabilizes the clayey soil. These two phases also provide calcium silicate hydrate       

(C-S-H), which produce strength and structure in the soil matrix.  

 

Figure 1.15: Picture illustrate soil cement structure  
(from http://www.eng.warwick.ac.uk/DTU/) 

 

 The reaction of cement hydration is much more complex than the equations 

given earlier, especially in the soil cement system. When mixed with water, cement 

hydration is initiated and calcium concentration in the soil builds up quite rapidly, and 

the solution becomes immediately saturated with calcium hydroxide. As calcium ions 

(Ca2+) are released in solution, they are available for stabilization. Initial absorption of 

calcium by clay is rapid and then is slow as it becomes increasingly diffusion 

dependent, hydration can continue at an ever-slowing pace over many years and 
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therefore calcium hydroxide is produced during this time. This helps maintain the high 

pH level. Maintaining a high ph in a soil cement system is also important because high 

pH is necessary for long-term pozzolanic reactions to occur. 

Chemical reactions between clay and cement 

Mechanims of clay mineral  

The clay minerals found in soils belong to the mineral family termed 

phyllosilicates. Theirs structures are made up of combinations of two basic units, the 

silicon tetrahedron and the alumina octahedron. The different clay mineral groups are 

characterized by the stacking arrangements of sheets of these units and the manner in 

which two successive two or three sheet layers are held together. It is showed in Figure 

1.16: 
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Figure 1.16: The basic molecular and structural components of silicate clays. (a) Single 
tetrahedron and single octahedron. (b) Thousands of tetrahedrons and octahedrons are 

connected to give planes of silicon and aluminum (or magnesium) ions.  
(University of British Columbia) 

Of the three important clay minerals as shown in Figure 1.17, kaolinite consists 

of repeating layers of element silica tetraheron, which is linked to form a silica sheet, 

and aluminum octahedral, which is usually linked to form a gibbsite sheet. Layer are 

held together by hydrogen bonding. Illite consists of an alumina octahedral sheet 

bonded to two silica tetrahedral sheets. The illite layers are boned by potassium ions. 

The negative charge to balance the potassium ions comes from the substitution of 

aluminum for some silicon in the tetrahedral sheet. Montmorillonite has a structure 

similar to that of illite and there is isomorphic substitution of magnesium and iron for 
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aluminum in the octahedral sheets. Large amount of water can attract into the space 

between the layers.  

 

Figure 1.17: Structure of clay mineral 

 In the clay mineral, some of the tetrahedral and octahedral spaces are occupied 

by cations other than those in ideal structure. This isomorphic substitution in clay 

minerals, with the breaking of the structure at their edges, gives clay particles a net 

negative charge. To preserve electrical neutrality, cations are attracted and held 

between the layers and on the surfaces and edges of the particles.  

 When the clay is placed in water, some of the attracted cations will go into 

solution. Because the adsorbed cations produce a much higher concentration near the 

surfaces of particles, they try to diffuse away in order to equalize concentration 

throughout. The escaping tendency due to diffusion and the opposing electrostatic 

attraction lead to ion distributions adjacent to a clay particle in suspension as shown in 

Figure 1.18: 
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Figure 1.18: The concept of the diffuse double layer (from Das 1997) 

 

Stabilization Processes: 

Cementitious materials stabilize soils and modify their properties through 

cation exchange, flocculation and agglomeration, and pozzolanic reactions. 

Additionally, cement provides hydration products, which increase the strength and 

support values of the base materials as well as enhance the performance of the 

treatment. 

Cementitious hydration 

 Cement hydration produces cementitious material, as indicated in equation 2-1 

to 2-5. C-S-H and C-A-H form a network and serve as the “glue” that provides 

structure and strength in a cement treated soil. The most rapid strength increases occur 

between one day and one month; smaller gains in strength (due to continued hydration 

and formation of cementitious material) continue to occur for years. 

Cation exchange 

 Cation exchange initiates the stabilization process very quickly, and is followed 

by flocculation and agglomeration. 

 Clay will absorb cations of specific type and amount to from a double layer. 

Exchange reaction can occur in response to changes in the environmental conditions, 

and important changes in the physical and physicochemical properties of the soil may 
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result. For example, monovalent cation can be readily exchanged with cations of 

higher valence such as calcium. Upon ion exchange, the higher charge density of 

divalent or trivalent ions results in a significant reduction of the double-layer 

thickness, and reduction of the activity and plasticity. 

Flocculation and agglomeration 

 Flocculation and agglomeration change the clay texture from that of a plastic, 

fine-gained material to that of a granular soil. Flocculation is the process of clay 

particles altering their structure from a flat, parallel structure to a more random 

orientation. Agglomeration is thought to occur as the flocculated clay particles begin 

to form weak bonds at the edge-surface interfaces of the clay particles, because of the 

deposition of cementitious material at the clay particle interfaces. 

Pozzolanic reaction 

 Pozzolanic reaction is a secondary process of soil stabilization. One prerequisite 

for the formation of additional cementing materials is the solution of silica and 

alumina from clay components. Hydrated cement reaction formed calcium hydroxide 

(Ca(OH)2) to increase its pH. In The high pH environment (pH >12.4), a soil cement 

system increases the solubility and reactivity of the silica and alumina present in clay 

particles. The degree of crystallinity of the minerals and particle size distribution are 

some factors influencing solubility. It is postulated that calcium ions combine with 

silica and alumina dissolved from the clay lattice to form additional cementitious 

material (C-S-H, C-A-H and ettringite (Aft)). The basic pozzolanic reactions are as 

follows: 

 Ca(OH)2+ SiO2  CaO-SiO2-H2O (2-6) 

 Ca(OH)2 + Al2O3 CaO-Al2O3-H2O (2-7) 

 Pozzolanic reactions are time and temperature dependent and may continue for 

a long period time.  

The microstructure of laboratory specimens mixed with Portland cement was 

studied by means of Scanning Electron Microscopy (SEM): 
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Figure 1.19: Forming C-S-H on pozzolanic reaction of soil cement stabilization cured for 
about 300days (Laboratory of Soil Mechanics, Ghent University, Dutch country) 

 

Carbonation 

In some instances, calcium hydroxide reacts with carbon dioxide to produce 

calcium carbonate instead of calcium-silicate-hydrates and calcium alumina hydrates.  

The reactions are as follows: 

Carbon dioxide from surrounding atmosphere get absorbed in to the aqueous film 

forming carbonic acid (H2CO3) 

 CO2 + H2O => H2CO3 

Calcium ions (Ca2+) from the Ca(OH)2 diffuse outwardly to react with CO3
2- 

forming calcium carbonate (CaCO3) 

 CO2 + Ca(OH)2 => CaCO3 + H2O 

This chemical reaction should be avoided prior to stabilization by proper 

handling of the lime and expedited construction procedures that prevent prolonged 

exposure of lime to air (Chou 1987).  After mixing, a slow process of cacbonation and 
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formation of cementitious products can lead to long-term increase strength (Arman 

and Munfakh 1970). But the research of Bergado et al (1996); Mallela et al (2004) are 

shown that “carbonation is an undesirable reaction from the point of soil 

improvement”. 

 Summary 

 The improvement of the engineering properties of soil cement is often attributed 

solely to the hydration of the Portland cement added to the soil material to be 

stabilized. This concept assumes that the soil is inert, similar to an aggregate in 

Portland cement concrete. In reality, the soil is not inert and certain physic-chemical 

reactions take place between the cement, water, soil. The four mechanisms 

contributing to the cement stabilization of soil materials are summarized in table 1.5 

(Tensar Corporation, July 1998). 

Table 1.4 Mechanisms Contributing to Cement Stabilization of Soil Materials 

Cement Stabilization 

Mechanism 
Description Importance 

Hydration of Cement Strong linkages develop between the soil particles. 

Continuous skeleton of hard, strong material forms and 

encloses a matrix of unaltered soil, strengthening the 

treated material and filling some of the voids.   

Permeability and shrink / swell tendencies reduced. 

Resistance to change in moisture content increased. 

High 

Cation Exchange Cation exchange alters electric charge, reducing 

plasticity and resulting in flocculation and aggregation 

of soil particles. 

High 

Carbonation Lime generated during hydration of cement reacts with 

carbon dioxide in air to form cementing agents. 
Minor 

Pozzolanic Reaction Free lime liberated during hydration and from silica or 

alumina from clay particles react in the presence of 

moisture to form cementing agents. 

Minor 

  



“Chapter 1: Literature Review” 

31 

1.4 Silica fume admixture 

1.4.1 Definition  

 The American concrete Institute (ACI) defines silica fume as “very fine non- 

crystalline silica produced in electric arc furnaces as a by product of the production of 

elemental silicon or alloys containing silicon” (ACI 116R). It is usually a gray colored 

power, somewhat similar to Portland cement or some fly ashes. Figure shows a typical 

silica fume as it appears after being collected from a furnace. 

 

Figure 1.20: As-produced silica fume (Silica Fume Association, 2005)  

1.4.2 Silica fume properties and reaction chemical. 

 Table 1.5 Physical Properties of Silica fume   

 

Physical contributions: Adding silica fume bring millions of very small 

particles. Just like very fills in the spaces between coarse aggregate particles, silica 
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fume fills in the spaces between cement grains. This phenomenon is frequently 

referred to as particle packing or micro-filling. Even if silica fume did not react 

chemically, the micro-filler effect would bring about significant improvements in the 

nature of the soil cement columns. 

Table 1.6 Chemical Properties of Silica fume   

 

Chemical contributions: Because of its very high amorphous silicon dioxide 

content, silica fume is a very reactive pozzolanic material in soil cement columns. As 

the Portland cement in soil cement mixture begins to react chemically, it release 

calcium hydroxide. The silica fume reacts with this calcium hydroxide to form 

additional binder material called calcium silicate hydrate, which is very similar to the 

calcium silicate hydrate formed from the Portland cement. It is largely this additional 

binder that gives soil cement columns its improved hardened properties. 

Some advantages when use silica fume in concrete: 

- Excellent workability 

- Increased durability 

- High early strengths 

- Increase ultimate strengths 

- Increase resistance to abrasion 

- Increase sulfate resistance 

- Greatly increased impermeability 

- Greatly increased resistance 

- Highly reduced chloride diffusion. 
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 Summary 

Silica fume is useful for structural concrete, precast concrete, and other fields of 

concrete construction where extra demands are made on the quality are made on the 

quality of fresh and hardened concrete. But effect of its when using for soil cement 

stabilization is needed to have more research. Because the pozzolanic react between 

cement and clay mineral also occur for time when we don’t use it in soil cement 

stabilization. This research will be clear a part of that problem because of limited 

research time. Author only focuses to choose silica fume/cement and curing 

environment suitably and to assess test result specimens on laboratory after 60 days 

age.        

1.5 Factors affecting on unconfined compressive strength of soil cement 

columns. 

Terashi (1997) summarized the factors influencing the strength of treated soil 

(table 1.8). With respect of temperature, this is related to the side of the treated soil 

mass, as well as the quantity of binder introduced. In laboratory test, there is no way to 

vary and simulate factors III and IV from table 1.8, expect for the amount of binder 

and the curing time.  

Table 1.7 Factor affecting the strength increase ( Terashi, 1997)  

Characteristic of hardening agent: 
• Type of hardening agent 

• Quality 

• Mixing water and addtives 

Characteristic and condition of soil (especially important for clay) 

• Physical, chemical and mineralogical properties of soil 

• Organic content 

• pH or pore water 

• Water content 

Mixing conditions: 

• Degree of mixing 
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• Timing of mixing/ re-mixing 

• Quality of hardening agent 

Curing conditions: 

• Temperature 

• Curing time 

• Humidity 

• Wetting and dry/ freezing and thawing, etc  

 

1.5.1 Effects of type, characteristics and Conditions of Soil to be improved 

Soil Cement columns method is applicable over a wide range of soil types 

including clays, clayey silts, sands, sandy silts, organic clays and peat (Hausmann 

1990; Ahnberg et al 1994; Rathmayer 1996; Porbaha 1998; JPS 2000 and Bruce 2001). 

The major soil properties observed to have significant influence on strength 

development are pH, IL (ignition loss), wn and Fc. Soil with low pH values exhibited 

low strength gains even through there is a tendency of increase in strength with 

stabilizer content (Figure 1.21).  

 

Figure 1.21: Influence of soil pH on strength of binder treated soil  

(Thompson, 1966) 
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 The correlations between unconfined compressive strength (UCS) and IL and 

pH also indicated low strengths for soil with IL > 15% and pH < 5 even high stabilizer 

contents (Babasaki et al. 1996). This is primarily due to the absorption of some of the 

calcium ions from the stabilizer by organic material in the soil satisfy its cation 

exchange capacity ( Arman and Munfakh 1972). The subsequent reduction in calcium 

ions for pozzolanic reactions results in very low strength enhancement. This behavior 

was noticed in recent studies of Babasaki et al (1996) and Jacobson et al (2003). The 

research of  Bujang B.K. Huat et al  (2005) also shown that more organic content, 

unconfined compress strength decrease (Figure 1.22) 

 

Figure 1.22: Effect of organic content on the unconfined compressive strength of peat soils. 
(Bujang B.K. Huat et al, University Putra Malaysia) 

Mechanisms of organic matter interference in strength gain is not completely 

understood but are through to include the following (Janz and Johanssion (2002)). 

• Organic matter can alter composition and structure of Calcium Silica 

Hydrate (C-S-H) gel, a cementing compound that forms bonds between 

particles and also type and amount of other hydration products, e.g, 

ettringite 

• Organic matter hold 10 or more times its dry weight in water and may 

limit water available for hydration. 

• Organic matter forms complexes with alumino-silicates and metal ions 

interfering with hydration. 
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The parameter of soil other than organic matter that effect improvement by in 

situ mixing include soil characteristics such as type of clay minerals, soil consistency, 

% of fines etc (Babasiki et al 1996). Asano et al 1996; Babasaki et al 1996; Chen et al 

1996; EuroSoilStab 1997; Jacobson et al 2003; Taki and Yang 2003 and Huat 2006 

shown the compare effect of cement between organic (peat) and inorganic soils (sandy 

gravel, sandy clay and silt clay (Figure 1.23): 

 

Figure 1.23: Effect of soil type on 7-day unconfined compressive strength of  

cement stabilized soil (Taki and Yang 2003) 

1.5.2 Effect of cement content 

The more of the quality of cement, the weight of reaction products formed will 

be high, provided that the soil or additive has enough pozzolanic, resulting in higher 

strengths. In this case, all the pozzolanic in the soil mass are confused. The general 

relationship between strength and cement quantity is as shown in Figure 1.24. It 

reveals that a minimum quantity of cement necessary to produce a load-bearing soil 

skeleton. For given type of soil and cement, the increase in binder content result in 

increased strength (Ahnberg et al 1995 ) 
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Figure 1.24: General relationship between binder content and strength gaih  

(Janz and Johansson 2002) 

However, addition of more quantity of stabilizer doesn’t give an increase in 

strength. Quantity of cement depends on type of soil and properties of each soil. The 

research of Nozu,M showed that in the south-east Asian big river delta, such as 

Mekong Delta, Viet Nam, the low pH value (5.4 – 5.8) was measures (Nozu, et al, 

2004). Figure 1.25 shows the results of laboratory mix test Portland cement and 

Mekong delta clay. 

 

Figure 1.25: Laboratory mixes test results with Viet Nam Mekong Delta Clay 
(NoZu et al 2004) 

 

 The effect of cement content on unconfined compressive strength for 28 days 

curing is shown in Figure 1.26 by Mitchell (1976) and Huat et al (2006). It is observed 

that, as cement content increases unconfined compressive strength of fine-grain as well 
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as coarse-grained soils increases. Improvement in unconfined compressive strength (in 

psi) varies from 40 times of cement content for fine-grained soils up to 150 times of 

cement content for coarse- grained soils. 

 

Figure 1.26: Relationship between cement content and unconfined compressive strength for 

cement treat various soils: a) by Mitchell 1976; b) by Huat et al 2006 

1.5.3 Effect of water/cement ratio 

One of important constituent necessary for soil-cement reactions in chemical 

stabilization is water, which is available either in the form of in-stu water content or 

stabilizer slurry. Water is essential for hydration of stabilizer and also for good and 

efficient mixing (Bergado and Lorenzo 2005). However, subsequent and some recent 

literature showed that strength development is also a function of water content in the 

treated soil matrix for a given soil type and mixing condition. As an analogy to soil – 

stabilizer-water mix, it is the ratio of total clay water to cement content (wc/c) that 

controls the engineering behavior of treated soils (Miura et al, 2001). The following 

paragraps discuss some of the recent studies on the role of water to stabilizer ratio on 

the behavior of treated soil. 
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 The total clay water content (wc) is the sum of remolding or the in stu water 

content of the base clay (w*) plus water in the stabilizer slurry. The parameter wc is 

defined by Lorenzo and Bergado (2004)[as follows: 

 

 Additon water contents must barely have enough. Figure 1.27 depicts the state 

of the treated soil matrix at different mixing clay water contents. High mixing water 

content results in reduced number of clay to clay contacts to be bonded due to the loss 

of electrostatic attraction of clay particles (Fig. b). This  leads to increased void ratios 

and subsequent low strengths, as indicated in strength curve Cw/LL > 1.1. The case of 

low mixing water content results in an unsatuated condition, i.e. some portion of the 

voids is occupied by air, and suppresses the dispersion ability of cementing ion. 

Therefore, some portions of the soil-stabilizer matrix may remain unmixed resulting in 

non-uniform mixture (Fig. d) and low strenths, as reflected in strength for Cw/LL < 

1.0. This illustrates the range of Cw. optimum is from 1.0 to 1.1 time the liquid limit (LL) 

of the base clay. Thus, optimum mixing clay water contents provides an effeciently 

and economically mixed soil cement columns along with the highest improvement in 

its engineering properties.     

 

Figure 1.27: Schematic of cement admixed clay skeleton showing the effect of total water 
content (Bergado et al. 2005) 
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1.5.4 Effect of mixing condition 

 Several other factor such as installation rate (both penetration and withdrawal) 

revolution speed, mixing energy, mixing time and even shape of mixing blades during 

installation of soil cement columns affect the degree of mixing and also the strength 

gain of treated soils. All the factors along with quantity of stabilizer and water to 

stabilizer ratio are grouped under mixing condition by Babasaki et al (1996). However, 

not much research has been carried out addressing the affect of these factors on treated 

soil until recently as it is complex to imitate them in laboratory environment. The 

development in testing apparatus in the laboratory level lead to the study of some of 

these parameters mentioned above. 

1.5.4.1 Penetration (m/minute) 

 Horpibulsuk et al (2004) performed laboratory studies along side of a field 

investigation on Ariaka clay to study the effects of installation rate (penetration/ 

withdrawal) on strength development of DSM columns. Results showed that even 

though the clay water to cement ratio are the same the strength varied with penetration 

rates and with clay water content (Fig 1.28).  Based on liquidity index, which reflects 

the state of water content, the mixing states are classified into workable and bleeding 

states. Experimental results revel that clay water contents corresponding to LI = 1.5 

indicate a workable state that seems to be effective for both low and high cement 

content columns at high and low penetration rates lead to the separation of additional 

water from the mixed clay. At low water content states (LI = 1.25) high strengths were 

achieved for both low and high penetration rates for low cement content columns as 

compared to high cement columns. Finally, it can be concluded that in other to achieve 

target strength in the field it is necessary to choose an adequate installation rate along 

with suitable clay water to stabilizer ratio and the quality of stabilizer (Anand J 

Puppala et al 2007). 
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Figure 1.28: Effect of penetration rate on strength for a given total clay water to binder ratio 

(Horpibulsuk et al. 2004) 

 

1.5.4.2 Mixing energy 

Later Shen et al (2004) extended his laboratory testing to study in the influence 

of mixing energy on strength development of treated Ariake clay. Results of this 

research lead to the following observations: 

 The energy consumption depends on the type of binder, the method of 

deep mixing (wet or dry), in-situ condition of the unstreated soil, 

rotation rate and mixing sequence. 

 Water in the water-cement ratio reduces the consumption of mixing 

enegy during the first mix down. 

 In the repeated mixing, more enegy is consumed as the augers need to 

break more cementation bonds during the second and subsequent flights. 

This effect is more obvious in slow mixing rates. The required energy 

also increases with the duration of mixing operation. 
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 Higher mixing energy is found to produce greater strength. However, a 

threshold value for the unconined compressive strength is observed with 

an increase in mixing energy. (Fig 1.29) 

 

Figure 1.29: Relationship between strength and consumed energy in soil-quicklime 

mixing (Shen et al. 2004) 

In 2005, Shen et al continued to research on the mixing energy. The research  

included during installation of the deep soil mixing columns also significanttly 

influences the properties of the surrouding soils. The result of research is shown as 

Table 1.8: 
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Table 1.8: Installation parameter for DSM column (Shen et al. 2005) 

Method Description 
Injected 
Binder 
Volume 

Injection/ 
Jet 

Pressure 

Installation 
Speed 

(m/min) 

Rate of 
Rotation 

(rpm) 

HJM 
PJM 
SD 
SLM 

High pressure jet grouting 
Dry mixing with intermediate 
pressures 
Wet mixing with low injection 
pressures 

0.186 
0.028 
HG 
0.186 

20MPa 
600kPa F 
100kPa 

0.05 
0.5 
fdsdsHH 
0.7 and 1.0 
 

20 
30 
HFHH 
60 

 

1.5.4.3 Effect of the shape mixing blade, rotary speed 

Reasearch of Dong et al (1996) perform a  set of laboratory tests to clarify the 

effects of several factors including the shape of mixing blade, revolution speed, and 

velocity of penetration and retrieval of auger. The specifications and various shapes of 

blades used in the investigation can be found in the above reference. Two kinds of 

mixing blades each subdivided into types according to their thickness were considered 

as shown in Figure 1.30. As shown in the Figure 1.31,  it can be found that the strength 

increased with increasing rotary speed regardless of different shapes of mixing blade. 

The UCS properties were found to be improved with thinner mixing blades. 

 

Figure 1.30: Types of mixing blades (a) Type A-1; (b) Type A-2; (c) Type B-1; and (d) Type 

B-2 (Dong et al. (2006))  
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Figure 1.31: Relationship between rotary speed and improved strength 

(Dong et al. 1996) 

 

1.5.5 Curing condition 

1.5.5.1 Effect of storage temperature 

As curing temperature increases, the rate of pozzolanic reactions also increases, 

resulting in an increased rate strength gain. According to Ahnberg et al (1989), curing 

condition can produce temperature ranging from about 10oC to 100oC or more, 

depending on ambient temperature, soil thermal conductivity, configuration and 

density of columns, cement type and amount, etc. If the field temperature is not 

reproduced in the laboratory, very different rates of strength gain can result. Den Haan 

(2000) suggests that the samples should be insulated polystyrene casing in order to 

achieve temperatures similar to those experienced in-situ. Due to the many variables 

affecting the curing temperature, proper curing temperature for site-specific samples, 

resulting in variable laboratory test procedures, typically ranging from 20oC (room 

temperature) to 75oC. Curing temperatures less than 15oC retard reactions, while 

higher temperatures accelerate reactions (Chou 1987). Figure 1.32 is shown the 28 day 

strengths are plotted versus cure temperature. 
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Figure 1.32: Relative between Curing temperature and UCS at 28 days age 

 (Jacobson 2001) 

 Bergado et al (1996) reported that the increase of curing temperature accelerates 

the chemical reactions and solubility of the silicates and alumninates. Hence, the rate 

of gain in strength increases. Similar results were also reported by Porbaha et al 

(2000). 

1.5.5.2 Curing time 

It is well established that the strength of the cement treated clay increases with 

the increase time (e.g. Kawasaki et al. 1981; Nagaraj et al. 1997; Uddin et al. 1997). 

Porbaha et al (2000) reported that the rate of increase of strength is generally rapid in 

the early stages of curing period and thereafter decreases with time. This rate of 

reduction also depends on the amount of cement added, water/cement ratio, etc  

(Figure 1.33) 
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Figure 1.33: Effect of curing time on strength for cement contents (Horpibulsuk et al. 2003) 

 

Uddin et al (1997) found that beyond a certain curing period (> 4 months) the 

rate of increase of unconfined compressive strength is almost negligible as can be 

seem in Figure 1.34.   

 

Figure 1.34: UCS of soil cement with curing time  

(Supakij et al. of Kasetsart University) 

But the research of Donald A. Bruce and mary Ellen C. Bruce  showed that the 

relative of U.C.S and time curing in soil cement by wet mixing at the table 1.9: 
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Table 1.9: The correlation between curing time and U.C.S 

28 day U.C.S 1.4 to 1.5 times the 7 days strength for silts and clays. 2 times the 7 days 

strength for sands 

60 days U.S.C 1.5 times the 28-day U.C.S, while the ratio of 15 years U.C.S to 60 day 

U.C.S. may be as high as 3:1. In general, grouts with high w/c ratios have 

lower long-term strength gain beyond 28 days. 

 

Michell (1981) established the following relationship among qu curing time (t) 

and cement content (C) 

 qu(t) = qu(t0) + Klog(t/t0) () 

 Where, qu(t) – unconfined compressive strength at t day, in kPa 

 qu(t0) = Unconfined compressive strength at t0 days, in kPa 

 K = 480C for granular soils and 70C for grain soil 

 C = Cement content, % by mass 

Similarly, Kawasaki et al (1981) suggested the following correlation based on 

the Tokyo Bay marine clay: 

  qu(60) = 1.17qu(28) 

  Where, qu(60) and qu(28) are the unconfined compressive strength at 

60 days and 28 days curing periods respectively. 

Saito et al (1996) found that the strength ratio at 28 days to 7 days was between 

1.2 to 2.1 times.  
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Figure 1.35: Strength development with time of cement-admixed a) Ariake clay from 
Nishiyoka town at LI = 1.0-2.0; b) Bangkok clay at clay water content of 80% 

 (Horpibulsuk et al. 2003) 

1.6 The correlation between strength and strain 

One of the central issues of Soil Mechanics is the establishment of quantitative 

relationship between stress and strain respectively, which is set to be a function of the 

form: ε = f (σ) = f γ (τ) and  = f ( ). In the general case, the correlation between 

stress and strain is non-linear and depends on many factors. Therefore, so far there is 

no general equation can describe completely the relationship. Most of the equations 

describing the relationship of stress - strain are built on the basis of experimental 

results. However, for some particular cases, this relationship is linear and is described 

by simple linear equations in mechanics, it is Hook's law (in 1660), Robert Hook 

(1635 - 1730) proposed the law: the drag of the spring is proportional to its elongation. 

Hook's law for the legal components of stress, followed by isotropic 

compression and has the form: 

 

 With:  E - Young's elastic modulus 

  G - Cut the elastic module 

  K - Module volumetric elastic strain 
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When soil samples was test by unconfined compressive strength test, under the 

effect of stress  is the axial strain also caused changes in the horizontal 

dimensions. Meanwhile, the relationship of axial strain ( ) and lateral strain ( ) 

with stresses, in the general case, it can be expressed by the relationship in 

experimental graph (Figure 1.36): 

 

Figure 1.36: Relationship between axial strain and lateral strain  

in unconfined compressive strength test 

Relationship between deformation and stress (from 0 to point A) conform to 

Hook’s law. Base on Hook’s law, axial strain and horizontal strain can be write by 

equation bellow: 

 

Limited to point A, relationship between stress and strain was linear, material is 

supposed elastic analysis. When samples were compressed to point B, The AB 

relationship was non-linear, Hook’s law in this case was not satisfied.  

In elastic analysis area, relationship between axial strain and horizontal strain is 

shown as equation: 

 

 With  :  - Poisson ratio  

In general case, deformation is divided to become 2 part: elastic deformation 

and non-elastic deformation (Figure 1.37).  
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Figure 1.37: Relationship between stress and strain when compressing and unloading. 

Total deformation:  

 

 With   Total deformation  

   Elastic deformation  

  Non-elastic deformation 

Elastic deformation shows behavior of elastic materials. Cause of elastic 

deformation is repulsive intermolecular force in crystal matrix, elastic of gas, liquid in 

soil mass when uploading. 

Non-elastic is result of behavior of plastic material. Cause of it is unrecovered 

collapsible structure when simples are deformed; removing grain soil, leaving air, 

liquid.  

To express specific deformation, people use value “general deformation 

modulus”. It is defined by equation: 

 

  

σ

0
 
εεp eε

εo
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For the no lateral stress condition in unconfined compressive strength test, E 

can be simple to:  

 

The elastic modulus can be determined if the relation between stress and strain 

is defined. 

 

Figure 1.38: Elastic modulus of materials: Initial Tangent, Tangent and secant Modulus 

(Rasht, I.R. IRAN et al) 

In the general case, the correlation between stress and strain depends on many 

factors such as curing time, cement content, type of soil, etc (Figure 1.39). 
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Figure 1.39: Factors effect of relationship between Axial stress and strain of soil cement 

columns a) Time curing; b) water content (After Sudath and Thompson, 1975) 

 

1.7 Summary 

This chapter successfully presents a thorough review of available literature on 

research and application history of soil cement columns. Major focus was given to the 

factors affect unconfined compressive strength. The influence of mixing condition 

such as binder dosage, total clay water to binder ratio, soil type on strength 

enhancements were also reviewed and presented in detail. Empirical correlations of 

strength as a function of total clay water content and curing time derived from 

previous research were understood and reproduced here. Other important factors 

affects strength including the shape of mixing blade, revolution speed, and velocity of 

penetration and retrieval of auger. Finally, strength of soil cement columns is affected 

many factors which needed to control closely on Laboratory and Field before large 

scale of construction.  
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CHAPTER 2: THE TESTING METHODS IN 

LABORATORY 

2.1 Soil Characterization 

This research only found out methods of determining soil characterization. Test 

result is carried out by other institutions.  

2.1.1 Moisture Content (ASTM D 2216-98 and ASTM D 4643-00) 

Both the oven-dry method and the microware oven method were used to 

determine the moisture contents of the samples. For the oven-drying method, small, 

representative specimens obtained from large bulk samples were weighed as received, 

then oven-dried at 105oC for 24 hours. The sample was then reweighed, and the 

difference in weight was assumed to be the weight of the water driven off during 

drying. The difference in weight was divided by the weight of the dry soil, giving the 

water content on a dry weight basis. For the microware oven method, the samples were 

subjected to an interval of the drying in the microware oven, then reweighed. This 

procedure was repeated until a nearly constant mass was obtained, the moisture 

content was calculated in the same fashion as for the oven drying method. 

2.1.2 Particle Size Distribution (ASTM D 422-63) 

Approximately 50 grams of dry soil was treated with a dispersing agent for 18 

hours. A hydrometer analysis was then performed to measure the amount of silt and 

clay size particles. The sample was then washed through a series of sieves with 

progressively smaller screen sizes to determine the percentage of sand-sized particles 

in the specimens. 

2.1.3 Atterberg Limits (ASTM D 4318-00) 

Representative samples of each soil were subjected to Atterberg limits testing to 

determine the plasticity of the soils. An Atterberg limits device was used to determine 

the liquid limit of each soil using the material passing through a 475 µm (No. 40) 

sieve. The plastic limit of each soil was determined by using soil passing through a 

475 µm sieve and rolling 3 mm diameter threads of soil until they began to crack. The 
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plasticity index was then computed for each soil based on the liquid and plastic limit 

obtained. The liquid limit and plasticity index were then used to classify each soil.  

2.1.4 Classification (ASTM D 2478-00) 

Each soil was classified using the Unified Soil Classification System (USCS). 

Using particle size distribution and the Atterberg limits, the USCS designates a two 

letter symbol and a group name for each soil. A visual-manual procedure can also be 

used to identify soils easily in the field; however, all classifications provided in this 

research are based on the laboratory testing-based procedure. 

2.1.5 Organic Content (ASTM D 2974-00) 

The organic content of each soil was determined by first oven-drying a 

representative sample of each soil at 105oC for 24 hours, then recording the moisture 

content. The sample was then placed in a muffle furnace, heated to 440oC, then 

reweighed after a nearly constant mass was divided by the initial dry weight. The 

organic content was then calculated as 1 minus the ash content. 

2.1.6 Specific Gravity (ASTM D 854-00) 

Values for specific gravity of the soil solids were determined by the placing a 

known weight of oven-dried soil in a flask, then filling the flask with water. The 

weight of displaced water was then calculated by comparing the weight of the soil and 

water in the flask with weight of flask containing only water. The specific gravity was 

then calculated by dividing the weight of the dry soil by the weight of the displaced 

water. 

2.1.7 pH (ASTM D 4972-01) 

The pH values of each soil were obtained by adjusting air-dried samples to a 

moisture content of 100 percent by adding distilled water. Value of pH was then 

measured using a calibrated pH probe. 

2.1.8 Sulfate Content (AASHTO T290-95) 

The water-soluble sulfate content was determined for each soil by mixing oven-

dried samples with a known amount of water. The mixture was then place in a 

centrifuge, and the sulfate ion concentration of the supernatant was measured. The 

sulfate content was then reported as mg of sulfate per kg of dry soil. 
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2.1.9 Mineralogical Analysis 

Mineralogical analysis of each soil consisted of X-ray diffraction (XRD) and 

thermal analysis on the clay fraction (<2 µm). XRD was used to determine presence of 

clay materials, CaCO3 in this research. 

2.2 Laboratory of Research Variables, Defining related parameter and 

volume of research. 

2.2.1 Laboratory of Research Variables   

The strength and deformation of soil cement columns was shown a strong 

dependence on various factors under testing condition such as binder type, binder 

contents, curing period, curing environment and water/cement ratio. They are the 

primary factors affecting the stress strain response of the treated soil. Base on design 

of construction test in field, author chooses 3 cement contents (220, 240, 260 kg/m3), 3 

water/cement ratios (0.7, 0.8, 0.9) and having some expansions as following: 

4 admixture/cement ratios ( 0%, 1%, 3%, 5%). 

Specimens is cured of 4 environments (Natural soil, NaCl 2.5%, NaCl 5%, city 

water).  

Table 2.1 presents variables studied in the present investigation.  

Description Variables 
Cement content 3 [ 220, 240, 260 kg/m3] 

Silica Fume/ Cement content 4 [0%, 1%, 3%, 5%] 

Water cement ratios 3 [ 0.7, 0.8, 0.9 ] 

Curing Environments 4 [ Natural soil, NaCl 2.5%, NaCl 5%, City water] 

Curing times 4 [ 7, 14, 28, 60 days age] 
 

Total specimens need to prepare: 3x4x3x4x4 = 576 (samples) 

In real, a final mixing design was arrived by optimizing the performance of the 

treated soil in the laboratory testing sequence to be considered best field 

implementation (Siva Prasad Pathivada, 2005). In this research, author will compare 

unconfined compressive strength at laboratory and field test to find out correlation and 

factors affect on unconfined compressive strength.  
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2.2.2  Specimen Notation 

For identification of different combinations of cement dosage levels, 

water/cement ratios, admixture/cement ratios, curing environments and curing period. 

A simple notation system was followed throughout the study. Every specimen was 

assigned a notation. 

For example, in the form of Soil-220-0.7-0%.  

• The first letter (Soil) of notation indicates curing environment: 

Natural Soil. Symbols NaCl 2.5%, NaCl 5%, City water were used 

for other environments. 

• The second (220) indicates cement content = 220 kg/m3. 

• The third (0.7) indicates water/cement ratio. 

• The end letter (0%) indicate admixture/cement ratio = 0%. 

The following table 2.2 presents the detailed description of the specimen 

notation used. 

Table 2.2: Summary of the sample notation 

Symbol/Numberical Decsription 
Soil, NaCl 2.5%, NaCl 5%, City water 
 

Natural Soil, NaCl 2.5%, NaCl 5% and City 
water environment 

220, 240 and 260 Cement content in kg/m3 

0.7, 0.8 and 0.9  Water cement ratio 

0%, 1%, 3% and 5% Admixture (Silica Fume)/ cement ratio 
  

2.2.3 Defining related parameter 

 This research used cement PCB 40 Cam Pha. Technical standard of cement is 

tested by Quality Assurance & Testing Centrer 3. (Appendix 4). 

 Figure 2.1 showed phases diagram of mixture element, natural soil, cement 

binder (Filz et al, 2005) when not using silica fume admixture. 
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Figure 2.1: Phases diagram of mixture element, natural soil, cement binder (Filz et al, 2005) 

 

2.3 Preparing for Laboratory research 

2.3.1 Location of soil sample use to test and method of sample taking 

Soil is taken at Thi Vai – Cai Mep internal, Baria – Vung Tau province. 

Disturbed sample was taken by using excavator excavate to 3m depth to reject 

roof of tree. 

Soil is packed into sack having a nylon layer to keep natural moisture of soil. 

2.3.2 Necessary equipments 

- Mixer 
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- Casting mold: PVC Plastic pipe is 43.4 mm effective diameter and 87.0 mm 

height. Inner face of pipe is oiled bearings to eject sample easy. 

 

Figure 2.2: a) Mixer; b) Casting mold is oiled bearings 

Push rod of sample (Figure 2.3). It include 1 push stick (100 mm height) and 1 

plastic disc (43mm diameter) 
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Figure 2.3: Push rod of sample 

 

2.4 Preparing, Curing specimens (JGS 0821-2000) 

2.4.1 Preparing specimens. 

The steps followed were close to wet method of soil mixing in the field.  

Base on design ratio of constructing in field, author determined weight of 

cement content, weight of natural soil, water/cement ratio and admixture/cement ratio 

for per patch of mixing. 

Giving soil to mixer, correcting speed suitably to beat soil and then gradually 

giving cement to mixer. 

Total mixing time is 10 minutes. Dividing into 4 steps, each of steps mix 2.5 

minutes and then stop to upset soil in mixer before mixing continue. 
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a) Mixing process b) Making specimens  

Figure 2.4: Mixing process  

After soil cement mixture had mixed, it was put in to mold according to each 

layer (dividing 3 layers) and compact to avoid largely pores in specimens. To continue 

with layer 2, 3 until volume of specimen is constant.  

2.4.2 Curing specimens 

The samples are placed in the curing room are removed after 24 hours and the 

molds are stripped out. The samples are carefully put in tray and then it is brought to 

curing environments. 
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Figure 2.5: a) the molds are stripped out; b) Specimens after stripped out 

Having 4 curing environments:  

• Soil environment is natural soil untreated 

• Salt water environment have salt concentration as 2.5 and 5 percent 

• City water environment. 
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a) NaCl 5% b) Natural Soil 

 

c)NaCl 2.5% d) City water 

Figure 2.6: Different curing environment 

 

2.4.3 Unconfined compressive strength test (ASTM D 2166-00) 

2.4.3.1 Preparing specimen 

Specimens are checked surface of contact by spirit level before testing. This is 

important operation which has much effect on test result. If surface of contact is not 
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good, specimens will not axial compression and relative between stress and strain will 

mot draw correct. Then we can’t determine correct strain modulus (E).  

Specimens also are measured dimension (height, diameter) and weighed weight 

before testing to determine density. To determine moisture test after USC test. 

2.4.3.2 Unconfined compressive strength test  

Unconfined compressive strength is often use as an index to quality of 

improvement of soil due to treatment. In this research, specimens are compressed after 

7 days, 14 days, 28 days and 60 days. Each of period, number of specimens is 144 

samples. 

 

Figure 2.7: Unconfined compressive strength testing machine   
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Unconfined compressive strength tests were performed on all specimens. To 

use a strain rate equal to 0.5%-2% of initial specimen length per minute. Base on 

ASTM D 2166, axial load increment was applied at a rate of 1 % strain per minute.  

Research of Nguyen Thanh Nhan et al (2010) showed that unconfined 

compressive strength increases when strain rate increases, especially with lower 

cement content. In the case, 8.7 % cement content, UCS increases obviously with 

strain rate equal 5.62%/min. UCS decrease negligibly when strain rate decreases from 

1.12%/min to 0.11%/min. In the case, soil cement samples behave nearly elastic 

materials at  cement content equals 12%,. UCS decreases negligibly when strain rate 

increases from 1.12%/min to 5.62%/min. 

 

Figure 2.8: Affecting of strain rate on UCS a) 8.7 % cement content;  b) 12% cement content 

(Nguyen Thanh Nhan et al, 2010) 

2.5 Summary 

This chapter summarized step by step process to prepare specimens, determine 

the unconfined compressive strength and affect of test process to strength of soil 

cement columns in Laboratory.  

Operation defines soil mechanism very important. This is the base for selection 

type of mixing method, type of binder, water/binder ratio, mixing condition 

(penetration, mixing energy, etc).  
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CHAPTER 3 THE FACTORS AFFECT ON 

UNCONFINED COMPRESSIVE STRENGTH OF  

SOIL CEMENT COLUMNS 

3.1 General introduction of Cai Mep  - Thi Vai  inter-port route project 

The Cai Mep-Thi Vai inter-port road system connect to the port system and 

industrial zones along the Cai Mep-Thi Vai River (Tan Thanh district) is 

approximately 21.3 km long, in which the stretch of road through Ba Ria - Vung Tau 

province is nearly 20km. The start line beginning at Cai Mep Ha container port (Tan 

Thanh district) and the end line is Phuoc An, Nhon Trach district (Dong Nai). 

According to the approved design analysis, the inter-port route will extend to the 

Phuoc An port, a bridge through Thi Vai river to connect the Cai Mep – Thi Vai inter-

port road with the Southern interregional highway in order to shorten transport road 

from ports to the regions of the key economic region of the South, at the same time 

reduce the load for the National Highway 51. 

On this route, the component project No.3 (Km 7+199 to Km 9+612), the 

section from the Inter-flour port to Posco port, including Ban Thach bridge was 

constructed. The soft soil treatment use soil cement columns. Road cross-section is 

illustrated as figure 3.1: 

 
Figure 3.1: Embankment supported by deep mixing  

(Porbaha, California State University) 
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a) When fall of the tide 

 
b) When rising tide 

Figure 3.2: Picture is taken in construction Thi Vai - Cai Mep inter-port road 

(08/2010) 
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3.1.1 Soil Characterization  

Soil use in this research is soft soil at dept from 3 to 4 meter.  Engineering 

geological investigation is practiced by Ba Ria – Vung Tau Traffic Construction 

Investment Consultant Joint Stock Company. 

Table 3.1: Summary of Soil Characterization 

No Characteristic Indication Unit Value 

1 Moisture content W % 80.78 

2 Wet density γw g/cm3 1.49 

3 Dry density γ d g/cm3 0.73 

4 Pore index e0  2.174 

5 Liquid limit LL % 71.3 

6 Plastic limit PL % 42.8 

7 Plastic index IP % 28.5 

8 Viscosity IL  1.33 

9 Deformation modulus E1-2TP kPa 11.1 

10 Cohesion C kg/cm2 0.067 

11 Inner friction angle Φ Degree 3043’ 

12 Compressibility factor a1-2 cm2/kg 0.236 

13 

G
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n Pebble grain  % 0 

Sand grain  % 5.7 

Silty grain  % 42.1 

Clay grain  % 52.3 
 

Table 3.2: Summary of chemical composition 

 

 

 

 

  

 

No Characteristic Unit Value Analysis method 

1.  pH - 6,39 ASTM 4980 – 2003 

2.  SO4
2- mg/kg dry soil 8,65 TCVN 6654 - 2000 

3.  Cl- mg/kg dry soil 10,4 TCVN 6646 - 2000 

4.  Organic content % 6,5 TCVN 6644 -1999 
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 According to the research of Dr. Dau Van Ngo (2009), value of pH vary from 

6.3 – 6.9 effect negatively to unconfined compressive strength of soil cement column. 

 Soil chemical contain anion SO4
2- which is able to affect on unconfined 

compressive strength of soil cement column, but this research didn’t focus to this 

factor.  
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3.2 Analysis and valuation of test results in Laboratory 

3.2.1 The correlation between unconfined compressive strength and cement 

content 

 

Figure 3.2: The correlation between UCS and Cement content at 28 days, w:c = 0.7 

 

Figure 3.3: The correlation between UCS and Cement content at 60 days, w:c = 0.7 
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Figure 3.4: The correlation between UCS and Cement content at 28 days, w:c = 0.8 

 

 

Figure 3.5: The correlation between UCS and Cement content at 60 days, w:c = 0.8 
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Figure 3.6: The correlation between UCS and Cement content at 28 days, w:c = 0.9 

 

 

Figure 3.7: The correlation between UCS and Cement content at 60 days, w:c = 0.9 
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In general, unconfined compressive strength varies from 900.4 to 1320.4kPa at 

28 days, at 60 days qu = 1256.2 – 1732.5kPa. The optimum cement content is  240 

kg/m3 (qu =  1175 – 1300kPa)  It is lower than the research of Nuzo,M at Mekong 

Delta (equals 300 kg/m3). 

3.2.2 Effect of water/cement ratio to unconfined compressive strength 

 

Figure 3.8: The correlation between UCS and Cement content at 28 days,  

cement content = 220 kg/m3 

 

Figure 3.9: The correlation between UCS and Cement content at 60 days,  

cement content = 220 kg/m3 
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Figure 3.10: The correlation between UCS and Cement content at 28 days,  

cement content = 240 kg/m3 

 

 

Figure 3.11: The correlation between UCS and Cement content at 60 days,  

cement content = 240 kg/m3 
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Figure 3.12: The correlation between UCS and Cement content at 28 days,  

cement content = 260 kg/m3 

 

Figure 3.13: The correlation between UCS and Cement content at 60 days,  

cement content = 260 kg/m3 
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3.2.3 Effect of Silica fume/cement ratio to unconfined compressive strength when 

cement content equals 220 kg/m3, water/cement ratio equals 0.7. 

 

Figure 3.14: The correlation between UCS and silica fume/cement ratio at 7 days 

 

 

Figure 3.15: The correlation between UCS and silica fume/cement ratio at 14 days 
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Figure 3.16: The correlation between UCS and silica fume/cement ratio at 28 days 

 

 

Figure 3.17: The correlation between UCS and silica fume/cement ratio at 60 days 
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Table 3.3, Comparison of UCS between specimens use silica fume and no using silica fume.   

Age 
Silica fume / 

cement ratio 

UCS ratio (using silica fume / no using silica fume) 

Soil NaCl 2.5 % NaCl 5 % City water 

7 

0 % qu = 647.4 
kPa 

qu = 619.1 
kPa 

qu = 622.9 
kPa 

qu = 610.7 
kPa 

1 % 133 % 131 % 129 % 135 % 

3 % 123 % 126 % 121 % 130 5 

5 % 120 % 125 % 120 % 121 % 

14 

0 % 960.9 958.8 956.3 951.0 

1 % 124 % 112 % 118 % 117 % 

3 % 108 % 100 % 105 % 101 % 

5 % 109 % 102 % 104 % 101 % 

28 

0 % 1215.1 1058.6 991.5 1131.0 

1 % 125 % 125 % 135 % 128 % 

3 % 116 % 125 % 129 % 110 % 

5 % 115 % 123 % 131 % 109 % 

60 

0 % 1467.3 1483.79 1328.7 1251.3 

1 % 130 % 113 % 123 % 135 % 

3 % 127 % 111 % 114 % 117 % 

5 % 120 % 105 % 115 % 112 % 
 

Unconfined compressive strength (UCS) is the highest when silica fume/cement 

equals 1%. If silica fume/cement adds more than 1 percent, UCS will increase lower.   

In table, (silica fume/cement equals 1%) unconfined compressive strength at 7 

days is 129  – 125 %, 112 – 124 %  at 14 days, 125 – 138 % at 28 days, 113 – 135 % 

at 60 days. The strength of soil cement column increase more stable at soil 

environment than other environment. 

To explain the test result need to take SEM photograph and other test, but 

author can’t do it cause of limited financial. 

According to author, occurring pozzolanic reaction between Ca(OH)2 and silica 

fume to increase strength of specimen when silica fume added a little. But silica fume 
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was added more than 1 percent, if  mixed process wasn’t widespread, it will surround 

number of cement gain. So that it prevented hydrate reaction  

3.2.4 Effect of curing time to unconfined compressive strength 

 

Figure 3.18: The correlation between UCS and time at soil environment 

 

 

Figure 3.19: The correlation between UCS and time at NaCl 2.5 % environment 
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Figure 3.20: The correlation between UCS and time at NaCl 5 % environment 

 

 

Figure 3.21: The correlation between UCS and time city water environment 
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Table 3.4: To compare unconfined compressive strength at 7 days, 14 days, 6 days  

with 28 days when w/c = 0.7. 

                USC ratio 

Binder content 
qu14/qu7 qu28/qu7 qu60/qu7 qu60/qu28 

 

220 
Si

lic
a 

fu
m

e 
/ c

em
en

t 

ra
tio

 

0 % 146 % 188 % 227 % 121 % 

1 % 154 % 196 % 264 % 125 % 

3 % 150 % 177 % 233 % 132 % 

5 % 135 % 153 % 194 % 127 % 

240 0 % 133 % 163 % 214 % 131 % 

260 0 % 153 % 192 % 252 % 131 % 
  

The higher the strength of soil cement column  is, the longer the time. The 

strength  develops fastest from 0 day to 7 days (equal around 40% to strength at 60 

days) and then increase slower than previous period. 

 In comparison with qu at 7 days, unconfined compressive strength is around 163 

– 192 % at 28 days. It is higher than research of Donald A. Bruce and Marry Ellen C. 

Bruce (140 % - 150 %). Saito et al (1996) found that the strength ratio at 28 days to 7 

days from 120 % to 210%. Test result depends on type of cement, type of soil 

treatment, water/cement ratio, etc. 

 In comparison with qu at 28 days, unconfined compressive strength varies from 

121 to 131 % at 60 days. Kawasaki et al (1981) suggested the following correlation 

based on the Tokyo Bay marine clay: qu(60) = 1.17qu(28). 
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3.2.5 Effect of curing environment to unconfined compressive strength 

 

Figure 3.22: The correlation between USC and time 

 

Figure 3.23: The correlation between USC and time 

The strength of soil cement columns  was affected by curing environment little 

(figure 3.22, 3.23). The strength is highest in soil environment and lower in city water, 

NaCl 2.5 %  and then NaCl 5%.  
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Untreated Soil 

 
b) Soil environment 

 c) City water environment d) NaCl 2.5 % environment 

Figure 3.24 SEM photograph (MSc graduation thesis of Nguyen Thanh Dat, HCMUT, 2010) 
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SEM photograph was taken in untreated soil specimen and soil cement 

treatment at cement content of 15%, curing time of 28 days, different curing 

environments.  

Untreated soil has much void whose diameter varies from 3.5 µm to 10 µm 

(Figure 3.24 a). Sticks or scratch formed (Figure 3.24 b, c, d) to increase identity and 

to decrease void diameter (void in soil cement treatment varies from 0.5µm to 2µm).  

The difference among  figures 3.24 b, c, d is number of sticks formed. Needle 

sticks is product of pozzolanic reaction (Hebib,1999). Sticks are the most in soil 

environment and lower city water, saline water environment. On figure 3.23, 3.24, we 

can see that if salinity increases, the strength of soil cement treatment will decrease 

negligibly. This fact demonstrates that strength of soil cement specimens is the highest 

in soil environment and lower in city water and then in NaCl 2.5 %, NaCl 5% 

environment.   

There was appearance white precipitant (CaCO3) in  saline water  environment. 

The more salt content we added, the more white precipitant appeared.  
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3.3 Analysis and valuation of test results core sampling from soil cement 

columns 

3.3.1 Affecting of cement content 

 
Figure 3.25: The correlation between USC and cement content, water/cement = 0.7  

 

 
Figure 3.26: The correlation between USC and cement content, water/cement = 0.8 
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Figure 3.27: The correlation between USC and cement content, water/cement = 0.9 

 

The optimum cement content equals 240 kg/m3. It is same the laboratory research. 

3.3.2 The correlation between UCS and Water/ cement ratio 

 
Figure 3.28: The correlation between USC and water/cement, 

 cement content = 220 kg/m3 
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Figure 3.29: The correlation between USC and water/cement,  

cement content = 240 kg/m3 

 
Figure 3.30: The correlation between USC and water/cement,  

cement content = 260 kg/m3 
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The strength of soil cement column is highest when water/cement ratio is 0.7. 

But it is little different when water/cement ratio is 0.8. The strength decrease 

remarkably when water/cement ratio is 0.9. 

3.3.3 Correlation between stress and strain  

 

 

3.4 Comparison between strength of specimens is mixed in LAB and FIELD 

Author compares strength of laboratory mixed specimen and mixed field 

sample (Figure 3.32) in order to determine correlation between them. Thence, author 

accessed ability of contractors (contractor A and B) and mentioned some remarks.  
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Figure 3.31: The correlation between UCS and Strain at 28 days 
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Cement content equals 220 kg/m3; water/cement ratio equals 0.7 

 

 

Cement content equals 240 kg/m3; water/cement ratio equals 0.7 
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Cement content equals 260 kg/m3; water/cement ratio equals 0.7 

 

 

Cement content equals 220 kg/m3; water/cement ratio equals 0.8 
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Cement content equals 240 kg/m3; water/cement ratio equals 0.8 

 

 

Cement content equals 260 kg/m3; water/cement ratio equals 0.8 

Figure 3.32: Comparison between strength of specimens mix in LAB and FIELD 
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Laboratory mixing is often more complete than field mixing, and the strength of 

laboratory mixed specimens can be greater than the strength  of field mixed materials 

at the same mixture proportions.  

In research, the strength  of field mixing by contractor A may vary from 100 to 

115 percent of the strength of laboratory mixed specimens. The strength  of field 

mixingby contractor B may vary from 42 to 67 percent of the strength of laboratory 

mixed specimens. 

 Thence, we can realize that ability of contractors affects on confined 

compressive strength of soil cement column very much. The difference in test result 

between contractor A and contractor B may be caused some reasons as following: 

• Mixing machines:  

- Contractor A: They made in Japan (highly evaluation in the 

World) and some machine made in China, they was improved 

quality after contractor A constructed Can tho airport project. 

- Contractor B: They made in China. 

• Type of mixing paddle, paddle angel  



“Chapter 3: The factors affect on unconfined compressive strength of soil cement columns” 

93 

 

Figure 3.33: Mixing paddle of contractor A 

 

• Weights and measures systems was intended for controlling weight of 

binder, water/cement ratio, mixing energy, penetration speed, mixing 

cycle,… (Figure 3.34) 
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Figure 3.34: Operators Cabin For High Performance Quality Control 

(Photographic image from research of Ulli Wiedemann, Germany)  

According to EuroSoilStab (2002), the strength of field mixed materials may be 

from 20 to 50 percent of the strength of laboratory mixed specimens. According to 

Coastal Development Institute of Technology (CDIT),(2002), the strength of field 

mixed materials may be from 20 to 100 percent of the strength of laboratory mixed 

specimens. The percentage depends on the type and operation of the mixing 

equipment, as well as the soil type and mixing conditions.  
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CONCLUSIONS AND RECOMMENDATIONS 
 

 Conclusion 
From the research, author took out the conclusions following: 

- Optimum mixture ratio: 

The optimum cement content in laboratory mixed specimens and field mixed 

even equals 240 kg/m3 (in compare with wet density). The optimum water/cement 

ratio in laboratory mixed specimens equals 0.8 but it equals 0.7 in field mixed.   

- Affect of curing environment 

Curing environment affect negligibly strength of soil cement columns. The 

highest strength of specimens is cured in soil environment, lower in city water, NaCl 

2.5 % and then NaCl 5%. 

-Evaluating the effect of silica fume admixture: 

The optimum silica fume admixture equals 1% (in compare with weight of 

cement content). This result was showed on research time (60 days).  We need to 

research on long term to evaluate effect of silica. Because we have to notice 

pozzolanic reaction between Ca(OH)2 and clay material, especially in research area, 

type of clay is montmorillonite which is most active clay.   

- Correlation between the strength of field mixed materials and laboratory mixed 

specimens: 

Strength of soil cement columns is depended on contraction very much. In 

research, the strength of field mixed by contractor A may be 100 to 115 percent of the 

strength of laboratory mixed specimens. The strength of field mixed by contractor B 

may be 36 to 67 percent of the strength of laboratory mixed specimens.  
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 Recommendation 
The highest strength of soil cement columns is at cement content equals 240 

kg/m3 (qu = 700 - 15000kPa). But designer need to notice quality assurance in order to 

avoid wasting money because design strength of soil cement columns only equals 

300kPa. 

The preparing and mixing specimens is needed to conform to standard and have 

to do carefully. Because this process affects much on strength of soil cement samples. 

Especially, noticing process of surface working samples. Value of modulus (E) will 

decrease when surface working sample is prepared without care.   

To continue research in order to assess effect of silica fume admixture and clear 

affecting of other factors.  
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AREAS FOR FUTURE RESEARCH 
 

Admixture is used for soil cement column. 

To continue study silica fume on long term in order to evaluate effect of this 

admixture for soil cement columns. 

Field Quality Control/Quality Assurance:  

Much work is need to develop and optimize quality control and quality 

assurance for soil cement column construction in the field. Such procedure could 

include observations of column construction, laboratory test of specimens formed from 

grab samples, laboratory testing on core samples, direct penetration tests, reserve 

penetration (pull-out) test, pressuremeter tests, column load tests, and geophysical 

tests. 

Modeling the behavior of soil cement columns under runway by finite element 

analysis (FEM) 

 It is very useful for designer. They can identify efficiency of subgrade soil 

when it improved by CDM, so we can correct design of construction. Thenceforth, 

they are reliable economical effective. 
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