
EFFECTS OF FLYASH CONTENT ON STRENGTH
AND DURABILITY CHARACTERISTICS
OF PANTANO SOIL-CEMENT MIXES.

Item Type text; Thesis-Reproduction (electronic)

Authors Reely, Blaine Theodore.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:12:28

Link to Item http://hdl.handle.net/10150/275428

http://hdl.handle.net/10150/275428


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Microfilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





1327012 

Reely, Blaine Theodore 

EFFECTS OF FLYASH CONTENT ON STRENGTH AND DURABILITY 
CHARACTERISTICS OF PANTANO SOIL-CEMENT MIXES 

The University of Arizona M.S. 1985 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, Ml 48106 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) lacking when material received, and not available from school or 

1. Glossy photographs or pages 

2. Colored illustrations, paper or print 

3. Photographs with dark background l/ 

author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Dissertation contains pages with print at a slant, filmed as received 

16. Other 

University 
Microfilms 

International 





EFFECTS OF FLYASH CONTENT ON STRENGTH AND 

DURABILITY CHARACTERISTICS OF PANTANO SOIL-CEMENT MIXES 

by 

Blaine Theodore Reeiy 

A Thesis Submitted to the Faculty of the 

CIVIL ENGINEERING AND ENGINEERING MECHANICS 

In Partial Fulfillment of the Requirements 

For the Degree of 

MASTER OF SCIENCE 

WITH A MAJOR IN CIVIL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 8 5 



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of 

requirements for an advanced degree at The University of Arizona ana is 

deposited in the University Library to be made available to borrowers 

under rules of the Library. 

special permission, provided that accurate acknowledgment of source is 

made. Requests for permission for extended quotation from or 

reproduction of this manuscript in whole or in part may be granted by 

the head of the major department or the Dean of the Graduate College 

when in his or her judgment the proposed use of the material is in the 

interests of scholarship. In all other instances, however, permission 

must be obtained from the author. 

Brief quotation from this dissertation are allowable without 

SIGNED 

APPROVED BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

H. A. Nowa/tfeki 

Professor of Civil Engineering 

Date 



DEDICATION 

Dedicated to 

Fawn 



ACKNOWLEDGMENTS 

The author wishes to express his gratitude to Dr. Edward A. 

Nowatzki for his continued guidance, advice and personal encouragement 

during the course of this investigation. His never ending patience and 

sense of humor will always be remembered. Appreciation is also 

extended to the other members of the Committee: Dr. J. S. DeNatale and 

Dr. J. Daemen. 

The generous support and assistance extended by fellow graduate 

students, faculty and staff is greatly appreciated. Thanks also to 

Carole Goodman for her excellent work in typing the thesis and 

providing order to a state of disorder. 

A special thanks to Gino Pietro Fillipin, friend and confident, 

whose assistance in the laboratory was invaluable. Additional thanks 

go to Harry Roof and Western Ash Company. 

Finally, recognition goes to the Pima County Department of 

Transportation and Flood Control District for providing technical 

assistance and financial support. 

iv 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS viii 

LIST OF TABLES x 

ABSTRACT xi 

CHAPTER 

.1 INTRODUCTION 1 

1.1 General 1 

1.2 Purpose of the Research 5 

1.3 Scope of the Research 6 

2 REVIEW OF LITERATURE 7 

2.1 General 7 

2.2 Use of Soil-Cement for Bank Protection 10 

2.3 Soil-Cement Mix Design Criteria 14 

2.4 Strength and Durability of Soil-Cement i6 

2.4.1 Compressive Strength of Soil-Cement .17 

2.4.2 Flexurai Strength of Soil-Cement 23 

2.4.3 Durability of Soil-Cement 22 

2.4.4 Effects of Curing Method and Duration 

on Soil-Cement Strength and Durability 25 

2.4.5 Effects of Soil-Characteristics on 

Strength and Durability 28 

2.5 Flyash as an Additive in Soil-Cement 30 

2.6 Stability Analysis of Soil-Cement Structures 35 

3 SOIL-CEMENT MATERIALS 37 

3.1 General 37 

3.2 Soil 38 

3.2.1 Sampling and Preparation 40 

3.2.2 Grain-Size Distribution 41 

3.2.3 Plasticity 43 

3.2.4 Grain Shape 44 

3.2.5 Mineralogy 45 

3.2.6 Classification 47 

v 



vi 

TABLE OF CONTENTS - CONTINUF.il 

PaRG 

3.3 Portland Cement 47 

3.4 Flyash 47 

3.5 Water 48 

4 TESTING PROCEDURES i 49 

4.1 General 49 

4.2 Soil-Cement Mix Design 49 

4.3 Sample Preparation 55 

4.3.1 Cylindrical Samples 56 

4.3.2 Beam Samples 57 

4.4 Curing Methods 59 

4.5 Unconfined Compressive-Strength Test 61 

4.6 Freeze-Thaw Test • 62 

4.7 Wet-Dry Test 63 

4.8 F.lexural-Strength Test 64 . 

5 LABORATORY TEST RESULTS AND DISCUSSION 66 

5.1 General 66 

5.2 Mix Design Results 67 

5.3 Freeze-Thaw Results 73 

5.4 Wet-Dry Test Results 73 

5.5 Unconfined Compressive-Strength Test Results 77 

5.6 Flexural-Strength Test Results 82 

5.7 Discussion 84 

6 SOIL-CEMENT BANK STABILITY ANALYSIS 86 

6.1 General 86 

6.2 Methods of Analysis 87 

6.2.1 Internal Stability 88 

6.2.2 External Stability 91 

6.3 Internal Stability Analysis Results 93 

6.4 External Stability Analysis Results 98 

7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 105 

7.1 Summary 105 

7.2 Conclusions 106 

7.3 Recommendations 109 



vii  

TABLE OF CONTENTS - CONTINUED 

Pa?e 

APPENDIX A: COMPOSITION OF REGULAR TYPE I AND/OR II LOW 

ALKALI PORTLAND CEMENT 112 

APPENDIX B: ANALYSIS OF CLASS "F" APACHE FLYASH 113 

APPENDIX C: PROCEDURE FOR CALCULATING SOIL-CEMENT LOSS IN 

FREEZE-THAW TEST AND WET-DRY TEST 114 

APPENDIX D: PROCEDURE FOR CALCULATING MAXIMUM PASSIVE 

EARTH PRESSURE (pj,) 115 

REFERENCES 116 



LIST OF ILLUSTRATIONS 

FIGURE Papre 

l. 1 Flood Damaged Structure on Ri.ilit.o River 2 

1.2 Soil-Cement Protected Bank on Rillito River 2 

2.1 Relationship of Slope, Facing Thickness, 

Layer Thickness, and Horizontal Layer Width 13 

3.1 Location of Pantano Wash Soil-Cement Project 39 

3.2 Pantano Sand Grain-Size Distribution 42 

3.3 Chart for Visual Estimation of Grain Roundness 

and Sphericity 46 

4.1 Compaction F.quipment for Cylindrical Soil-

Cement Specimens 52 

4.2 Forney Compressive-Strength Testing Machine 54 

4.3 Cylindrical Soil-Cement Specimen for Unconfined 
Compressive Strength and Durability Tests 58 

4.4 Soil-Cement Beam for Flexural-Strength Test 60 

4.5 Third Point Loading Configuration 65 

5.1 Cement Content vs Compressive Strength for 

Pantano Soil-Cement Mix Design 69 

5.2 Cement Content vs Dry Density for Pantano 

Soil-Cement Mix Design 70 

5.3 Dry Density vs Uncorrected Compressive Strength 

for Pantano Soil-Cement Mix Design 7] 

5.4 Freeze-Thaw Test Results - Pantano Soil-Cement Mixes 74 

5.5 Wet-Dry Test Results - Pantano Soil-Cement Mixes 75 

vii i  



ix 

LIST OF ILLUSTRATIONS - CONTINUED 

FIGURE Page 

5.6 Average Unconfinea Compressive Strength vs Percent 

Flyash Replacement for Pantano Soil-Cement Mixes 78 

5.7 Average Unconfinea Compressive Strength vs Curing 

Age for Pantano Soil-Cement Mixes 79 

5.8 Modulus of Elasticity vs Percent Flyash Replacement 

for Pantano Soil-Cement Mixes 81 

5.9 Modulus of Rupture vs Percent Flyash Replacement 

for Pantano Soil-Cement Mixes 83 

6.1 Soil-Cement Dike Geometry 89 

6.2 Toe Stress vs Slope Angle for 4 Ft Wide 

Pantano Soil-Cement Dike 94 

6.3 Toe Stress vs Slope Angle for 6 Ft Wide 

Pantano Soil-Cement Dike 95 

6.4 Toe Stress vs Slope Angle for 8 Ft Wide 

Pantano Soil-Cement Dike 96 

6.5 Lateral Stress Distribution for Pantano 

Soil-Cement Dike: 10 Ft Embedment 100 

6.6 Lateral Stress Distribution for Pantano 

Soil-Cement Dike: 15 Ft Embedment 101 

6.7 Lateral Stress Distribution for Pantano 

Soil-Cement Dike: 20 Ft Embedment 102 



LIST OF TABLES 

TABLE Page 

2.1 Ranges of A and B for Different Types of Soil 20 

2.2 Cement Requirements of AASHTO Soil Groups 29 

3.1 PCDOT Recommended Grain-Size Distribution 

for Soil-Cement 41 

3.2 Mineralogy of Pantano Wash Sand 45 

4.1 Strength and Durability Testing Program 50 

5.1 Results of Preliminary Standard Compaction Curves 68 

6.1 Average Values for Modulus of Rupture for 

Pantano Soil-Cement Mixes 97 

6.2 Maximum Slope Angles for Soil-Cement Dike with 

Modulus of Rupture = 45 psi 97 

x 



ABSTRACT 

Standard laboratory test procedures were performed to evaluate 

the effects of partial flyash replacement on the strength and durabil

ity characteristics of Pantano soil-cement mixes. Dependence of these 

characteristics on curing environment were also studied. The results 

of the laboratory testing phase of this study were used to perform pre

liminary stability analyses on various soil-cement dike geometries. 

The results of this study indicate that significant economic 

benefits may be realized through the use of flyash as a partial re

placement for portland cement in soil-cement bank protection dikes. 

Results of the stability analysis indicate that narrower dikes than 

those currently being constructed are technically feasible. It remains 

to be determined whether the anticipated increase in construction costs 

will be offset by the decrease in material costs. 

xi 



Chapter 1 

INTRODUCTION 

1.1 General 

Soil-cement has become an important construction material 

earning popularity by providing versatile, economic alternatives to 

more traditional types of construction. Early use as a base course in 

roadway and airport projects provided the necessary data to develop 

soil-cement mix design criterion which allowed the prediction of 

strength and durability characteristics for various soil types and 

cement contents. Successful performance led to soil-cement applica

tions in water resource engineering projects including earth dam 

embankment protection, aqueduct and canal lining, and drainageway bank 

protection. 

The use of soil-cement for drainageway bank protection has 

become particularly important in areas where the climatic conditions 

can result in very large intermittant flows in otherwise dry river 

channels. Excessive flows in these channels can produce unpredictable 

bank erosion patterns and flooding which often prove disasterous to 

adjacent development (Fig. 1.1). Bank protection is often the only 

option available to restrict large ephemeral flows to the existing 

channel. The construction of soil-cement dikes along drainageway banks 

has proven to be an excellent form of protection. Properly designed 

1 



Fig. 1.1 Flood Damaged Structure on Rillito River 

Fig. 1.2 Soil-Cement Protected Bank on Rillito River 



3 

soil-cement dikes provide adequate protection against the erosional 

forces associated with longitudinal flow of excessive quantities of 

sediment and debris laden floodwater. 

In recent years, soil-cement has become the most common form of 

bank protection used in the greater Tucson area. Selected sections of 

the Santa Cruz and Rillito Rivers and the Pantano, Tanque Verde and 

Canada del Oro Washes have been lined with soil-cement dikes (Fig. 

1.2). With the exception of minor failures, primarily associated with 

erosion of material underlying or behirid the structures, the 

soil-cement dikes have performed excellently to date, even through the 

recent 100+ year flood (October 1983). 

The performance of soil-cement as a bank protection 

construction material is primarily a function of its strength and 

durability. Generally, as the strength and durability of the soil-

increases so will the performance of the soil-cement bank 

protection. However, numerous factors affect the strength and 

durability characteristics of soil-cement. The most important of these 

include the type of soil, the cement content, the degree of compaction, 

curing conditions and duration, moisture content, type and content of 

admixtures (i.e., flyash, sodium chloride, etc.) and field conditions 

during mixing and placement. 

Technically, soil-cement represents an extremely dependable 

construction material which allows flexibility of design and relative 
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ease of construction. Provided an adequate source of appropriate soi], 

Portland cement, water and equipment is available, the construction of 

soil-cement structures is straight-forward. Desired strength and 

durability characteristics can typically be attained for a specific 

soil by adjusting the stabilizer content (portland cement + admixture) 

and optimizing the placement and curing conditions. Various methods of 

soil-cement placement exist which can be used exclusively or in 

combination to produce the final product. The stair-stepped compacted 

lift method of construction is currently the most popular for drainage-

way bank stabilization. 

When compared with more traditional methods of bank protection, 

including reinforced concrete lining, rip-rap and gabions, soil-cement 

has been shown to result in increased performance provided the 

appropriate materials are readily available. In a recent survey of 

existing bank stabilization structures in Pima County, every type of 

bank stabilization method previously mentioned, except soil-cement, 

experienced significant failure during the October 1983 flooding 

(Personal communication, A. El Fermaoui, 1985). 

Although soil-cementing techniques have proven to be extremely 

successful for bank protection, the cost is significant. In 1985, the 

cost of protecting a single bank for one mile is approximately 

$900,000 - $1,000,000 (Personal communication, A. El Fermaoui, 1985). 

Cement represents a significant portion of the overall cost. If the 
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total cement, content could be reduced or the dimension of the dike 

modified without adversely affecting the performance of the protected 

bank, the total cost of soil-cement bank protection could be reduced 

significantly. 

A possible method of reducing the amount of cement in soil-

cement Is by replacing a portion of the cement with flyash. Flyash, a 

by-product of coal-fired power generating facilities, is readily 

available and relatively inexpensive. Due to its pozzolanic 

properties, flyash can be added to cementitious materials to provide 

increased long-term strength and enhance other properties such as 

permeability. A stabilizer composed of Portland cement and flyash 

could potentially be used to obtain the desired strength and durability 

characteristics of soil-cement protected banks at a decreased cost. 

1.2 Purpose of the Research 

The purpose of this research is to evaluate the effects of 

various flyash contents and variable curing conditions on the strength 

and durability characteristics of a particular soil-cement mixture. 

The potential exists for significant economic savings if flyash can be 

proven to be a suitable replacement for a portion of the cement used 

for drainageway bank protection. In this research, the term 

"stabilizer" will be used to describe the amount of cement and flyash 

used in a particular soil-cement mixture. Curing conditions should 

also be considered because the strength and durability characteristics 
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of soil-cement cured under "field" conditions may vary significantly 

from those projected from laboratory test specimens cured under 

controlled conditions. This is especially true in the semi-arid 

regions of the Southwestern part of the United States. 

The results of the laboratory investigation can be used to make 

preliminary stability evaluations of various bank geometries. If the 

overall thickness of the soil-cement dike is reduced, the potential 

exists for significant economic savings. 

1.3 Scope of the Research 

As determined jointly by the University of Arizona research 

group and personnel of the Pima County Department of Transportation and 

Flood Control District (PCDOT), the primary variables that were 

evaluated in this study include the soil characteristics of the Pantano 

Wash sand, cement content, pozzolan (flyash) content, curing method, 

and curing duration. Standard laboratory testing procedures were used 

to determine the strength and durability characteristics of Pantano 

soil-cement mixes with variable flyash contents. 

The strength and durability data obtained from the laboratory 

testing phase of this study were used to make preliminary stability 

assessments of various soil-cement dike geometries. 



Chapter 2 

REVIEW OF LITERATURE 

2.1 General 

The first application of soil-cement in water resources 

engineering took place in the early 1940's when wartime shortages of 

materials, equipment and transportation facilities led to experi

mentation and substitution. Previous success with soil-cement as a 

paving material provided the initiative to innovative water resource 

engineers to begin experimenting with the material for lining small 

irrigation canals and agricultural reservoirs in the Western United 

States (PCA, 1978). 

The first significant use of soil-cement as slope protection 

was a test section on the South bank of Bonny Reservoir on the 

Republican River near Hale, Colorado in 1951. (PCA, 1971). At this 

site, the material was subjected to severe exposure conditions and the 

adaptibility of soil-cement embankment protection for earth dams was 

established. 

At the design stage of the Bonny test sections, some type of 

testing was required to determine the minimum amount of cement required 

for different types of soil to form a mixture that would maintain its 

integrity under the detrimental attack of waves and weather. The 

7 
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already existing durability and strength criteria, orginially developed 

for soil-cement road construction, were adopted. Due to the 

uncertainity in using these borrowed criteria for slope protection, it 

was decided to increase the cement content, by 2% for coarse soils and 

4% for fine soils, over that required for road construction (Akky, 

1974). 

The durability and strength criteria that were developed for 

road construction were developed to provide the minimum stabilizer 

content required to produce hard, durable soil-cement suitable for 

base coarse construction of the highest quality (PCA, 1971). The 

criteria are: 

1) Soil-cement losses during 12 cycles of either wet-dry test 

or freeze-thaw test shall conform to the following limits: 

A-l 
AASHTO Soil Groups A-2-4 Not over 14 percent 

A-2-5 

A-3 

A-2-6 

AASHTO Soil Groups A-2-7 Not over 10 percent 

A-4 

A-5 

A-6 

AASHTO Soil Groups A-7 Not over 7 percent 

2) Compressive strengths should increase both with age and 

increase in cement content in the ranges of cement content 

producing results that meet Requirement 1. 
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The strength and durability criteria for soil-cement, bank 

stabilization were adopted from those used for slope protection of 

earth dams. The design of most soil-cement bank protection projects is 

based on the cement content indicated for soil-cement pavement 

construction by ASTM tests and PCA weight loss criteria or by the PCA 

shortcut test increased in either case by two percentage points because 

of direct exposure and erosion conditions. On recent Bureau of 

Reclamation projects, the cement contents were based on the amount of 

cement required to produce a soil-cement mixture with strength and 

durability comparable to those of the soil-cement in the Bonny 

Reservoir test section (PCA, 1975; Holtz and Walker, 1962). The 

excellent performance of most existing soil-cement bank protection 

projects indicates that soil-cement, properly designed and constructed, 

provides adequate, economical erosion resistance in flood control 

devices subjected to longitudinal flow of water and debris. 

Flyash has been used successfully as an admixture in concrete 

since the 1930's. In concrete, flyash acts as a pozzolan which 

improves the properties and in most instances reduces costs (Graham, 

1972). Due to the positive results that the concrete industry has 

obtained with flyash admixtures, the possibility exists that flyash/ 

soil-cement mixtures may also improve performance and reduce costs. 

Although no major soil-cement bank protection projects with significant 
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fjyash contents have been completed, several researchers and agencies 

are investigating the replacement of cement with flyash in soil-cement. 

2.2 Use of Soil-Cement for Bank Protection 

Although the use of soil-cement for drainageway bank protection 

is relatively recent, it is gaining in popularity due to its successful 

performance in resisting erosion by longitudinal flow of water and 

debris. This is particularly true in areas such as the Southwestern 

United States where climatic conditions result in high velocity, 

ephemeral flows in the drainageways. This type of flow has proven to 

be disastrous to areas adjacent to drainageways with unprotected banks. 

Historically, the first major use of soil-cement for bank 

protection was in 1969 at the site of the earthfill Broad Canyon Dam 

near Radium Springs, New Mexico. For this project, the Soil 

Conservation Service designed a soil-cement emergency spillway. The 

soil-cement was prepared in a central mixing plant and placed on a 4:1 

(horizontal to vertical) slope 8 in. thick. Compaction was by a smooth 

vibratory roller working across the slope rather than up and down. The 

top of the soil-cement spillway is at the 100-year storm level. The 

spillway itself extends to the valley bottom. The lining was designed 

to control erosion during this overflow condition (PCA, 1984). 

Since 1969, considerable work has been done using soil-cement 

for bank protection. In Pima County alone, more than 900,000 cu. yds. 

of soil-cement bank protection have been placed since 1980 (Personal 
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Communication, PCDOT, 1985). Soil-cement bank stabilization has been 

used to various extents in most of the western states. 

In 1978, the Pacific Southwest Region of the PCA undertook a 

field study to evaluate the erosion resistance of soil-cement used in 

existing longitudinal-flow canals and flood control devices. Previous 

knowledge of the subject was quite limited (PCA, 1979). 

Twelve projects in the Pacific Southwest Region that were 

designed to withstand occasional high velocity flows were studied. At 

the time of the study only five of the chosen projects had actually 

been subjected to the severe conditions that they were designed to 

withstand. 

The results of the study indicated that the following criteria 

should be considered in designing similar projects: 

1) Soils should preferably be well-graded sands or sandy 

gravels. 

2) Cement content should be determined by methods described in 

the PCA publication, "Soil-Cement Slope Protection for 

Embankments: Planning and Design". 

3) Where successive horizontal layers are used, maximum bond 

should be obtained through scarification, power sweeping 

and surface moistening between layers. 
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4) If soil-cement is constructed in successive horizontal 

layers, all layer edges should be trimmed smooth during the 

construction process. 

5) Where velocities exceed 6-8 fps, or where water carrying 

large amounts of debris is expected, consideration should 

be given to higher strength soil-cement or other design 

modifications. 

On most projects, the typical method of constructing 

soil-cement drainageway bank protection requires that soil-cement be 

placed and compacted in stairstep horizontal layers for maximum placing 

and compacting efficiency. The PCA (1975) recommends a maximum facing 

thickness of 2 ft., measured normal to the slope, to give the desired 

durability and performance characteristics. Figure 2.1 shows the 

relationship between slope of facing, thickness of compacted horizontal 

layer, horizontal layer width, and minimum facing thickness measured 

normal to the slope. It is evident in Fig. 2.1 that with variations in 

design or construction procedures any desired thickness can be 

obtained. 

In some cases, particularly for smaller banks, thinner slope 

protection may be adequate. In these projects, a 6 to 12 in. thick 

layer of soil-cement can be placed parallel to the face of the 

embankment rather than in horizontal layers (PCA, 1975). 
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2.3 Soil-Cement Mix Design Criteria 

The PCA (1984) has published the most widely accepted procedure 

for soil-cement mix design for embankment slope protection. These 

criteria have been adopted for use in soil-cement bank protection. 

This procedure requires that standard laboratory tests (ASTM D558, D559 

and D560) be performed to determine the proper stabilizer content, 

optimum moisture content and the maximum density of the soil-cement 

mixture. 

The optimum moisture and maximum density are determined by the 

moisture-density test (D558). Test specimens are then molded at several 

cement contents and subjected to the ASTM wet-dry test (D559) and ASTM 

freeze-thaw test (D560). Results of the freeze-thaw and wet-dry tests 

and the application of the weight loss criteria, presented previously 

in Section 2.1, establish the cement required for the soil according to 

accepted highway base course design standards. This cement content is 

then adjusted for bank protection exposure. Nussbaum and Colley (1971) 

have shown experimentally that exposed soil-cement containing two 

percentage points more cement than required for pavement bases has good 

resistance to rapid stream flow carrying sand and gravel or other 

debris. Their research indicates that for maximum protection against 

debris-laden flowing water, the soil should contain at least 20% 

material retained on the No. 4 sieve. 
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The PCA (1984) has also published a "short-cut" mix design 

procedure for sandy soils. The only tests required are a grain-size 

analysis, a moist.ure-dens.ity test (D558) , and compressive-strength 

tests. The "short-cut" test procedures do not always indicate the 

minimum cement factor that can be used with a particular sandy soil 

although they almost always determine a safe cement content. One 

important advantage to using the "short-cut" procedures is that the 

entire mix design procedure requires less than two weeks instead of 

approximately six weeks for the ASTM standard tests. 

Several agencies have developed their own mix design criteria 

or modified the existing procedures. These developments have been 

based on experiences with local soil or climatic conditions. Normally, 

these procedures vary with the geographic areas and the specific 

agencies involved. 

On recent Bureau of Reclamation projects, the cement contents 

were based on the amount of cement required to produce a soil-cement 

mixture with strength and durability comparable to those of the soil-

cement in the Bonny Reservoir test section (Holtz and Walker, 1962). 

PCDOT (1984) requires in their mix design for soil-cement bank 

protection that the soil-cement have a cement content of two percentage 

points above the amount required to obtain a 7-day compressive strength 

of 750 psi. The additional cement is added for erosion protection. 



16 

Slight variations of the PCDOT mix design criteria have been adopted by 

various private and governmental agencies in the Southwestern United 

States for use in soil-cement bank protection. This is due to the 

successful performance of soil-cement bank protection in Pima County. 

2.4 Strength and Durability of Soil-Cement 

Soil-cement derives its strength and durability characterisitcs 

from two distinct mechanisms, cement hydration and pozzolanic action. 

Cement hydration which occurs when portland cement is combined with 

moisture and soil material, contributes the majority of the strength 

and durability to soil-cement. During this process, each of the major 

crystalline compounds present in the cement hydrates to produce 

crystalline calcium hydroxide, a poorly crystallized calcium silicate 

hydrate, and other minor constituents. The cementitious characteristics 

of the portland cement are generally attributed to the formation of 

calcium silicate hydrate. The cement hydration mechanism is initiated 

immediately after the cement and moisture are combined. This process 

continues until all of the cement is hydrated or until no additional 

moisture is available for hydration. If this process is allowed to 

progress with an adequate supply of moisture, the soil-cement strength 

will increase with time. 

A secondary mechanism which contributes to the strength and 

durability of soil-cement is pozzolanic action. This mechanism 

involves the calcium hydroxide that is formed during the cement 



17 

hydration process. This compound, which has no cementing vaiue. is 

soluble in water and therefore may be leached by percolating water. It 

is a generally accepted theory that the siliceous compounds in a finely 

ground pozzolan, such as flyas'n, react with the calcium hydroxide to 

form stable cementing substances. Additional compounds comprising the 

pozzolanic material also contribute to the cementing action. These 

compounds probably involve the alkalies, iron and alumina (Price, 

1975). The cementing contribution to the soil-cement by pozzolanic 

action normally occurs at a much slower rate than that from hydration. 

2.4.1 Compressive Strength of Soil-Cement 

The compressive strength of soil-cement is often determined as 

part of the mix-design procedure and used for monitoring the quality of 

the product during construction. It serves as an indicator of the 

degree of reaction of the soil-cement-water mixture as well as an 

indicator of the setting time and rate of hardening. ASTM D1633 is the 

standard test method for determining the compressive strength of 

soil-cement cylinders. Normally, the cylinders are broken in 

unconfinea compression after curing periods of 24 hours, 7 days, and 28 

days. 

An important factor that should be considered when evaluating 

soil-cement compressive-stength data is specimen size. Various cylinder 

sizes have been used in testing the compressive strength of soil-

cement. ASTM D1633 requires that the test specimen shall have a 



diameter of 2.8 in. and a height of 5.6 in. (L/D = 2.0). The PCA (1971) 

suggest the use of 4.0 in. diameter x 4.6 in. high specimens (L/D = 

1.15). This size is practical because it allows specimens to be molded 

in a standard compaction mold. A wide variety of other soil-cement 

cylinder sizes have been tested to determine compressive-strengths. 

Hawkes and Mellor (1970) report evidence that the apparent 

unconfined compressive strength of soil-cement decreases as the L/D 

ratio increases, following some form of hyperbolic or exponential 

relation. Theoretical studies indicate that rough and rigid platens 

cause significant perturbation of the stress field to a distance of D/2 

from each end of the cylinder. Therefore, an acceptable lower limit 

for L/D probably lies between 2.0 and 2.5. A safe upper limit of L/D 

for safety against buckling has been found to be 4.0. This data 

suggests that compressive strengths determined by testing 4.0 in. x 4.6 

in. cylinders will be anomalously high. PCDOT (unpublished report, 

1985) compared the compressive strengths of 4.0 in. x 4.6 in. 

soil-cement cylinders to those of 4.0 in. x 8.0 in. cylinders. The 

smaller cylinders were found to have a compressive-strength value 

approximately 2 percent higher than the larger cylinders. 

Experimental results indicate that the compressive strength of 

soil-cement will increase with increases in the cement content and with 

increased age. Akky (1974) used three soils; a sandy soil, a sandy 
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silt, and clayey soil to prepare soil-cement mixtures. Compressive-

strength tests were performed on samples compacted at optimum moisture 

and maximum dry density in either 3 in. diameter (I,/D = 1.15) or 4 in. 

(L/D = 1.15) diameter molds. The cement contents varied from 1 to 16 

percent. The cylinders were tested in unconfined compression after 

curing periods of 2, 7, 28, 45, 90 and 180 days. 

All three soils, at all cement contents tested, increased in 

strength between 2 and 7 days. Between 7 and 28 days, all soils except 

the clayey soil exhibited strength increases. Considerable strength 

increases were observed in the sandy soil, with cement contents greater 

than 6% for periods in excess of 90 days. 

Akpokodje (1985) evaluated the compressive strength of 

soil-cement mixtures prepared from three soils. The soils were 

characterized as clay loam, silty loam and sandy loam. Cylindrical 

specimens (1.4 in. diameter by 3.0 in. length) were prepared at the 

optimum moisture content and maximum dry density. Results of this 

study indicate that there is a linear relationship between compressive 

strength and cement content in all the soils investigated. 

The regression line relating 7-day compressive strength to 

cement content was given by the equation: 

UCS7 = A + BX (2.1) 

where UCS7 = 7-day unconfined compressive strength (KN/m^)* 
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A =Int.ercept of the regression line with the strength 

axis 

B =(Difference in UCS between two samples) - (Corres

ponding difference in cement content for the two 

samples) 

X = Cement content (percentage by weight) 

Values of the constants A and B for various types of soil are given in 

Table 2.1. 

Table 2.1 Ranges of A and B for Different Types of Soil. 

Conversion Factor: 1 KN/m2 = 0.02089 Kip/ft2 

For a summary of eleven soil-cement bank protection projects, 

PCDOT (unpublished report, 1985) has determined that the compressive 

strength of soil cement varies approximately linearly with cement 

content. Based on a mix design criteria which requires a 7-day 

compressive strength of 750 psi (after 24 hr. soaking) the cement 

requirement was determined to be dependent on the soil material. 

Typical cement contents ranged from 8 to 12 percent, which include a 2 

percent addition for erosion protection. 

Soil Type A (KN/m2) B 

Sandy loam 

Clay loam or clay 

Silty loam 

Gypsiferous sandy soil 

Calcareous sandy soil 

600-2200 

400-1200 

325-760 

100-445 

40-65 

265-370 

231-280 

110-207 

10-25 

280-300 
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Additional factors that have been determined to nave an effect 

on the strength and durability of soil-cement are the molding moisture 

content, density, method of compaction, mixing characteristies, and 

others (PCA, 1979). A discussion of these factors is beyond the scope 

of this study. 

2.4.2 Flexural Strength of Soil-Cement 

ASTM test standard D1635 outlines the accepted procedure for 

determining the flexural strength (modulus of rupture) of soil-cement. 

This procedure involves the testing of a simple beam with third point 

loading. 

Miner (1983) tested soil-cement, beams (3 in. x 3 in. x 18 in.) 

using the D1635 test procedure. Two different silty sands were used to 

prepare the soil-cement beams. The beams were compacted statically at 

optimum moisture and maximum dry density. Cement contents of 6 and 12 

percent were used and half of the beams were reinforced with 

geotextile. 

The results of the testing for the unreinforced beams indicated 

that the flexural strength of the soil-cement increases with cement 

content. The maximum tensile stress in the unreinforced beams at 

failure ranged from 55 to 180 psi. Soil type significantly affected 

the strength of the soil-cement beams. 

Mangotich (1977) reported that research with concretes suggests 

that the flexural and tensile strength of concrete varies with the 



22 

volume and cementing efficiency of the portland cement, with the 

water/cementitious material ratio, curing conditions, and curing age. 

The modulus of rupture of concrete ranges between 11 and 23 percent of 

the compressive strength (Hassoun, 1985). 

Johnson (1960) reports the results of flexural strength 

(modulus of rupture) tests performed on 3 in. x 3 in. x 11-1/4 in-, 

soii-cement specimens molded at optimum moisture content and maximum 

density. The test data indicates that the flexural strength of 

soil-cement increases approximately linearly as the cement content 

increases. In addition, the flexural strength increases with age over 

periods of 7, 28 and 90 days. 

Data examined by Johnson (1960) on unconfined compressive 

strength and flexural strength of soil-cement indicates that a nearly 

linear relationship exists for all cement contents, for all ages. The 

modulus of rupture is approximately 20 percent of the compressive 

strength. 

2.4.3 Durability of Soil-Cement 

Soil-cement, is subject to changes in volume, strength, and 

internal structure with changes in moisture content and temperature. 

Standard test procedures were developed to evaluate the effects of 

moisture and temperature variations on soil-cement mixtures. These 

tests are the standard wet-dry test (ASTM D559) and freeze-thaw test 

(ASTM D560) . 



The wet-dry and freeze-t.haw tests were initially devised to 

test the interaction of cement with soil and its effectiveness in 

resisting changes in physical properties resulting from changes in 

moisture content and density. These tests were not initially intended 

as measures of durability. However, since time is an important factor 

in the test (12 cycles of wetting and drying and 12 cycles of freezing 

and thawing) and since laboratory results have been correlated with 

field experience, they do yield relative values Indicative of the 

durability of the soil-cement mixtures (Johnson, 1960). 

The wet-dry test was designed primarily to simulate shrinkage 

forces. To fully evaluate the effect of these forces on the wet-dry 

durability, the specimens are dried at 160°F. This temperature was 

selected because it exceeds most anticipated "field" conditions. At 

this temperature, accelerated cement hydration is expected. 

The freeze-thaw test was designed to simulate internal 

expansive forces produced by moisture change in the fine-grained soils. 

Also, the test avoided the accelerated cement hydration present in the 

wet-dry test. 

Since moisture plays a predominate role in the strength of 

soil-cement, it was essential that water be permitted to play the same 

role in both the wet-dry and freeze-thaw tests. In the wet-dry test, 

this is accomplished by submerging the samples in water during the 

wetting portion of each cycle. In the freeze-thaw test, samples are 
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permitted to absorb water by capillarity during the thawing portion of 

each cycle. 

Since the rate and amount of hydration .influences the final 

result, samples are permitted to remain undisturbed for 7 days in an 

atmosphere of high humidity before being tested. This permits 

hydration of a significant portion of the cement. 

The number of cycles of testing and their duration were evolved 

by exploratory tests on freezing temperatures, freezing time, drying 

temperature, drying time, and soaking time (Akky, 1974). 

The PCA (1971) has established durability and strength 

criteria for soil-cement mixtures. The primary basis of comparison for 

soil-cement is the cement content required to produce a mixture that 

will withstand the stresses induced by the wet-dry and freeze-thaw 

tests. The criteria are based on laboratory test data, on the 

performance of many projects in service, and on information obtained 

from the outdoor exposure at several thousand site locations. The PCA 

criteria were presented previously in Section 2.1. 

Numerous factors can influence the durability of soil-cement. 

Variation in soil type, density, moisture content, plasticity of the 

fines, degree of mixing, degree of pulverization, cement content, 

admixture content, and curing conditions can significantly affect soil-

cement durability. 
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Felt (.1955) evaluated the influence of various factors on the 

physical properties of soil-cement mixtures. Results of this study 

indicate that the compressive strength and resistance to wetting and 

drying, and freezing and thawing increased as the cement content was 

increased. Good quality mixes were obtained with cement contents 

generally in the range of 8 percent to 14 percent (depending on the 

soil). Mixtures having unusually high compressive strength (2000 to 

4000 psi) and excellent resistance to alternate freezing and thawing 

and wetting and drying were obtained with relatively high cement 

contents of 22 percent by volume. 

Akky (1974) performed wet-dry and freeze-thaw tests on soij-

cement samples prepared from a sandy soil, a sandy silt and a clayey 

soil. Test results indicate that the soil-cement loss after twelve 

cycles decreased with increasing cement content. In addition, losses 

during freeze-thaw tests for samples with the same cement contents were 

greater than losses during the wet-dry tests for all of the three soils 

tested. 

2.4.4 Effects of Curing Method and Duration on Soil-Cement Strength 

and Durability 

The majority of accepted tests to evaluate the properties of 

soil-cement are based on the assumption that adequate moisture is 

retained in the soil-cement mixtures during a curing period of 7 days 

or for a longer specified period (Johnson, 1960). Most tests specify 
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that the soi.l-cement samples be cured in an environment of 100 percent 

humidity and constant temperature. 

The environmental conditions present in the field are often 

very different from those in the laboratory. This is especially true 

in the semi-arid Southwest. Moisture availability and temperature 

variations can affect the strength and durability of soil-cement 

mixtures. 

Johnson (1960) report the results of a study which 

investigated moisture losses in soil-cement curing under field 

conditions. The data indicates that the moisture content in the outer 

1-1/2 inches of unprotected soil-cement can be reduced by approximately 

30 percent over a 7-day curing period due to evaporation alone. The 

unavailability of moisture for cement hydration can adversely affect 

the strength of soil-cement. 

The influence of curing time on the strength and durability of 

soil-cement is well documented. Generally, the strength and 

durability characteristics increase with age. Data from compressive 

strength tests of laboratory molded specimens of soil-cement indicates 

that the strength increases continuously with age for periods in excess 

of five years (Johnson, 1960). Strength gain determinations from field 

cores show increases of 2 to 4 fold over a period of 20 years (Johnson, 

1960). 
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Akpokodje (1985) reported that the compressive strength of 

soil-cement mixtures prepared from each of three soils (clay loam, 

silty loam and sandy loam) increased with age. In all cases, the silty 

loam soil-cement mixtures increased in strength at a slower rate than 

the soil-cement mixtures prepared from the other two soils. 

Clare (1954) studied the effect of curing temperature on the 

compressive strength of cylindrical specimens of soil-cement. Five 

soils—a clay, a silty clay, two sands, and a gravel were used. All but 

the clay were stabilized with 10 percent portland cement. The clay was 

stabilized with 15 percent cement. Curing temperatures varied from 0° 

to 60°C and compressive strengths were determined at ages up to 3 

months. The following conclusions were made: 

1. The 7-day compressive strength increases with increasing 

temperature by 2 to 2-1/2 percent per degree centigrade 

when the temperatures is in the vicinity of 77°F (25°C). 

2. Cement-treated soil mixtures will harden in cold weather 

provided the temperature is above 32°F (0°C). 

3. If compressive strength is taken as the sole criterion of 

quality of cement-treated soil mixtures, less cement is 

needed in warm weather than in cold weather. 

4. Because of ambient temperature differences, cement-treated 

soil constructed during warm weather should be 50 to 100 

percent stronger than similar construction made during cool 



weather, at least during the first. 0 months of life of the 

construction. 

2.4.5 Effects of Soil Characteristics on Strength and Durability 

Normally, the finer grained a soil is, the less strength and 

durability a soil-cement mixture composed of that soil has. As a 

general rule, it will be found that, the cement requirement of soils 

increases as the silt and clay content increases. Gravelly and sandy 

soils require less cement for adequate hardness than silt and clay 

soils. 

An exception to this rule is that poorly graded sands require 

more cement than do sandy soils containing some silt and clay (PCA, 

1971 ) . 

The PCA (.197.1) reports that in general, a well-graded mixture 

of stone fragments or gravel, coarse sand, and fine sand either with or 

without small amounts of slightly plastic silt and clay material will 

require 5 percent or less cement by weight to achieve the PCA strength 

and durability criteria. Poorly graded sand materials with a very 

small amount of nonplastic silt, typical of beach sand or desert blown 

sand, will require about 9 percent cement by weight to achieve these 

criteria. The remaining sandy soils will generally require about 7 

percent cement. The nonplastic or moderately plastic si.lty soils 

generally require about 10 percent cement by weight. Plastic ciay 
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soils require ahout 13 percent or more. Table 2.2 gives the usual 

range of cement requirements for various soil groups. 

Table 2.2 Cement Requirements of AASHTO* Soil Groups 

(From Soil-Cement Laboratory Handbook, PCA, 1971) 

AASHO Usual Range in Cement Requirement 

Soil Group (Percent by Weight) 

A-l-a 3-5 

A-l-b 5-8 

A-2 5-9 

A-3 7-11 

A-4 7-12 

A-5 8-13 

A-6 9-15 

A-7 10-16 

*American Association of State Highway Officials 

Nussbaum and Colley (1971) conducted tests to evaluate soil-

cement resistance to abrasion by water-borne particles. In their 

tests, the cement and gradation requirements necessary to obtain 

mixtures able to resist erosional forces were investigated by exposing 

test specimens to flows of water carrying 1/8 in. to 1/4 in. diameter 

gravel. Results indicate that flows not carrying debris will of 

themselves have little or no erosive effect on soils stabilized with 

even minimal amounts of cement. When soil-cement is used in areas 



exposed to rapid stream flow carrying sand, gravel or other debris, the 

cement content should be two percentage points greater than the miminum 

required by the ASTM standard tests. In addition, the soil selected 

should have a gravel component exceeding 20 percnl". 

2.5 Flyash as an Additive in Soil-Cement 

Flyash is the most commonly used commercial pozzolan. fi: is a 

waste product produced in power plants burning finely ground coal. 

Being a waste product, flyash is relatively inexpensive and has been 

used extensively in the concrete inch.v.! ;is a partial replacement for 

the more expensive portland cement. Flyash contributes to the strength 

in concrete by reacting with the lime and alkalies liberated by the 

hydrating cement to produce a gel which is somewhat similar to the gel 

formed by the hydration of portland cement. Since the pozzolanic 

cementation develops more slowly than cementation from portland cement 

hydration, periods of 28 days or longer are usually required to 

compensate for the initial strength loss in concrete due to replacing 

part of the cement with flyash. The strength of concrete with flyash 

may eventually exceed that of concrete without flyash. 

The use of flyash in concrete, particularly mass concrete, can 

result in improved properties including: improved durability, 

shrinkage, bleeding, evolution of heat and segregation of aggregates; 

reduced expansion from the reaction between alkalies of the cement and 

certain types of aggregates (Davidson, 1958). 
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Some of these properties are desirable in soil-cement. 

Desirable property improvements include decreased shrinkage and 

permeability and increased resistance to freezing and thawing. A 

reduction of the cement roquiremmit without sacrificing required 

strength and durability is desirable from the standpoint of both cost 

and the limited availability of cement in many areas. 

Davidson (1958) studied the effects of replacing a percentage 

of the Portland cement with flyash in so 11.-commit mixtures. The purpose 

of the laboratory investigation was to explore the possibility of 

benefitting Portland cement stabilization of sandy, silty and clayey 

soils by using flyash either as a partial replacement for portland 

cement or as an additive to the soil-cement mixture. Unconfined 

compressive strength and resistance to freezing and thawing were used 

as the principal criteria of improvement. 

The soils used in the study were a friable loess, plastic 

loess, alluvial clay, and dune sand. The compressive strengths of the 

soil-cement mixtures were determined after 7, 28 and 120 days. Seven 

and 28-day cured specimens were used in the freeze-thaw testing. The 

cement contents were 9 percent for the friable loess, 20 percent for 

the plastic loess, 21 percent for the alluvial clay, and 11 percent for 

the dune sand. All percentages were based on the soil dry weight. 

Flyash replacement varied from zero to approximately 50 percent flyash 

replacement of cement. 
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Results of the study indicated that cementation from pozzolanic 

reaction products does not compensate for that lost due to the 

reduction of portland cement content. Apparently, insufficient lime 

and alkalies are available for beneficial pozzolanic reactions with 

flyash when the cement content is below that required by the standard 

strength and durability criteria for soil-cement. 

One benefit from flyash replacement of portland cement was 

observed in the alluvial clay-cement-flyash specimens which were cured 

120 days. These specimens exhibited an increase in strength due to a 

reduction in shrinkage cracking. 

The results of the freeze-thaw testing with soil-cement 

mixtures prepared from the friable loess indicated that the freeze-thaw 

durability at both 7 and 28 days was drastically decreased by even 

small replacements of cement by flyash. 

From this study, Davidson (1958) concluded that for use in 

soil-stabilization with portland cement, flyash is more promising as an 

additive than as a replacement for part of the portland cement. The 

greatest benefits from using flyash as an additive in soil-cement were 

obtained with poorly graded, low clay content soils such as dune sands. 

The observed improvement in strength is the result of more surface 

contact areas and complimentary cementation from pozzolanic reaction 

products. 
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Flyash, both as an additive and as a partial replacement for 

cement in high plastic clay soil, was observed to reduce shrinkage 

cracking during curing. 

In a preliminary study, PCDOT (1985) investigated the effects 

of flyash replacement of cement on the compressive strength of 

soil-cement. A well-graded sand was used to prepare soil-cement 

mixtures with 6, 8, 10 and 12 percent cement. Strength comparisons 

were determined after 7 days for 0, 10 and 30 percent cement 

replacement with flyash for each of the cement contents. Results of 

the investigation indicate that as the percentage of flyash replacement 

increased, the compressive strength decreased. 

A similar study was conducted by Arizona Testing Laboratories 

(Unpublished Report, 1984) to determine the feasibility of using flyash 

as a replacement for a portion of portland cement in a soil-cement 

stabilization system. The study included evaluations of compressive 

strength of compacted flyash-cement stabilized soil specimens. The 

soil used in this study was a low plasticity silty clay and the flyash 

was a "Class F" pozzolan. A control mixture of 12 percent portland 

cement was used for comparison of results. Cement to flyash ratios 

ranged from 12:0 to 10:10 and the total stabilizer content varied from 

12% to 20% by weight. Compressive strengths were determined at ages of 

3, 7, 14 and 28 days. 
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Results of the study .indicate that the performance of the 

flyash mixtures in compressive strength was inferior to that of the 

control mixture having 12 percent portland cement. 

A study by the City of Phoenix, Arizona (Unpublished Report, 

1984) evaluated the effects of flyash replacement of cement in 

soil-cement on compressive strength and durability. The standard 

wet-dry test (ASTM D559) was used to evaluate the durability. The soil 

used in this study was a sand with no material passing the #200 sieve. 

A control soil-cement mixture with 12 percent cement was prepared and 

used for comparison of both wet-dry and compressive strength test data. 

The compressive strengths of the mixtures were determined by testing 2 

in. x 2 in. mortar cubes and 4 in. x 4.6 in. cylinders. The 

percentages of flyash replacement that were investigated were 0, 10, 

20, 30 and 40 percent cement replacement with flyash. 

Results of the compressive-strength testing indicate that there 

is a linear relation in which the compressive strength of the soil-

cement decreases with increased flyash contents. The results of the 

wet-dry testing suggest that the durability of soil-cement also 

decreases linearly with increased flyash content. Soil-cement losses 

during 12 cycles of wetting and drying ranged from 0.3% for the 

specimens with 0 percent flyash to 1.58> for the specimens with 40% 

flyash replacement. 
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The results of a laboratory study to evaluate a cement-treated 

base for Stapleton Airport, Denver, Colorado (Unpublished Report, 

Commercial Testing Laboratory, 1985) indicate that freeze-thaw tests 

were slightly more destructive to soil-flyash-cement mixtures than 

wet-dry tests. Similar results were reported by the Wyoming Highway 

Department (Unpublished Report, Rocky Mountain Ash Company, 1983). 

2.6 Stability Analyses of Soil-Cement Structures 

To analyze the stability of a soil-cement structure, and 

specifically a soil-cement protected bank, it is essential that both 

the internal and external stability of the structure be evaluated. 

The process of evaluating the internal stability requires that 

the stresses within the structure be evaluated and compared to the 

inherent strength of the materials comprising the structure. Internal 

stability requires that the strength of the materials be sufficient to 

withstand the stresses while satisfactorily performing the intended 

function. 

The external stability of the structure requires that there be 

a sufficient factor of safety against overturning, sliding and 

foundation failure. 

Both analytical and numerical techniques exist to evaluate the 

internal and external stability of soil-cement structures. Although no 



examples of stability analysis of soil-cement structures were noted in 

the .literature review phases of this study, the methods used conven

tionally to analyze the stability of concrete structures are probably 

applicable to soil-cement structures. An excellent presentation of 

these methods can be found in numerous foundation engineering text

books, including Bowles (1974, 1982). 



Chapter 3 

SOIL-CEMENT MATERIALS 

3.1 General 

Soil-cement consists of a hardened material formed by curing a 

mechanically compacted intimate mixture of soil, Portland cement and 

water (PCA, 1979). The strength and stability of soil-cement is 

obtained primarily through the hydration of cement. The internal 

friction and cohesion of the soil particles and pozzolanic reactions 

also contribute to the ultimate stability. As the soil-cement cures, 

it hardens into a strong, durable material with low permeability (PCA, 

1984). Since soil-cement is a structural material, it possesses 

engineering properties of a magnitude dependent primarily on soil type, 

curing conditions and age. 

Of the basic ingredients, the soil contributes most of the mass 

to the soil-cement and is the dominating factor in determining the 

proportions of portland cement and water in the mix design. The soil 

is ultimately the major factor in controlling the strength, durability 

and stability of the soil-cement structure. 

Flyash is an artificial pozzolan. It is the finely divided 

residue resulting from the combustion of finely ground coal. The 

majority of the flyash produced in the United States is a by-product of 

the coal-fired power generating industry. It has been used since the 
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L930's as an additive in portland cement concrete to improve 

workability, lower heat of hydration and thermal shrinkage, increase 

water tightness, improve resistance to attack by sulfate soils and 

waters, reduce disruptive expansion and popouts caused by reaction 

between certain aggregates and alkalies in the cement, and reduce the 

cost of cementitious materials (Price, 1975). Flyash has . also been 

used very modestly as an additive in soil-cement (Baghdadi, 1982), 

however such use is not yet wide-spread. 

Because the various components of soil-cement contribute to the 

performance of the final product, it is important to characterize each 

component completely. This is essential if the ultimate goal is to 

evaluate the effects of the individual components on the behavior of 

the soil-cement. 

3.2 Soil 

The soil used in the preparation of all specimens is described 

in the field as a well-graded brown sand with some gravel and silt. 

Its gradation consists of approximately 5% cobbles, 20% subangular to 

subrounded gravel; 70% subangular to subrounded sand, and 5% nonplastic 

fines. The maximum particle size is 4 inches. Grains are primarily 

composed of quartz, feldspar and metamorphic rock fragments. 

The soil was obtained from the PCDOT stockpile located at the 

site of the Pantano Wash soil-cementing project in Tucson, Arizona 

(Fig. 3.1). The material from the stockpile was used in the 
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construction of approximately 3500 linear feet of soil-cement, flood 

control dike located along the West bank of Pantano Wash. 

Soil characterization was accomplished using standard 

laboratory techniques and soils engineering procedures. A brief 

description of these procedures and the results are presented in 

sections 3.2.1 through 3.2.6. 

3.2.1 Sampling and Preparation 

Approximately 2.0 cubic yards of soil was obtained from the 

PCDOT stockpile at Pantano Wash. The soil was shoveled into four 0.5 

cubic yard containers and transported to the laboratory. In the 

laboratory, the soil from each of the containers was split into 

quarters using a riffle splitter. The resulting 16 samples, each of 

approximately equal mass, were then placed in pans and dryed to a 

constant weight in an oven at a temperature not exceeding 140°F (60°C). 

After drying, the samples were prepared for testing by 

separating the aggregate retained on the 3/4-inch sieve and breaking up 

the remaining soil aggregations with a rubber hammer to pass the 

3/4-inch sieve. Caution was taken to avoid reducing the natural size 

of the individual particles. 

The material used for all laboratory tests, except the grain-

size analysis and Atterberg limits, was prepared in the method 

described above. The material that, was used for the grain-size 



analysis ana Atterberg limits tests was prepared in accordance with 

ASTM D421. 

3.2.2 Grain-Size Distribution 

The best soils for use in soil-cement bank stabilization are 

well graded sands or sandy gravels. This has been demonstrated by 

numerous researchers in the laboratory conducting durability and 

erosion tests (Akky, 1974) and by field studies (PCA, 1979). In 

addition, the amount of material passing the No. 200 sieve should be 

relatively low for optimum performance. Work by PCDOT suggests that 

the soil used for soil-cement bank stabilization should conform to the 

specifications presented in Table 3.1 (PCDOT, 1984): 

Table 3.1. PCDOT Recommended Grain-Size Distribution for Soil-Cement 

U.S. Sieve Size Percent Passing (Dry Weight) 

1-1/2 inches 98S» - 100& 

No. 4 60% - 90% 

No. 200 5% - 15% 

The grain-size distribution of the Pantano soil was determined 

according to ASTM D422. The distribution of grain sizes larger than 

0.075 mm (No. 200 sieve) was determined by sieving. The distribution 

of grain sizes smaller than 0.075 mm was determined by a sedimenta

tion process using a hydrometer. The grain-size distribution of this 

soil is presented in Figure 3.2. Approximately 80% of the soil passed 

the No. 4 sieve and 6% was finer than the No. 200 sieve. 
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The grain-size distribution curve shape parameters, Cu and Cc, 

were determined to evaluate the grading of the soil particles. The 

coefficient of uniformity, Cu, and the coefficient of curavture, Cc, 

are defined as: 

c .V ,JV 
U °10 C D10D60 

where: 

d60 = grain diameter at 60SS passing, 

D30 = grain diameter at 303s passing, and 

D10 = grain diamter at 105 passing by weight. 

For the Pantano soil, the Cc was determined to be 1.68 and the 

Cy to be 20.0. A soil with a Cc between 1 and 3 is considered to be 

well graded as long as the Cy is also greater than 4 for gravels and 6 

for sands (Holtz and Kovacs, 1981). Using this gradation criterion, 

the material in the Pantano stockpile is a well-graded sand with some 

gravel and a trace of silt. 

3.2.3 Plasticity 

The plasticity of the fines present in a soil to be used for 

soil-cement can adversely affect the performance of the structure and 

increase the cost of materials and construction. Generally, the 

greater the amount of plastic fines the greater the percent by weight 

of cement needed to stabilize it. In addition, the workability of the 
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materia] is usually decreased. PCI)OT requires that the Plasticity 

Index (PI) shall be a maximum of 3 (PCDOT, 1984). 

The plasticity of the Pantano soil was evaluted by attempting 

to determine the liquid limit (LL), plastic limit (PL), ana the 

plasticity index (PT). These tests were performed in accordance with 

the procedures presented in ASTM D4318. The results of both the LL and 

PL tests indicate that the soils is nonp.last.ic (NP). 

3.2.4 Grain Shape 

The shape of the individual particles is at least as important 

as the grain-size distribution in affecting the response of granular 

soils. The shape of the particles that comprise a granular soil 

influence the degree of density, the internal friction and workability 

of the system, as well as the permeability (Winterkorn and Fang, 1975). 

Grain shape analyses are usually based on concepts of 

sphericity and roundness. Sphericity is related to the degree of 

conformity of the shape of the particle to that of a sphere. Roundness 

is related to the sharpness of the corners regardless of sphericity. 

A perfectly spherical grain would have a roundness and sphericity of 

1 . 0  (Matalucci, 1 9 6 9 ) .  

Numerous methods are available to calculate the sphericity and 

roundness values. For this study, the visual, semi-quantitative method 

based on a chart for visual estimation prepared by Krumbein and Sloss 

(1963) was used. The chart for visual estimation of roundness ana 
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sphericity is presented in Figure 3.3. The sphericity of the Pantano 

soil ranges from 0.3 to 0.7 with an overall average value of 0.45. The 

grain roundness varies from O.i to 0.5 and averages 0.20. 

3.2.5 Mineralogy 

Microscopic and X-ray diffraction techniques were used to 

evaluate the mineralogy of the Pantano soil. An optical binocular 

microscope was used to identify the mineralogic constituents present in 

the material larger than 0.975 mm (No. 200 US sieve). An X-ray 

diffTactometer was used to identify the various minerals present in the 

fines. 

primarily of quartz grains with approximately equal quantities of 

feldspar grains and metamorphic rock fragments. Minor amounts of 

garnet, mica, and traces of various minerals constitute the remainder 

of the grains. The minerals and relative abundances are presented 

in Table 3.2. 

Results of the microscopic study indicate the soil is composed 

Table 3.2. Mineralogy of Pantano Wash Sand. 

Minerals 

Approximate 

Relative Abundance 

Quartz 

Feldspar 

60% 

20% 

15% 

3% 

1% 

Rock Fragments (Metamorphic) 

Garnet 

Mica 

Epidote 

Opaques 

Other 

Trace 

Trace 

Trace 
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The X-ray diffraction data verifies the presence of those 

minerals identified under the microscope. The feldspars noted in the 

microscopic study are identified as pJagioclase and K-feiaspar. In 

addition, minor amounts of montmorillonite, chlorite, calcite and 

magnetite are present. 

3.2.6 Classification 

The Pantano soil is a well graded brown sand with some gravel 

and a trace of nonplastic fines. Based on the Unified Soil Classifica

tion System (USCS), this soil is designated a SW-SM soil. Using the 

American Association of State Highway and Transportation Officials 

(AASHTO) sytem, this soil has the A-l-b designation. 

3.3 Portland Cement 

The cement used to prepare all of the soil-cement samples was a 

Type I/II low-alkali Portland cement. The term "low alkali" applies to 

cement with a total alkali expressed as Na20 not to exceed 0.60% ana is 

applicable to all types of Portland cement when specified (Treadwell, 

1966). An analysis of this cement is presented in Appendix A. This 

Portland cement complies with the specification presented in ASTM C150. 

3.4 Plyash 

The flyash used in this study was a Class F pozzolan, as 

defined by the ASTM Specification C618. The "Class F" designation 

implies a flyash pozzolan. The flyash was donated by Western Ash 
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Company and originated from the Apache Power Generating Facility in 

Southeastern Arizona. An analysis of this flyash is presented in 

Appendix B. 

3.5 Water 

Ordinary tap water was used in the preparation of all soil-

cement samples. 



Chapter 4 

LABORATORY TESTING PROCEDURES 

4.1 General 

The effects on strength and durability due to flyash replace

ment of cement in soil-cement mixes prepared from the Pantano soiJ were 

evaluated using the following four (4) laboratory tests: 

1) Unconfined Compressive-Strength Test 

2) Freeze-Thaw Test 

3) Wet-Dry Test 

4) Flexural Strength Test 

An attempt was made to follow the test procedures outlined by ASTM for 

testing soil-cement as closely as possible. Minor variations were 

necessary primarily due to the sample size in the unconfined 

compressive strength and flexural strength tests; for some tests 

standard PCDOT soil-cement testing procedures were used instead of the 

ASTM procedures. A complete outline of the laboratory testing program 

is presented in Table 4.1. 

4.2 Soil-Cement Mix Design 

The mix design criterion for this study was based on the 7 day 

compressive strength of 4.0 inch (diameter) x 4.58 inch (length) 

cylindrical samples. The percentage of cement, by dry weight, required 

to obtain the desired strength was determined from the mix design and 

49 



50 

Table 4.1. Strength and Durability Testing Program 

Test Components 

Unconfined Compression 

Moist Cure 

24 hour 

7 day 

28 day 

60 day 

Field Cure 

24 hour 

7 day 

28 day 

60 day 

Flexure 

Freeze-Thaw 

Wet-Dry 

Percent Flyash 

(by weight percent of total stabilizer) 

t 15 30 45 

3 

3 

3 

3 

3 

3 

3 

3 

6 

6 

6 

42 

3 3 3 

3 3 3 

3 3 3 

3 3 3 

3 3 3 

3 3 3 

3 3 3 

3 3 3 

6 6 6 

6 6 6 

6 6 6 

42 42 42 

Total Specimens 168 

used as the constant stabilizer (cement and flyash) content for all 

laboratory testing. In this report, the term "stabilizer" content is 

taken to mean the sum of the two components, cement and flyash. 

Prior to determining the stabilizer content required for the 

soil-cement mixtures, it was first necessary to determine the 

approximate maximum dry density and optimum moisture content of the 

soil-cement mixtures. The maximum dry density and optimum moisture 

content of the soil-cement mixtures was determined according to the 
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procedures presented in ASTM D-558. Five separate moisture-density 

determinations were performed, varying the cement contents from 4.0% to 

10.03s. An average value for the maximum dry density and optimum 

moisture content was determined from the results of the five tests. 

The required soil-cement mix design was determined using 6 

cement contents. The cement contents used were Z%, 5%, IX, 9%, 11% and 

13% cement, by dry weight. These values were chosen to bracket the 

required cement content needed to give the required strength of 750 psi 

in 7 days. 

To prepare the mix design samples, approximately 66 lb. 

(30 Kg) of oven-dried Pantano soil, passing the 3/4 inch sieve, was 

obtained. Twelve separate test charges of dry soil-cement of 

approximately 5.5 lb. (2500 gm) each, were prepared. Two samples were 

prepared for each cement percentage selected. 

For each sample, the oven-dried soil and the pre-determined 

amount of cement were mixed in the dry state. An amount of water 

corresponding to that required for the optimum moisture content as 

determined from the moisture-density test, was then added to the dry 

soil-cement. The mixture was hand mixed until a uniform color and 

texture was obtained. The specimen was formed by compacting the 

prepared mixture in a split compaction mold (Fig. 4.1) with the collar 

attached, in three equal layers to give a total compacted depth of 

approximately 5 inches. Each layer was compacted by applying 25 



.Fig. 4.1 Compaction Equipment for Cylindrical 

Soil-Cement Specimens 
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uniformly distributed blows from a 5.5 lb. hammer dropped freely from a 

height of 12 inches. !Jol lowing compaction, the collar was removed and 

the sample was trimmed even with the top of the mold. The sample was 

then weighed in the mold and a moisture sample was collected from the 

residue. The moisture content, wet density, and dry density were 

determined. 

The procedure outlined above was followed to prepare all of the 

mix design samples so that a complete bracketing of the specification 

requirements could be obtained. 

After each sample was prepared, it was placed in a moist curing 

room, which conformed to the specifications presented in ASTM C-511, 

and allowed to cure for a period of 6 days. At the end of the 6-day 

period, the samples were immersed for 24 hours in water maintained at 

approximately 73°F. At the end of'the 24-hour immersion period, the 

samples were tested in unconfined compression in accordance with ASTM 

D1633. The stress was applied hydraulically at approximately 20 + 10 

psi/second using the Forney Testing Machine (Fig. 4.2). The ultimate 

load was determined as the maximum load applied to the cylinder prior 

to failure. The uncorrected compressive strength of each sample was 

determined by dividing the ultimate load by the cross-sectional area of 

the cylinder. 

The compressive strength of each sample was corrected for 

specimen size by multiplying the compressive strength by a factor of 



Fig. 4.2 Forney Compressive-Strength Testing Machine 



0.98. Specimens with length to diameter ratios of less than 2 normally 

exhibit anomalously high compressive strengths due to end effects. 

Research by PCDOT (1985) indicates that the 7-day compressive 

strength of 4.0 x 4.58 in. soil-cement cylinders is approximately 2% 

greater than that of 4.0 x 8.0 in. soil-cement cylinders. The results 

of this study indicate that reducing the observed compressive strength 

of the 4.0 x 4.58 in. soil-cement cylinders by 2% will give true 

compressive strengths. 

The corrected 7-day compressive strength results from the mix 

design testing were used to determine the cement content required to 

give a 7-day compressive strength of 750 psi. This cement content was 

then defined as the stabilizer content and was prepared by combining 

varying amounts of cement and flyash so that the resultant stabilizer 

content remained constant for all soil-cement mixtures. The flyash 

contents studied were OX, 15%, 30X and 45% flyash of the total 

stabilizer content. 

4.3 Sample Preparation 

Once the appropriate stabilizer content was determined, the 

samples required for the laboratory tests were prepared. Two types of 

samples were prepared: cylindrical samples, 4.0 in. (diameter) x 4.58 

in. (length) which were required for the unconfined compressive-

strength tests, wet-dry tests, and freeze-thaw tests; and beams, 3.0 



in. x 3.0 in. x 18.0 in. which were used for the flexural-strength 

tests. 

For each of the f.lyasn contents studied, 36 cylindrical samples 

and 6 beam samples were made. This number provided triplicate samples 

for each test and two complete sample sets to evaluate both the fieia 

and moisture room curing procedures. 

4.3..i Cylindrical Samples 

An appropriate amount of soil, cement and flyash for 6 samples 

was mixed in a dry state. The necessary amount of water (corresponding 

to the optimum moisture content) was then added to the mixture ana 

thoroughly mixed until a homogeneous color and texture was obtained. 

The samples were then compacted immediately. 

The cylindrical samples used in the unconfined compressive 

strength and durability (wet-dry and freeze-thaw) tests were compacted 

in a 4.0 in. diameter x 4.58 in. height split compacting mold in three 

layers of approximately equal thickness to give a total compacted depth 

of approximately 5.0 inches. Each layer was compacted by 25 uniformly 

spaced blows from a 5.5 lb. rammer dropped freely from a height of 12. 

0 inches. 

After compaction, the collar on the mold was removed and the 

excess compacted soil-cement was carefully trimmed level with the top 

of the mold by a straight edge. All particles that extended above the 



top of the mold were removed and replaced with hand-tampered soil-

cement mixture (Fig. 4.3). 

Samples were then removed from the split moid and immediately 

placed in under the "field" curing conditions or in the moisture curing 

room. 

4.3.2 Beam Samples 

The pre-determined dry density and optimum moisture content 

values of the soil-cement and the computed volume of the beam mold was 

used to compute the required amount of soil, cement, flyash, and water 

to prepare each beam sample. The appropriate quantities of soil, 

cement and flyash for each sample were then mixed in a dry state. The 

necessary amount of water (corresponding to the optimum moisture 

content) was added and the mixture thoroughly mixed until a homogeneous 

color and texture was obtained. The sample was then compacted 

immediately. 

The beams were compacted to the specified density in two 

layers. Approximately one-half of the soil-cement mixture was placed 

in the vinyl-lined mold and compacted statically using a hydraulic 

compressive testing machine. After compaction, a collar was attached 

to the mold and the remainder of the mixture was placed in the mold and 

collar. The sample was again statically compacted to a point where the 

total volume of soil-cement mixture exactly filled the beam mold. The 

beam was then left in its mold and placed in the moist curing room for 



Fig. 4.3 Cylindrical Soil-Cement Specimen for Unconfined 
Compressive-Strength and Durability Tests 



24 hours. After 24 hours, the molds were stripped and the beams were 

placed in either the "field" curing bins or in the moist curing room 

(Fig. 4.4). 

4.4 Curing Methods 

Two methods of curing the soil-cement samples were used. One 

complete set of samples was cured in a moist condition in a curing room 

designed to meet the specifications presented in ASTM C-511. An 

additional set of samples was cured under "field" conditions. The 

"field" cure condition was chosen to duplicate as closely as possible 

the environmental conditions encountered during the construction of 

soil-cement protected banks in Tucson Arizona. Typical construction 

specifications require that permanently exposed surfaces be kept in a 

moist condition for 7 days after placement (PCDOT, 1984). The test 

samples cured according to the "field" method were placed outside in 

the courtyard East of the Civil Engineering Building and covered with 

burlap. The burlap and samples were wetted 5-10 times per day for a 

period of 7 days. Any "field" cure samples that were not tested within 

this 7-day period were left outside and only wetted when natural 

precipitation occurred. 

The curing duration varied for the samples used in each of the 

different tests. Samples prepared for unconfined compressive strength 

determinations were tested 24 hours, 7 days, 28 days, and 60 days after 

preparation. The wet-dry and freeze-thaw tests were initiated after 



£ig. 4.4 Soil-Cement Beam for Flexural-Strength Test 
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the samples had cured 7 days. The flexural strength tests were 

performed 28 days after sample preparation. 

4.5 Unconfined Compressive Strength Test 

The unconfined compressive strength of the soil-cement mix 

designs was determined by testing 4.0 in. x 4.58 in. cylindrical 

samples according to ASTM D1633. Triplicate sets of samples were 

tested at periods of 24 hours, 7 days, 28 days, and 60 days after 

molding. Complete suites of samples, for both the moist room and 

"field" cure methods, were evaluated. All samples cured for 7 days, 28 

days and 60 days were immersed for 24 hours in water maintained at 

approximately 73°F prior to testing. 

The Forney hydraulic testing machine was used for all 

compressive strength testing. Loading was achieved by applying a 

constant stress rate of 20 + 10 psi/sec. Continuous loading at the 

constant rate was applied to each sample to a point considerably beyond 

the ultimate strength. The uncorrected compressive strength of each 

sample was determined and then corrected for specimen size using the 

procedure discussed in Section 4.2. 

The modulus of elasticity was determined for each 28-day sample 

tested. A mechanism for recording load vs. displacement was installed 

on the testing machine and a load vs. displacement curve was obtained 

for each sample. Stress-strain curves were then prepared and the 

elastic moduli determined graphically. 



62 

4 . 6 Freeze-Thaw Test 

The freeze-thaw tests were conducted according to the 

specifications presented in ASTM D560. Complete triplicate sets of 4.0 

in. x 4.58 in. cylindrical samples, cured under both moist room and 

"field" conditions, were tested. 

After a curing period of 7 days, each sample was placed in a 

freezer with a constant temperature not higher then -10°F for 24 hours. 

Upon removal, the sample was placed to thaw in the moist room at a 

temperature of 70°F and a relative humidity of approximately 100% for 

23 hours. 

At the end of this time, the samples were removed, weighed and 

then given two firm strokes on all areas with a wire brush to remove 

all material loosened during the freeze-thaw cycle. These strokes, 

corresponding to approximately 3-lb. of force, were applied to the full 

surface of the samples. 

After brushing, at the end of each thawing period, the samples 

were weighed and turned over end for end before they were subjected to 

a new cycle of freezing and thawing. 

The procedure described above consitutes one cycle (48 hours) 

of freezing and thawing. The samples were then returned to the freezer 

and the freezing-thawing continued for 12 cycles. After 12 cycles, the 

samples were dried to a constant weight at 230°F and weighed to deter

mine their oven-dry weights. 
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The weight of the soil-cement samples dried at 230°F includes 

some water used for cement hydration that cannot be driven off at this 

temperature. The oven-dry weight of the samples must be corrected for 

this retained water. The percent water of hydration is approximately 

equal to 1/4 of the percent cement in the sample (PCA, 1971). The 

procedure for determining specimen soil-cement loss is presented in 

Appendix C. 

4.7 Wet-Dry Test 

The wet-dry tests were conducted according to the specifica

tions presented in ASTM D559. Complete triplicate sets of 4.0 in. x 

4.58 in. cylindrical samples, cured under both moist room and "field" 

environments, were tested. 

After a curing period of 7 days, each sample was weighed and 

immersed in water at room temperature for a period of 5 hours. After 

removal, the samples were placed in an oven at 160°F for a period of 42 

hours. At the end of this period, the samples were removed from the 

oven, and were then brushed in the manner described for the freeze-thaw 

test. The samples were recycled following brushing. 

The procedure described above constitutes one cycle of wetting 

and drying. The samples were then immersed in water again and the 

wetting and drying continued for 12 cycles. After 12 cycles, the 

samples were dried to constant weight at 230°F and weighed to determine 



64 

their oven-dry weights. The soil-cement loss for each sample was 

calculated from the procedure described for the freeze-thaw test. 

4.8 Flexural Strength Test 

The flexural strength of the soil-cement mix designs were 

determined according to the specifications presented in ASTM D1635 with 

minor variations. The variations were: 

1) The size of the "standard" test specimen is 3 x 3 x 11.25 

inches, but due to the availability of existing molds, a 3 x 

3 x 18 inches test specimen was used instead. 

2) The design of the testing apparatus was slightly different 

due to the availability of materials. The third point 

loading concept was maintained although the actual 

dimensions of the testing apparatus were different due to 

the size of the samples being tested. 

The beams were tested with an Instron Model TT-C Universal 

Testing Machine. A third point loading apparatus was used to apply the 

load to the beam (Fig. 4.5). Loading was applied to achieve at a 

constant displacement rate of 0.5 inches/minute. A load vs. deflection 

curve was obtained for each beam, from which the modulus of rupture was 

determined. 
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Chapter 5 

LABORATORY TEST RESULTS AND DISCUSSION 

5.1 General 

In order to study the effects of flyash replacement on the 

strength and durability of Pantano soil-cement mixes, the following 

criteria were evaluated: 

1) Stabilizer (cement + flyash) content 

2) Freeze-thaw durability 

3) Wet-dry durability 

4) Unconfined compressive strength 

5) Modulus of elasticity 

6) Modulus of rupture 

To define these criteria, the laboratory test procedures 

described in Chapter 4 were performed. Flyash was varied as a 

percentage of the total stabilizer. The percentages of flyash 

replacement studied were OS, 1535, 30% and 45%. In most cases, each of 

the tests were performed in triplicate so that the variability of test 

results could be examined. 

As part of this study, the effects of curing environment on the 

strength and durability characteristics were evaluated. Two complete 

sets of tests specimens were molded. One set was cured under "field" 

conditions and the other under standard moist cure conditions. The 
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"field" cure specimens were placed in the courtyard of the Civil 

Engineering Building where they were subject to natural environmental 

conditions. These specimens were periodically moistened for a period 

of seven days. After the initial seven-day period, the only moisture 

which came in contact with the specimens was from occasional rain 

showers. These samples were cured during the summer months with 

extremely low humidity and daytime temperatures occasionally exceeding 

120°F 

The results of the tests are presented in Sections 5.2 through 

5.6. A comprehensive discussion of the test results is presented in 

Section 5.7. 

5.2 Mix Design Results 

The mix design was conducted according to the procedures 

developed by the PCDOT (1984). These procedures are discussed earlier 

in Section 4.2. Initially, it was necessary to determine the moisture 

content which would be used for molding the mix design specimens. Five 

standard compaction tests were performed on soil-cement mixtures 

prepared from Pantano sand and three cement contents (4%, 7% and 10% by 

dry weight). The maximum dry density and optimum moisture content for 

each test was determined. The results of these tests are presented in 

Table 5.1. From this data, an average moisture content was determined 

to be 8.5% by weight. This value was used as the molding moisture 

content for all specimens prepared for the mix design. 
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Table 5.1 Results of Preliminary Standard Compaction Curves 

Percent Cement Maximum Dry Density Optimum Moisture Content 

4 132.6 7.8 

7 133.1 7.9 

7 132.8 8.6 

10 133.4 8.0 

3 0 133.1 9.1 

Average Values* - 133.0 8.5 

* To determine the average values, the high and low maximum dry 

densities and corresponding optimum moisture contents were discarded 

and the three remaining values were averaged. 

Two cylindrical test specimens were prepared for each of six 

cement contents. The cement contents used were 3%, 53., 1%, 9%, 11%, 

and 13& by weight. Each specimen was molded with a moisture content of 

8.5 percent. The specimens were cured in the moist room for 6 days and 

submerged in water 24 hours prior to testing in unconfined compression. 

The results of the mix design testing are presented in Figs. 

5.1, 5.2 and 5.3. In Fig. 5.1, the relationship between percent cement 

and 7-day compressive strength is observed. The corrected strengths 

have been adjusted for specimen size. The soil-cement compressive 

strength increases, as a near-linear function of cement content. It 

was determined from this data that a cement content of 5.8 percent 

would result in a corrected 7-day compressive strength of 750 psi. 
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This cement content, was then selected as the constant stabilizer 

content to be used to compare various flyash contents throughout the 

remainder of the testing. 

Fig. 5.2 demonstrates the relationship between cement content 

and dry density. The dry density of the Pantano soil-cement mixtures 

generally increases with cement content. This is probably due to the 

increase Lit (ho amount of fines in the soil-cement mass that results in 

a decreased void ratio. The relationship between dry-density and 

compressive strength is presented in Fig. 5.3. Although there is some 

data scatter, the results indicate that compressive strength increases 

monotonically with dry density over the range of dry densities studied. 

The results of the mix design indicated that a stabilizer 

content of 5.8 percent by weight and a moisture content of 8.5 percent 

by weight provided the minimum requirements for strength as specified 

by PCDOT. Therefore, this mix design was used to prepare the remainder 

of the test specimens. With the stabilizer content and moisture 

content kept constant, the cement and flyash contents were varied to 

study the effects of flyash content on the strength and durability 

characteristics of the mixture. The compaction energy was also kept 

constant for the remaining sample preparation. This procedure was 

essential to keep the soil-cement density approximately constant for 

all specimens. 
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5.3 Freeze-Thaw Test Results 

The results of the freeze-thaw tests are presented in Fig. 

5.4. After 12 cycles of testing, both the moisture and "field" cure 

specimens exhibited slightly decreased durability with increasing 

flyash content. As evidenced in Fig. 5.5, regardless of the curing 

method, the overall durability of the test specimens was excellent. 

Total soil-cement losses ranged from less than one percent for 0$ 

flyash replacement to approximately three percent for 453» flyash 

replacement. 

Curing environment affected the freeze-thaw durability of the 

test specimens only slightly. Other than minor increased durability 

in the moist cure specimen over the "field" cure specimen for 15% 

flyash replacement, the variance in freeze-thaw durability between the 

moist cure and "field" cure specimens is insignificant. For practical 

purposes, curing method did not seem to affect the freeze-thaw 

durability. 

5.4 Wet-Dry Test Results 

The results of the wet-dry tests are presented in Fig. 5.5. 

After 12 cycles of testing, the moist cure specimens exhibited 

decreased durability with increasing degrees of flyash replacement over 

the range of flyash contents studied. The data suggest that the 

wet-dry durability approaches a constant value between the range of 30% 
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and 45% flyash replacement. Total soi.l-cement losses varied from 

approximately two percent for 0% flyash replacement to eleven percent 

for the 45% flyash replacement specimens. 

The "field" cure specimens exhibited virtually no change in 

durability over the range between 0% to 15% flyash replacement. 

Specimens experienced decreased wet-dry durability as the degree of 

flyash replacement was increased from 15% to 30%. As the percentage of 

flyash replacement was increased from 30% to 45%, the wet-dry durabil

ity of the specimens approached a constant value. For the "field" cure 

specimens, the total soil-cement losses ranged from a minimum of two 

percent for 0% flyash replacement, to a maximum value of seven percent 

for specimens with 30% and 45% flyash replacement. The "field" cure 

specimens exhibited greater durability than the moist cure specimens 

for all degrees of flyash replacement. 

The observed difference in wet-dry durability between the 

"field" cure and moist cure specimens may possibly be related to the 

mechanism of accelerated curing. Prior to initiating the wet-dry test 

cycles, the test specimens were cured for 7 days under "field" 

conditions at daytime temperatures occasionally exceeding 120°F. 

Baghdadi (1982) reports that accelerated curing can occur in 

soil-cement cured in environments with high temperatures (+ 100°F). 

The minor changes in wet-dry durability observed between the 

range of 30% to 45% flyash replacement for both cure methods, indicates 
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that over this range the flyash is contributing to the durability. 

This phenomenon may be related to pozzolanic reaction between the 

hydrating cement and flyash. It is possible that the loss of 

durability due to decreasing cement content is compensated for by 

pozzolanic action contributing to the durability. 

5.5 Unconfined Compressive-Strength Test Results 

The results of the unconfined compressive-strength tests are 

presented in Figs. 5.6 and 5.7. Specimens for each of the four flyash 

contents were tested after a curing period of 1, 7, 28 and 60 days. 

The test data indicates that the compressive strength of soil-cement 

generally increases with age and decreases with increasing percentages 

of flyash replacement in the range between 0% and 30%. As the 

percentage of flyash replacement is increased from 30% to 45%, the 

compressive strength of the specimens becomes essentially constant. 

As shown in Fig. 5.7, the effect of curing environment on the 

compressive strength of soil-cement is significant. Generally, the 

compressive strength of soil-cement cured under "field" conditions is 

considerably less than for specimens cured under moist conditions for 

cure periods greater than 7 days. The rate of compressive strength 

gain of "field" cure specimens is considerably less than for moist cure 

specimens cured greater than 7 days. 

The primary factor controlling the compressive strength of the 

specimens is moisture. This is evidenced from the test data for 



X 
h 
g 1500-
u 

1— i 
W 1250-
bi 
> i 

W 1000-
U ~ 

S: a i 

o w 7501 
° 1 
Q 
u 500-

C i 

o 250-
u 
z 
ID 

G) G0 days Q 7 days „ . 
* * Moist Cure 

. __ . Field Cure 
A 28 days d 1 day 

' 

—B 0 

i > 15 30 45 

1 PERCENT FLYflSH REPLACEMENT 

Fig. 5.6 Average Unconfined Compressive Strength vs Percent Flyash Replacement 

Pantano Soil-Cement Mixes 

--J 
00 



I 
h 
g  1500 -

id 
Q£ 

to  1250 -

bi 
> 

m 1000 :  

u C 

§  5-  750  -
u 

Q 
UJ 500  -
Z 
M 
ll_ 

§  250 :  

z 

0 0 X F.R. $ 30 F.R. Moist Cure 

Field Cure 

A is y. F.R. 0 45 y. F.R. 

" 

-* 

i i 10 20 30 40 50 60 

1 RGE (  days )  

Fig. 5.7 Average Unconfined Compressive Strength vs Curing Age 
Pantano Soil-Cement Mixes 



"field" and moist cure specimens cured beyond 7 days. Both sets of 

specimens had exposure to large quantities of moisture for the initial 

7 days of cure. After 7 days, the only moisture the "field"cure 

specimens received was from occasional rain showers. Cement hydration 

essentially ceased in the "field" cure specimens shortly after 7 days, 

while in the moist cure specimens it continued so that they continued 

to gain strength. 

The 60-day compressive strength of the 45% flyash replacement 

specimen is slightly greater than that of the 30% flyash specimens for 

both cure environments. This data suggests that there was some 

strength gain due to pozzolanic action in the specimens with higher 

flyash contents. The absolute value of the strength gain, however, was 

not significant over the time intervals studied. 

Stress-strain curves were obtained for all 28-day cure 

specimens. The modulus of elasticity for these specimens was 

determined and the results are presented in Fig. 5.8. As evidenced 

from the test data, the modulus of elasticity generally decreases over 

the range of 0% to 30% flyash replacement. For the range of flyash 

replacement contents between 30% and 45%, the modulus of elasticity 

appears to remain essentially constant. This is consistent with the 

compressive strength results shown in Fig. 5.7 for the 28-day 

specimens. 
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As in the case of compressive strength, curing environment 

significantly affects the modulus of elasticity. The values observed 

for the "field" cure specimens are consistently lower than those for 

the moist cure specimens. This variation is probably related to the 

mechanisms discussed previously in this section with respect to Fig. 

5.6. 

5.6 Flexural-Strength Test Results 

The results of the flexural-strength tests are presented in 

Fig. 5.9. The modulus of rupture was determined from simple beam 

tests with third-point loading according to the procedure discussed 

earlier in Section 4.8. 

The test data indicate that the modulus of rupture generally 

decreases as the percent flyash replacement increases. In addition, 

the modulus of rupture is significantly affected by the curing 

environment. As was evidenced with both compressive strength and 

modulus of elasticity data, the modulus of rupture observed for "field 

cure" specimens was consistently lower than those specimens cured under 

moist conditions. This phenomenon probably results from the lack of 

available moisture for cement hydration in the "field" cure specimens. 

The slight flattening of the modulus of rupture cures between 30% and 

15% flyash replacement may be due to minor strength contributions from 

pozzolanic action between the cement and flyash. This effect is more 

obvious in the compressive-strength test data. 
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5.7 Discussion 

The results of the laboratory testing program indicate that the 

degree o! flyash replacement and the curing environment significantly 

affect the strength and durability characteristics of Pantano soil-

cement mixes. Based on the test results, it can be expected that the 

strength and durability of soil-cement will decline with the partial 

replacement of cement with flyash. The degree to which, these factors 

will be affected is a function of combined flyash content and curing 

conditions. 

As the degree of flyash replacement was increased, several 

observations were made. The durability of the test specimens decreased 

in the wet-dry tests. Increased flyash contents also resulted in 

decreased compressive strength, moduli of rupture, and moduli of 

elasticity for specimens cured less than 28 days. For the 30Ss and 45% 

flyash replacement specimens, the test data suggests a levelling off of 

these three parameters. 

Curing environment was probably the most important factor 

affecting the strength and durability characteristics of the mix 

designs studied. Generally, the "field" cure specimens exhibited 

greater durability than those specimens cured under moist conditions. 

Although the "field" cure specimens were more durable, both the 

compressive-strength and flexural-strength test results indicate that 



the specimens cured under "field" conditions possess significantly less 

strength than the specimens cured under moist conditions. This is 

particularly true for cure periods greater than 7 days. 

Review of the preceeding results suggests that a variety of 

mechanisms contribute to the strength and durability of soil-cement 

mixes .with variable flyash contents and cure- conditions. It appears 

from the durability and strength data that the lack of available 

moisture in the "field" environment does not allow the cement to fully 

hydrate and thus results in lower strengths. Although the strengths 

are lower for the "field" cure specimens, the durability is greater. 

This suggests that due to the curing conditions, accelerated curing has 

taken place within the outer regions of the specimen resulting in a 

stronger, more durable shell. The compressive-strength data suggests 

that pozzolanic action between the hydrating cement and flyash is 

contributing to the strength of specimens with higher flyash contents 

cured greater than 28 days. This is observed in the compressive-

strength data for both the "field" cure and moist cure specimens. It 

is possible that the strength contribution from pozzolanic action could 

significantly affect the long-term strength (> 60 day) of the 

soil-cement mixes with increased percentages of flyash replacement. In 

addition, subsequent addition of moisture to soil-cement "field" cured 

could significantly increase its long-term strength. 



Chapter 6 

SOIL-CEMENT BANK STABILITY ANALYSIS 

6.1 General 

The primary factors affecting the stability of soil-cement 

dikes constructed for drainageway bank protection can be divided into 

two general classifications. The first of these include the factors 

inherent to the structure. These factors are the strength and 

durability characteristics of the soil-cement, the width and height of 

the structure, and the slope angle. Included in the second classifica

tion of factors affecting the stability are those which are external to 

the structure. These factors are the in-situ soil conditions, the 

depth of embedment, and any external forces which can act on the soil-

cement dike including those from longitudinal channel flow, uplift 

forces, forces exerted on the dike from the backfill, and forces 

exerted on the base from the bearing soil. 

Experience in Pima County has shown that the overall, 

performance of soil-cement stabilized drainageway banks is excellent, 

where the PCDOT (1984) soil-cement mix design criteria are implemented. 

With minor exceptions, the occasional failures that have occurred are 

primarily associated with the erosion of material underlying or behind 

the structures (Personal communication, A. El Fermaoui, 1985). The 

cost of replacing large portions of soil-cement bank protection is 

significant, so it is preferable to design the soil-cement structure so 



that .it wil.l remain stable in the event that the material behind the 

dike is washed out. If the structure remains intact during and after 

flooding, then backfill can be placed and the structure returned to 

service at a minimal cost. 

To evaluate the overall stability of an embedded soil-cement 

dike in the case where its material behind the structure has been 

removed, it is necessary to evaluate the internal and external 

stability. Internal stability requires that the stresses within the 

structure not exceed the strength of the soil-cement comprising the 

structure. External stability requires that there be a sufficient 

factor of safety against overturning. 

6.2 Method of Analysis 

Numerous methods of analysis exist which can be used to 

evaluate the internal and external stability of embedded soil-cement 

dikes. Bowles (1974, 1982) presents several analytical and computer 

methods for determining the stability of various embedded structures, 

including piles and retaining structures. The methods can be adapted 

to analyze the stability of a soil-cement dike. For the purpose of 

this study, it was necessary to keep the method of analysis relatively 

simple. This was primarily because the soil-structure interaction 

parameters generally required for such analyses were not available and 

could only be estimated based on field experience in the Tucson area. 

Due to the relatively simple approach, the results of the stability 
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analysis presented here should be considered a first, approximation 

only. 

6.2.1 Internal Stability 

The internal stability of the soil-cement dike was evaluated 

for various widths, heights, and slope angles. For the purposes of 

analysis, the embedded soil-cement dike was modeled as an eccentrically 

loaded vertical beam of unit width using simple beam theory, was 

analyzed by assuming that the embedded portion of the dike was fixed, 

and the portion of the dike above the ground surface was unsupported 

(Fig. 6.1). In this study, it was assumed that the maximum compressive 

and tensile stresses within the dike will occur in the heel and toe of 

the structure at the ground surface (Section A-A' in Fig. 6.1). 

The loading conditions acting on Section A-A', due to the 

weight of the unsupported portion of the dike, were replaced with an 

axial force and a moment. The weight (F) was calculated using the 

equation (6.1). 

F = V Y (6.1) 

where: V = volume of the unsupported portion of the dike 

Y = total unit weight of the soil-cement 

A value of 142 pcf was assumed for the total unit weight of the soil-

cement. This value is consistent with the laboratory test results 

presented in Chapter 5. The volume (V) of the unsupported portion of 

t.he dike was determined using equation (6.2). 
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V = (WH) (:l) (6.2) 

where: W = width of dike 

H = height of dike 

Using the eccentrically loaded vertical beam model, the 

resultant axial force and moment applied at the neutral axis of the 

vertically embedded dike in Section A-A' induce maximum stresses in the 

toe and heel of the dike. These maximum stresses can be determined 

using Equation (6.3). 

+ ̂  (6.3) 
0 ~ (W)(l) - I 

where: 

F = weight of unsupported portion of dike 

W = width of dike 

M = moment about neutral axis (in A-A1) due to F 

c = distance from extreme compression and tension fibers 

to the neutral axis (in A-A') 

I = moment of inertia 

M and I are defined according to equations (6.4) and (6.5), 

respectively. 

M = F/2 (H/Tana) (6.4) 

I =TjU) (W)3 (6.5) 

The internal stability of the soil-cement dike was evaluated by 

comparing the maximum tensile and compressive stresses generated with 

the previously determined strength characteristics of the material. A 
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comparison of the compressive and flexural strength data indicated that 

the tensile stresses generated in the toe would control the internal 

stability of the structure. 

The internal stability of the structure could then be evaluated 

by comparing the stress generated at the toe with the modulus of 

rupture of the soil-cement. The soil-cement is considered to be 

unstable if the stress at the toe exceeds the modulus of rupture of the 

soil-cement. 

6.2.2 External Stability 

The external stability of the soil-cement dike (Fig. 6.1) was 

evaluated by assuming that the solution for a beam on an elastic 

foundation was applicable (Bowles, 1974, 1982). This approach requires 

that the soil mass adjacent to the structure be modeled as a Winkler 

foundation by a series of "springs". 

In this procedure, the embedded portion of the soil-cement dike 

(Fig. 6.1) was treated as a rectangular pile of unit thickness. The 

weight of the unsupported upper portion of the dike was replaced with 

an axial force and a moment. The external stability of the dike was 

then evaluated by treating the structure as a laterally loaded pile and 

comparing the lateral pressures induced along the embedded length of 

the pile with the maximum allowable passive earth pressures. 

The solution procedure that was used is a finite-element method 

developed by Bowles (1974). This method is designed to evaluate the 
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internal and external forces for a laterally loaded pile. The computer 

program presented in Bowles (1974) uses the modulus-of-subgrade 

reaction for the embedment soil to approximate the soil "spring" 

required for the solution. The corresponding lateral stresses acting 

within the soil along the embedded length of the dike are calculated by 

the computer and a lateral stress distribution can be determined. 

is necessary to compare the lateral stress distribution with the 

maximum allowable passive earth pressure (p^) distribution along the 

embedded length of the pile. The structure is stable if the applied 

lateral soil stresses do not exceed the maximum allowable passive earth 

pressure (pj,) as defined by Equation (6.6). 

where: Y = total unit weight of in-situ soil 

Z = depth 

C = cohesion 

Kp = coefficient of passive earth pressure 

The coefficient of passive earth pressure (Kp) for an embedded 

vertical pile is found by Equation (6.7). 

To evaluate the external stability of the soil-cement dike, it 

( 6 . 6 )  

K = tan^ (45° + <j>/2) 
P 

(6.7) 

where: <p = angle of internal friction of in-situ soil. 
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6.3 Internal Stability Analysis Results 

The internal stability of the soil-cement dike (Fig. 6.1) was 

analyzed for three widths (4, 6, and 8 ft.), six heights (5, JO, :15, 

20, 25, and 30 CI:.) and slope angles which varied from vertical to 

nearly horizontal. For a given height and width, the tensile stress at 

the toe of the structure increased as the-slope angle was varied from 

vertical to horizontal. 

The relationship between the stress at the toe of the dike ana 

the slope angle for various dike heights is presented in Figs. 6.2-6.4 

for the three widths studied. As evidenced from the curves, compres

sive stresses in the toe when the dike is vertical decrease as the dike 

is sloped toward the horizontal and eventually the stresses in the toe 

become tensile and increase in that manner rapidly. 

The internal stability of a particular dike geometry can be 

evaluated by comparing the tensile stresses generated in the toe of the 

structure with the modulus of rupture of the soil-cement comprising the 

structure. To evaluate the internal stability of dikes constructed 

from Pantano soil-cement mixtures, the modulus of rupture values 

presented in Table 6.1 can be used for comparison in Figs. 6.2-6.4. A 

comparison of the flexural strength data with the data presented in 

Fig. 6.2-6.4 indicates the stable geometry of a soil-cement dike is 

extremely dependent of the flyash content and curing conditions. 
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Table 6.1. Average Values for Modulus of Rupture 

for Pantano Soil-Cement Mixes 

Percent Curing Modulus of 

Flyash Replacement Environment Rupture (psi) 

0 Moist 208 

0 Field 106 

15 Moist 166 

15 Field 70 

30 Moist 131 

30 Field 45 

45 Moist 122 

45 Field 32 

In Table 6.2, the maximum allowable slope angles are presented 

for varying internally stable dike geometries. The dike was assumed to 

be constructed from "field" cured Pantano soil-cement with 30% flyash 

replacement. The modulus of rupture of this material was determined to 

be 45 psi in the laboratory (Table 6.1). 

Table 6.2 Maximum Slope Angles for Soil-Cement Dike 

with Modulus of Rupture = 45 psi 

Width (ft) Height (ft) 

5 10 15 20 25 30 

4 24° 55° 71° 77° 81° 84° 

6 16° 41° 61° 72° 77° 80° 

8 14° 37° 58° 68° 75° 78° 
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6.4 External Stability Analysis Results 

The external stability of a soil-cement dike is primarily 

dependent on the ability of the embedment soil to resist overturning of 

the structure. If the material behind the exposed sloped portion of 

the dike is removed, lateral forces along the embedded portion of the 

dike will be induced due to the overturning moment. If the lateral 

forces generated within the soil exceed the maximum allowable passive 

earth pressure, instability will occur. 

In this study, the external stability of a soil-cement dike was 

evaluated by examining the variation of lateral soil stresses with 

embedment depth. The soil-cement dike that was chosen for study had a 

width of 8 ft. and a height of 15 ft. Three embedment depths, 10 ft., 

15 ft. and 20 ft., were evaluated. The applied moments were calculated 

for various slope angles using equations (6.1), (6.2) and (6.4). The 

material properties used for the soil-cement were those determined in 

the laboratory testing phase of this study for Pantano soil-cement 

cured under moist conditions with zero percent flyash replacement (E = 

31,744 ksf; Y= 142 pcf; average modulus of rupture = 208 psi). 

The lateral stress distribution for each loading condition and 

embedment depth was determined using Bowles (1984) finite element 

method computer program for lateral pile analysis. In addition to the 

soil-cement material properties, applied loading conditions and 

geometry paramters, the modulus-of-subgrade reaction for the embedment 



soil was required. In order to obtain an appropriate value for the 

soil modulus-of-subgrade reaction, an N value = 30 was assumed. This 

value is consistent with field data for the soils in and adjacent to 

washes in the Tucson area as evidenced in boring logs obtained from 

local consultants. Using the relationship between the SPT N-value and 

modulus of elasticity (E) described by Wrench and Nowatzki (1985), a 

value for E = 1148.7 ksf (55 MPa) was determined. The modulus-of-

subgrade reaction (Ks) was determined using Bowles (1974) relationship: 

Ks = i.2p 

where: y = Polsson's ratio (assumed to be 0.3). 

A value for the modulus-of-subgrade reaction was determined to 

be 1514.8 kips/cu. ft. This value was considered to be a constant 

over the range of embedment depths studied. 

The results of the internal stability analysis discussed in 

Section 6.3 (Fig. 6.4) indicate an 8 ft. wide dike, with a height of 15 

ft., constructed from soil-cement with the previously mentioned 

material properties, will maintain internal stability provided the 

slope angle does not exceed approximately 40°. This value was used as 

a limiting value in the external stability analysis. 

The lateral stress distribution generated for each loading 

condition was determined using the lateral pile analysis program. The 

results are plotted in Figs. 6.5-6.7. In these figures, the variation 

of lateral stresses in the soil are plotted with depth along the 
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embedded portion of the dike. As evidenced from the stress 

distributions, the maximum stresses occur in the upper 1-3 feet of 

soil. The actual stress distribution is a function of embedment depth 

and the total length of embedded dike. 

The external stability of the soil-cement dike is determined by 

comparing the lateral stress distribtuion induced in the soil with the 

maximum allowable passive earth pressure (Pjj) for an embedded vertical 

pile, as determined by Equation (6.6). A value for the coefficient of 

passive earth pressure (Kp) = 3.39 was determined using Equation (6.7) 

and the procedure presented in Appendix D. The maximum allowable 

passive earth pressure distribution is shown in Figs. 6.5-6.7. A 

comparison of the maximum passive earth pressure distribution with the 

lateral stress distribution curves in each figure indicates that the 

maximum passive earth pressure is exceeded in the upper 1-3 feet in 

essentially every case except where the slope angle is 90° (i.e., a 

vertical dike). For the 10 ft. and 15 ft. embedment cases, the maximum 

passive earth pressure is also exceeded in the lower two-thirds of the 

embedment depth. 

The results of the analyses indicate that the maximum passive 

earth pressure is exceeded, at least locally, in every loading case 

except for a vertical dike. This data suggests that local failure 

within the soil adjacent to the embedded dike will occur in all but the 

vertical case. For those cases where the maximum passive earth 
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pressures are exceeded only in the upper several feet, the dike will 

tend to rotate. As the dike rotates, the maximum passive earth 

pressures will increase rapidly and stress redistribtion will occur. 

As long as the maximum passive earth pressure is not exceeded along the 

length of the embedded dike, total failure will not occur. For 

practical considerations, slope angles greater than 50° are probably 

stable, although local soil failure in the upper 1-3 feet will occur. 

This angle can be increased for embedment depths of 20 ft. or greater. 



Chapter 7 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary 

Four types of standard laboratory tests were performed to 

evaluate the effects of partial flyash replacement on the strength and 

durability characteristics of Pantano soil-cement mixes. These tests 

include the freeze-thaw test, wet-dry test, unconfined compressive-

strength test, and the flexurdl-strength test. Two complete sets of 

specimens were prepared and tested to evaluate the effects of curing 

conditions on the strength and durability characteristics. One set of 

specimens was cured under "field" conditions and the other set was 

cured under carefully controlled moist cure conditions. Compressive-

strength tests were performed after cure periods of 24 hours, 7 days, 

28 days, and 60 days to evaluate the effects of curing age on the 

strength of the soil-cement flyash mixes. 

To compliment the laboratory testing phase of this study, a 

preliminary stability analysis was performed to determine the 

signficant factors affecting the design of stable soil-cement bank 

protection structures. The strength data obtained from the laboratory 

testing was used to evaluate the internal and external stability of 

various soil-cement dike geometries. 
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The results of this study, when compared to current mix design 

and construction procedures, suggest that significant economic benefits 

may be realized through the use of flyash as a partial replacement for 

Portland cement in soil-cement bank protection dikes. Results of the 

stability analysis indicate that narrower dikes than those currently 

being constructed are technically feasible. It remains to be 

determined whether the anticipated increase in construction costs will 

be offset by the decrease in material costs. 

The major findings of this study and recommendations for 

further study are presented in the following sections. 

7.2 Conclusions 

The results of this study indicate that, in general, the 

strength and durability of Pantano soil-cement decreases as the 

percentage flyash replacement of cement increases. 

In addition, it was found that curing environment is an equally 

important factor with respect to the strength and durability 

characteristics of the soil-cement flyash mixtures. The most important 

results of each of the test procedures performed in this study are 

discussed below: 

1. The freeze-thaw durability of the specimens was the 

characteristic least affected by flyash replacement. Overall 

durabilities for all flyash contents and both cure conditions were 

excellent. The "field" cure specimens exhibited slightly greater 
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durability than the moist cure specimens, hut for practical purposes, 

the difference was insignificant. 

2. The wet-dry durability of the specimens exhibited 

significantly more dependence on both flyash content and curing 

conditions than did freeze-thaw durability. Generally, the durability 

of the specimens decreased with increasing degrees of flyash 

replacement, although the data suggests that the wet-dry durability 

approaches a constant value in the range from 30% to 45% flyash 

replacement. The "field" cure specimens were consistently more durable 

than the moist cure specimens, for all flyash contents. 

The results of the wet-dry testing suggests that 

accelerated curing may have occurred in the "field" cure specimens due 

to elevated temperatures. In addition, the relatively constant 

durability observed in the range between 30% and 45% flyash replacement 

indicates a pozzolanic contribution to the durability at the higher 

flyash contents. 

3. The compressive strength of the specimens generally 

increased with age and decreased with increasing percentages of flyash 

replacement up to approximately 30%. As the percentage flyash 

replacement was increased from 30% to 45%, the compressive strength of 

the specimens approached a constant value. 

The effect of curing environment significantly affected the 

compressive strength of the specimens. Generally, the compressive 
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strength of Pantano so.i.l-cement mixes cured under "field" conditions 

was considerably less than for specimens cured under moist conditions. 

The 60-day compressive-strength data suggests that 

pozzolanic reactions provide a minor contribution to the strength of 

soil-cement mixes in the range between 30% and 45% flyash replacement. 

At 60 days, the 45% specimens had slightly greater compressive 

strengths than the 30% specimens. 

4. The modulus of elasticity for the soil-cement mixes 

exhibited the same dependence on flyash content and curing environment 

that was observed in the compressive-strength data. 

5. The flexural strength of the specimens generally decreased 

with increasing percentage flyash replacement in a manner similar to 

that observed in the compressive-strength data. In addition, the 

modulus of rupture was consistently lower for "field" cure specimens 

than for those cured under moist conditions. 

These test results indicate that, in general, partial 

replacement of portland cement with flyash in Pantano soil-cement mixes 

will result in decreased strength and durability characteristics. In 

addition, the curing environment significantly affects both the 

durability and strength of the soil-cement. In the range of 

replacement between 30% and 45%, pozzolanic reaction between the 

hydrating cement and flyash can be expected to make some contribution 



109 

to the strength and durability after a period greater than 

approximately 28 days. 

Although the strength and durability characteristics 

decrease with increasing percentages of flyash replacement, it should 

be noted that all of the specimens tested would pass the PCA (1971) 

durability and strength criteria. Provided a sufficient amount of 

moisture is made available, all of the 28-day compressive-strength test 

specimens would meet the 750 psl compressive-strength requirement 

stipulated by PCDOT (1984). 

The results of a preliminary stability analysis indicate 

that the internal and external stability of a soil-cement dike can be 

maintained in the event that the material is washed from behind the 

dike. The controlling factors are the height, width, slope angle, 

depth of embedment, and flexural strength of the soil-cement comprising 

the structure. These parameters can be varied, depending on the 

in-situ soil conditions, to insure stability of dikes having 

geometries slmiliar to those currently being constructed. 

7.3 Recommendations 

Several important areas for further investigation have been 

identified through this study. These areas include: 

1. The effect of curing environment on the strength and 

durability characteristics of the soil-cement mixes was significant. 
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It. is important to evaluate the processes controlling this phenomenon 

so that maximum strength ana durability can be obtained in the field. 

2. The contribution from pozzolanic reaction of flyash to the 

strength and durability was found to be minor in this study. This is 

probably due to the relatively short curing periods (< 60 days) 

studied. A study of the long-term (> 6 months) contribution to 

soil-cement strength and durability is needed. 

3. Actual strength and durability parameters of existing 

structures should be evaluated. This data can be collected for 

existing structures in service in Pima County for several years and 

compared to the original mix design data. Results of such a study 

would be useful in predicting long-term performance of soil-cement 

bank protection. 

4. The mechanism of possible accelerated curing of soil-cement 

in hot, arid environments should be evaluated. 

5. More refined techniques for stability analyses should be 

applied to evaluate the stability of various soil-cement structures. 

This would require actual testing of typical embedment soils to obtain 

values for the pertinent parameters. A two-dimensional finite element 

method of analysis employing quadrilateral elements to model both the 

soil and the dike would provide a more reliable evaluation of the dike 

stability, provided input data could be determined accurately. 
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It is important, to evaluate fu.lly all the variables 

affecting the strength, durability and stability of soil-cement 

structures. This is particularly true for structures built in the 

Southwestern United States where their use in drainageway bank 

protection is commonplace. 

Increased understanding of the variables involved in soil-

cement bank protection design and construction will ultimately provide 

increased protection at a decreased cost. 



APPENDIX A 

COMPOSITION OF REGULAR TYPE I AND/OR II LOW ALKALI PORTLAND CEMENT 

Si02 2 3 . 8 2 %  

Ai203 3.53% 

F e2 O3 1.3135 

CaO 64.40% 

MgO 3.42% 

S03 1.83% 

Na20 0.07% 

K20 0.68% 

Loss 0.85% 

TOTAL 99.91% 

Total Alkali as NaO 0.52% 

Insoluble Residue 0.21% 

C3S 50.0% 

C3A 7.1% 

The term "low alkali" applies to cement with a total alkali 

expressed as Na20 not to exceed 0.60%. 

This analysis was furnished by 0. F. Pierce, Plant Chemist, 

Arizona Portland Cement Company, Rillito, Arizona. 
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APPENDIX B 

ANALYSIS OF CLASS "F" APACHE FLYASH 

•ASTMC618 Class L 

j PHYSICAL CHEMICAL 

Determination Results Specification* 

. , , , , 
Determination 1 Results Specification* 

Specific Cravity 2.16 Silicon dioxide (Si02), % 61. 7 

Retained on No. 325. % 20.1 3 4 max Aluminum oxide (AljCXj), % 24 .9 - -

Po/iolanic Activity Index Iron oxide.lFejOj), % 4.4 
With Portland 

Cement. % of 

Control 

7 dayst 
(Accelerated) — Total, % 91.0 70.0 min 

With Portland 

Cement. % of 

Control 28 days 80.0 7 5 min Sulfur trioxide (SQj). % 0.6 5.0 max 
With lime, psi 7 days 934 800 min Calcium oxide (CaO), % 2.9 

Water requirement. % of control 100.0 105 max Magnesium oxide (MgO), % 0.7 

Autoclave expansion or contraction, % -0.03 0.8 max Moisture content, % 0.03 3.0 max 
Multiple factor 38 25 5 max Loss on ignition, % 1.9 6.0 max 

Drying shrinkage increase, % Available alkalies, 

as Na20 

7dayst 
(Accelerated) 

AEA quantity, ml 

Available alkalies, 

as Na20 28 davs 0.59 1.50 max 
Reactivity with Cement Alkalies R-value; (%CaO-5.0)-M%Fe2Oj)t -0.5 

Reduction of mortar exp., % 58.152 — 

Mortar expansion, % 

Blaine Fineness, 
/ 3 

cm /cm 9100 — 

1 

This analysis was furnished by H. Roof, Western Ash Company, 

Tucson, Arizona. 
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APPENDIX C 

PROCEDURE FOR CALCULATING SOIL-CEMENT LOSS IN 

FREEZE-THAW TEST AND WET-DRY TEST 

Corrected Final 
Oven-Dry Weight 

loven-dry weight after drying at 230°F (16°C) ^ 
% of water of hydration retained in specimen + 100| 

J 

100 

Estimated Percentage 
of Moisture Retained 
in Specimen after 
Each Cycle 

Oven-dry weight of specimen at 12th cycle 
after drying at 71°C (160°F) for 42 hours 

I Oven-dry weight of specimen at 12 th cycle 
[after drying at 160°F (61°C) for 42 hours 

Corrected final 
Oven-dry weight 

Estimated Corrected 
Initial Oven-Dry Weight 

Oven-dry weight of specimen at 1st cycle ^ 
after drying at 160°F (71°C) for 42 hours'' 

jEstimated percentage of 
<jmoisture retained in 
;specimen after each cycle 

i 
f 

Soil-Cement Loss Estimated corrected 
(Percent) (initial oven-dry weight 

i 

Oven-dry weight of specimen ! 
at 1st cycle after drying at)1 

!l60°F (71°C) for 42 hours j 

1 

Estimated corrected initial 
oven-dry weight 

Corrected final oven- , 

drr weisht U 100 
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APPENDIX n 

PROCEDURE FOR CALCULATING MAXIMUM PASSIVE EARTH PRESSURE (gj,) 

Ph = Z Kp + 2C Kp 

where: y = total unit weight of soil 

z = depth 

C = cohesion 

Kp = coefficient of passive earth pressure 

For vertical dikes: Kp = tan2 (45+^/2) 

where: $ = angle of internal friction of the soil 

For the Pantano Wash Site, the following assumptions were made: 

Y = 139 pcf (determined in laboratory) 
<p = 33° 

C = 189 psf* 

*NOTE: The cohesion was determined by observing in the field that a 10 ft. 

vertical trench wall stood unsupported. Using this observation and 

the relationship: 

Hc Vka 

where: Hc = height of free-standing vertical trenchwall 
Y = total unit weight of soil 

Ka = coefficient of active earth pressure 

For vertical trench walls: Kg = tan2 ( 4 5 - < t > / 2 )  

Results: Kp = 3.392 

Ka = 0.295 

Maximum Passive Earth Pressures (p^) 

Depth (ft) ej, (psf) 
0 696 

10 5,411 

15 7,768 

20  10 ,126  
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