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SUMMARY 

In cooperat ion wi th the Oklahoma Depar tment o f  Transpo r tat ion and 

the Federal Highway Adminis trat ion , U . S. Depar tment of Trans port a t ion , 

a research proj e c t  was undertaken on June 1 ,  1 9 73 , by the,Univers i t y  of 

Oklahoma to  study the s tab ili z a t i on o f  Oklahoma shales . 

Inasmuc h  as  shales  had already been s tud ied , iden t if ied� c las s ified 

and charac t eriz ed in a previous s tudy (1972), the ma in obj ec t ive o f  the 

present invest igat ion wa s to detern1 ine the typ� and amounts o f  s t abilizing 

agen t s  to yield op t imum c ond i tions in upgrading the shales for highway 

cons truc tion purposes . 

Eight Oklahoma shales represen t ing regional charac teris tics  but 

differing texturally and mineralogically were selec t ea on the basis  o f  

t he 1972 s tudy . O f  t h e  var ious s tabilizing agen t s  used , i t  was f ound 

tha t  6 percen t  hyd rated l ime , 14 perc en t  port land cement , and 25 percent 

f lyash g ive optimum conditions by impart ing accep tab le s t rength l evels 

to  the sha les . The degree o f  s trength a t tained varies inve rsely w i th 

the plas t ic ity of shale . On the bas is of compres s ive s t r ength , cyc l ic 

load ing ,  and wea therability c r i teria , cement is the most effective addi

tive , flyash the least  and lime moderately ef fec t ive . Combinations of 

the tlirc(� otab iliz ing agents show that shales can b(' upgraded strength

wise when the t hree ma·ln stab iliz ing agents are us ed conjunct ive ly;  in 

fac t ,  the da ta suggest  t hat such uses are more economi cal and more 

p romising . The add i t ion o f  small amount s (less than 2 percent) of NaCl , 

CaC12 , NaOH , and Na2
co

3 
to the shales which already have been mixed with 

one o f  the main stabilizing agents, further enhances the stabilizat ion 

b enef icia t ion . 
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Wi.th the exception of flyash Hlahl.Lizt•d Hha.les, delayed c..:ompaction 

appears to produce and overall decre�se ln the com p res sive s t reng th 

properties. 

The gain in s t reng th and durability and the r esis tance to d eforma tion 

r esul ting from the s tab il i zation proc ess is explained qua l i tatively in 

t erms of the bond ing and c emen ta tion which takes p lac e within the shale 

mass . To fur th er evaluate the b onding quan t i ta t ively , us e is mad e of the 

aggr egation index ratio. Too , elec tron microscopic s tud i es indica te  that 

the vo ids of the s tab ili zed shales are reduced subs tan t ially comp ared to 

the raw shal es and there is a d irec t rela t ionship between void domain 

charac ter is t ics  and s tab i l i zat ion eff ec t iveness . 

The conclus ions of th is s tudy also po int  t o  avenues which should be  

fur ther explor ed . The s tudy of f lyash culmina t ing into i ts wid er use is 

environmentally of high prior i ty . The employment of cyc l ic load ing 

effec ts and void domain chara c t eris t ics  as a predic t ive tool to int erpret 

engineering behavior of raw and s t ab il i zed shal es is certainly promis ing . 

However , more compl et e  su tid es in these two ar eas are sugges ted . Also , 

i t  is recommended tha t a f ield implementa t ion program b e  initiated 

wherein the results of  the labora tory s tudies be app l ied and any 

d ifferences be analyzed and s tudi ed so tha t a realis t ic pavement 

des ign me thod employ ing s tab ilized shale can be f inal ized . 

v 



TABLE OF CONTENTS 

SUMMARY 

LIST OF FIGURES . 

LIS T  OF TABLES 

CHAPTER 

I .  

I I. 

III . 

IV . 

INTRODUCTION 

REVIEW OF L ITERATURE 

Shales in General . . . . 
Classifica t ion o f  Shale 
Engineering P ropert ies of Shales . 
Stabil iza t ion of Soils . 

Lime Stabil ization • 

Cement Stab iliza tion 
Compar ison of Lime Stab iliza tion and C emen t 

S tab i l ization . . . . . . . . 
Stab ilizat ion with Various Admixtur es 

S tab i l iza tion with Bituminous Material . . . . . 
Stab il izat ion with Calc ium Ch loride and Sodium 

Chlor ide . . . . • . . . . . . . . . . . . 
Wea therab il ity Studies of S tab i l ized Shales 

E f f ect of Delayed Compa ction . . . . . . . 

Miner�l�gy and Void Domain Characteris t ics 

SELECTION AND PREPARATION OF MATERIALS . 

Antic!pa ted Mineral AnaJ.ys .Is of Ash 
Elemen tal  Analysis of Fly Ash • • • 

Ash Viscos tty CalculaLirms . . • . · ·. :_. 

EXPERIMENTAL PROCEDURES . . . . . . . . . 

Gra in S i�e Analysis • 

Specific Cravity . . 
· Outline of PrQced ure .. . . 

At terberg · Limit 
· Mo is tu-re Dens·ity T0.sts 

vi · 

" . . . .. 

Page 

iv 

ix 

xii 

1 

4 

4 
5 

11 
17 
19 
35 

48 
52 
55 

59 
59 
60 
63 

64 

72 

.73 
73 

75 

75 
75 
75 

·75 
78 



v. 

X-ray Diffrac t ion and El ec tron M is cros copy 
Unconfined Compress iv e  Strength . • . • 

Triaxial Compres s ive Strength . 
Wea ther Cycl es • • . • • • . . • • • . 

Cyclic Loading • . . . 

Delay ed Compac tion 

PRES ENTATION AND DISCUSSION OF TES T DATA 

Grain Size Analysis • • . • . . 

Atterberg Limit Test Resul ts . . • . 
Mois ture Density Relationship 
Dry and Imm ers ed Strengths . . . . 
S ta tis ti cal An alys i s  • • • . . .  
Pe trochemical Stabilization • • 

Comparative Eva luation of Stabilizing Agents 
Wea therabili ty Tests • • . . . . . • • •  · • . . . . 

Cycl ic Loading . . . . • . • . � . • . . . . . � . 
Del ay ed Compac t ion • • . • . • . . • . .  

Triaxial Compress ive S treng th . . . . . . . . . . 
Stabi l i za t ion wi th Admixtur es . . • . . . . •  

Comparative Evalua tion of S tabi li z ing Agen ts 
Geological Tes ts .of  Raw and S tab il i zed Shales 

VI. MECHANISM OF STABILIZATION . . . . . . .  . 

VII. CONCLUSIONS . • .  

VIII. RECOMMENDATIONS 

ACKNOWLEDGEMEN TS 

REFERENCES 

APPENDIX A 

Gr ain- Siz e Ana lys is of S tabil ized Shal es 

APPENDIX B 

78  
8 1  
8 1  
8 5  
8 7  
8 8  

9 1  

91 
94 
94 
99 
99  

104 
110 
111 
115 
118 
121 
125 
128 
132 

142 

155  

1 6 2  

164 

165 

174 

Plastic Proper ties of S tabilized Shales . . . . . . . . 180 

APPENDIX C 
Optimum Moisture Content and Maximum Dry Density for 

Raw and S tabi li zed Shal es . . . . . . . . . . . . . . 18 5 

APPENDIX D 

Dry and Immersed S treng ths o f  Shal es Treated Wi th 
Various S ta.bilizing Agents • . . . . . . . . . 

APPENDIX E 

189 

Weatherability Test Data • • . • • • . . . . . . . . . • 204 

APPENDIX F 
Effect of Delayed Compaction on Stnbil1zeJ Shales . . . 211 

vii 



APPENDIX G 
S tab ili zation w i th Admix tures . . . . . . . . .  . 221 

APPENDIX H 

Elec t ron Micros copy of Raw and Stab i l i zed Shal es 23 1 

APPENDIX I 

Wea ther Cyc les  of  Oklahoma . . . . . . . . . . . . . . . 239 

APPENDIX J 
Eng ineer ing Properti es of Raw and· S tab ilized Sha l es . . 24 3 

viii 



LIST OF FIGURES 

Figur e  Page 

2.1 C lassifi cation o f  Sedimentary Ro cks . . • . . . 6 
2.2 Gambles Durability-Plasticity Cl assification o f  

Shales and Other Arg il laceous Roe.ks • . . . • • . . 9 
2.3 Idea l ized Clay Structures • . • . • • • . . • . 14 
2 . 4 E f f ect of Lime Content on Plastic ity 27 
2.5 Lime· De te rmination for S o il S tabil i za t ion 28 
2.6 E ff ect on High Temperature an<l .Field Curing on 

Lime Stabi li zation . • . . . . . . . . . . . . • 31 
2.7 Effect of Lime Content on . S treng th for Various 

2.8 

2.9 

2.10 

2.11 

2.12 

2. l3 

2.14 

2 . . 1 5 

Soi ls S tabilized with Hyd rated Lime , Cured 

for Seven Days at 25�C , Cons tant Moisture 
Content . . . • . .. . � . . • • . • . • . 

Effect of Age on  Strength of Various S o ils 
S tab ili z ed wi th 5 percent Hyd ra ted Lime • 

Eff ect o f  C ement Con t ent on St rength for Various 
Soils Stabilized with Portland Cement, and 

0 
Cur ed f o r  S even Days at 25 C, Constant 

Mois tu r e  Conteni • .  · . • . . . . • • •  

Ef f ect o f  Density  on S t r ength o f  a Clay 
S tab iHz ed wi t h  10 percent Cem ent . . . . . • . • . . 

Loss in S trertgth Due to Delay in Compaction for 

Two Soils S tabiliz·ed w i th 10 perc ent Cement; 

S tandard Compatti on . . • . . . . . . . •  

Effect of Age on Strength of Various So ils 
StabLll�ed wi. th 5 percent Cemen t . . • . . . . . . 

Relation Be tween Compress ive nod TenHile S t rength 
for· Cement Stabi lized Sot ls . . • . . • . . . • . • 

Effec t of Delay on the Compacted Uensi.ty of 
HPavy CJ;Jy, StahiJ.iz·er Content 10 percent 

Effect o.f Curing Temperature on Strength or 
Stab U lzc.•d Heavy Cla y . . . . • . . 

2 .16 ·Factors Influencing the Properties of Lime-Flyash 

Stabilized Mater !nls . . . . . . . . . . 

3.1 Locati.on and Identification of Se1ected Shnle 

4.1 
4�2 

. 4. 3 
4.4 
4.5 

Sam� l es . · • . . . • . . .  

Out lifie of Procedures • . . 

General View of Ultr·asonic Equipment an_d Water 
Circulation Sys t em . . . . . . . . 

Details 0£. Stimple Holding Apparatus . 

· compres s ion_
.
S tr eng th Te.sting Devi ce 

Tr iaxial Comp r es sio� Tes t Set Up 

ix 

33 

33 

45 

46 

49 

so 

51 

53 

54 

56 

66 
76 

77 
80 
82 
84 



4.6 Failure Patterns of Specimens • • • • • • • 86 
4.7 Arnangement of Load Cell and Displacement 

Strain Gage During Testing • • • • • • . . • • • • 89 

4.8 Detailed View of Sample Under.Test . • • • 89 
5.1 Grain Size Distribution Curves for Raw and 

Stabilized Shale 32 • • • • • . . • • • • . • • • • 9 2  
5. 2 AI and Clay Content Relationship for Shale 3 2  • 93 
5.3 Maximum Dry Density of Raw and Stabilized Shales 96 

5.4 Optimum Moisture Content of Raw and Stabilized · 
Shales • • • • • • • • . • • • • • . • 

5.5 Maximum Dry Density and Optimum Moisture Content 
97 

Relationship for Stabilized Shales • • • • • • . . • 98 

5.6 Compressive Strength of Stabilized Shale 34 • . . 106 
5.7 Compressive Strengths of Stabilized Shales After 

Being Subjected to 5, 10, and 15 Wet-Dry Cycles • • 112 
5.8 Compressive Strengths of Stabilized Shales Being 

Subjects to 5, 10, and 15 Freeze-Thaw Cycles 114 
5.9 Failure Loads of Stabilized Shales for Cyclic 

Loading at 24 Applications Per Minute 
Frequency • • • • • • • • • • • • • • • . • . • • • 116 

5.10 Failure Loads of Stabilized Shales for Cyclic 
Loading at 40 Applications Per Minute 
Frequency • • • • • • • • • • • • • • • • • 118 

5.11 Effect of Delayed Compaction on Stabilized Shale 
35 Cured for 28 Days • • • . . • • • • • 119 

5.12 Effect of Delayed Compaction on OMC and MOD of 
Stabilized Shales • • • • • • • • • • • • 120 

5.13 X-ray Diffractograms for Shale 35 • • 133 
5.14 Electron Micrograph of Soil Mass . • . • 135 
5.15 Electron.Micrograph of Raw Shale 35 • . • • . 136 

5.16 Electron Micrograph of Lime (6%) Stabilized 
Shale 35 • • • • • • • • • . • • • • • • • • . . . • 136 

5.17 Electron Micrograph of Cement (14%) Stabilized 
Shale 35 • . . • • • • • • . • • • . . 137 

5.18 Electron Micrograph of Flyash (25%) Stabilized 
Shale 35 • • • • • • • • • • • . • • • . 137 

5.19 Electron Micrographic Study of Raw Shales • • • . 138 
5. 20 Electron Micrographic Study of Cement Stabilized 

Shale • • • • • • • • • • • • • • • • • • • • • 148 
6.1 Mechanism of Lime Stabilized Clay Soils . • • • -144 
J.l Aggregation Index and Clay Content Relationship 

· for Lime Stabilized Shales • . • • • . • . • 244 
J.2 Aggregation Index for Clay Content Relationship 

for Lime Stabilized Shales 32, 34, and 34 • • . 245 

J.3 Aggregation Index and Clay Conten t Relationship 
for Lime Stabilized Shales 35 and 36 . . . 

·
• . 246 

J.4 Aggregation Index and Clay Content · Relat ionship 
for Cement Stabilized Shal es 29, 30 and 31 247 

J.5 Aggregati on Ind ex and Clay Content Rela tionshi.p 
for Cement Stabilized Shales 32, 33 and 34 248 

J. 6  Aggregation Ind ex and Clay Content Relationship 
for Cement ·stabiliz-ed Shales 35 _and 36 249 

x 



J.7 Grain Size D istr ibu t ion Curve for Shale 29 . 250 
J.8 Gra in S i ze Dis tribut ion Curve for Shale 3 0 . 251 
J . 9  Grain Size Dis tribu t ion Curve for Shale 31 . 25 2 
J .10 Grain Size Dis t r ibut ion Curve for  Shal e 33 . . 253 
J . 11 Grain S i ze Dis tribu tion Curve for  Shal e 34 2 5 4  
J . 12  Grain Siz e  Dis tribu tion Curve for Shale 35 . 2 5 5  
J .13 G rain S i ze Di s tribu t ion Curve for Sha l e  36 2 5 6  
J.14 Comparis on of S tr eng th Charac terist ics f o r  Shale 29 2 5 7  
J . 15 Compa rison. of Streng th Charact eris tics  for Sha l e  ,30 258 
J.16 Compar is on of S trength Charac teris t ics f o r  Sha l e  31 2 5 9  
J.17 Comparison of S tr eng th Cha racteris tics  for  Shal e 3 2  260 
J.18 Comparison o f  S t reng th Characteris t ics for Shale 33 261 
J.19 Comparison of Strength Charac t er1s tics  fo r Shal e 34 2 6 2  
J.20 Comparis on of S treng th Characteristi.cs for Shale 35 263 
.J. 21 Compar ison of S treng th Chnrac ter ls t lcs for Shale 36 264 

xi 



LIST OF · TABLES 

Table 

2.1 An Eng ineering Evaluation of Shales . . . . • .  

2 .  2 Classif ka t ion of Argi.11.aceous Rocks . • . • 

2·.3 Guide to the lJtHizat:I.on of S<)U Stab il izers , • 

2 . 4  Stabilization Response of Major Soil Components • 

2. 5 Appli c:ibility· of Stabilization Methods . • · . . . 

2.6 13roa4 Compar is on of S tabilizat ion Techniqu es . . • .  

2 . 7 Summary of Cry stall in e Produc ts Ob s erved from 
X-ray Analysis of Lime Trea t ed Shal es . . . .  

2 . 8 C ement Requ iremen t of S o ils by USBPR Method • . • . •  

2.9 Cement Requirement of S oils by Oklahoma Highway 
Department • · • . . . • • . • • . • • . • . . • • 

2.10 Es timated Cement Requiremen t by Oklahoma Soils 
2.11 Typical Properties of Cement S tab ilized S o ils . •  

2.12 Rang es -of Compressive S tren g ths for L.im e Flyash 

3.1 
3.2 
3.3 
3.4 
3 .5 
3.6 
3 . 7  
4 . 1 
5.1 

5 .2 

5.3 

5.4 

5.5 

5.6 

5.7 

S tab ili zed Ma ter ials • . . • . . • • . • . . . • . . . 

Compos i t ion of Type I Cement 
Impuri t i es in Lime  Used . . . .  - . . • • .  

Descrip tion o f  Shal es . • . . . . .. . . 
Trst Data and Classif i ca t ion of Shales 
S trength Rela ted Data of Shales 

Effect o f  Ultrasonic Trea tmen t 
Clay Mineral Composition of Shales 
Sequence of Loading for CycJ le Loading 
Correlation Matrix for Various Engineering 

Proper t i es o f  Raw Shales . . . . . . • . . 

Correlation Matrix for  Various Eng ineer ing 
Properti es of Lime Trea ted Shal es and Cured · 
for 28 Days . . • • . . . . . . . . . . . . . . . . 

Correlation Matrix f or Eng ineering Prop erti es . 
o f  Cement Treated (14%) Shal es Cured 

. for. 28  Days at 110°F • . . . . . . • . . . . . . . . 

Correlat ion Matrix for Various Engineering_ 
Prop erties of Flyash (25%) Treated Shales . . . 

Optimum Stabilization Condition for 28 Day 
Cu ring Period for _Various .S t a h l  lizing A��ents 

Comparison of Effec t ·of S.tab1 llzlng Agents for 
2s-·Day·s . "·· . • . . . _ . •  

· . .  : . . . • . . . . .  

Triaxial Test Results.on Lime (6%) Stabili�c<l 
Shal es Cur ed for 90 Days :<.1 t · l l0°F . . . . . . 

Triaxial Test Results on C emen t (14%) S tabilized 

Shales . Cured for . 90 Days ut ] 10°F • . . . • . . 
5-.9. · .. Triaxia1 Tes't: Results on Flyash (25 % )  Stabilized 

· ·ShaTe:8 Cured for 90 _Days nt. 110°. F . . . . . : � . . . .  

5.8 

xii 

Page 

8 
10 
20 
21 
22 
23 

30 
37 

38 
40 
47 

57 
64 
65 
67 
68 
69 
70 
71 
88 

100 

101 

103 

. 107 

108 

109 

122 

123 

124 



5.10 

5 .11 
5.12 

5 . 13 
6.1 
A. l 
A. 2 
A.3 
A.4 
A.S 
A . 6 
A .  7 

B.l 

B.2 

B.3 

.B. 4 

C . l  

C . 2  

C.3 

D.l 

D . 2  

D.3  

D . 4  

D.5 

D . 6 

D . 7 

D . 8  

D . 9  

D . 10 

D . 11 

D . 12 

Tes t for Effec tiveness for Cement (14%) and 
Cement (10%) + Lime ( 4 %)  Tr eated Shales . 

L is t of Stabilizing Sets Used . . . . . 
28 Day Immerse d Compress ive S t r ength of Raw 

and S tabi l i zed Shales . . ... . . . . . • . 

Sui tab le S tab i l i zing Agents for S el�c t ed Shal es 
Mechani sm of Lime Clay Reac t ion . . . . . . . . 
Aggregation Indei for Lime (3%) Trea t ed Shales 
Aggregation Ind ex for Lime · ( 6% ) Treated Shal es 
Aggrega tion Index (AI) for 9 Percent Lime . 
Aggrega tion Index (AI) for 10% Cemen t . . 
Aggre gation Index (AI) for 14% Cement . . 

• Aggrega tion Index (AI) fo r 18% Cement . . . . . . 
Aggrega tion Index (AI ) for Flyash Treated Shales 

Cured for 28 Days � . � . . . . . . . � . . . . 
Plas tic Proper ties o f  Lime Trea ted Shales Cured 

for 28 Daye at 100F . • • . . . . . . . . . . . 
. Plas tic Prop�r ties of Lime Trea ted Shales Cured 

for 28  Days at 1 10°F • • • • • • • • . . . • • . . •  

Index Properties o f  Cement Trea ted Shales Cured 
for 28 Day s  . • • • . . . . • • • . . . . 

Index Proper ties o f  Flyash (25%) S tabilized 
Shales Cured for 28 Day s  . . . . • . . . 

Effect of  Lime Addi t ion on Mois ture-Densi ty 
Relationship . • • . • • . • • . . . • . • . • 

Effec t of Cement Addi t ion on Mois ture Dens i ty 
Rel a tionship • • . • • • • • . • • . • . . 

Moisture Content and Dry D ensi ty Relat ionship 
of Fly ash Treated Oklahoma SP.ales • . 

· 

Unconfined Compres sive Strength o f  Lime 
Treated Shales Cur�d for 28 Days . • • 

Unconfined Compressive Strength of  Lime Treated 
Shales Cured for 90 Days • • . • • • • • • • • · � • • • 

Inunersed S treng th of Lime Treated Shales Cured 
for 28 · Days • • • • . • • • • • • . • • • • . • 

Immers ed Strength of Lime Treated Shal es Cured · 
for 90 Days • • • • • • • • • • • • • • . 

Unconfined Compres sive Strength of  Cement 
Tr.ea ted Shales Cured for 2 8  Days • . • • 

Unconfined Compressive Strength o f  Cement 
Treated Shales Cured for 90 Days . • • • 

Immersed Strength of Cement Treated Shales Cured 
for 28 Days • • • • • • • • • • • • • • • • • • 

Immers ed Stretigth of Cement Treated Shales Cured 
for 90 Days • • • • • • • • • • • • • • • • • • • • 

Unconfined Compr essive Test o f  Clapak Treated 
Shales Cured for . 28 Day s  • • • • • • • • •  

Dry and Immersed Str·ength of C lapak Treated 
Shales Cured for 90 Days . . . . . • • • 

Dry and Immersed Strength of Chemical 
(Clapak-Claset) Treated S�a1es Cured for 28 Days 

Dry and Immers ed Strength o f  Clapak and Claset 
Treat.ed. Shales Cured fo r  90 Days • • .  • . • • 

·xiii 

126 
129 

130 
131 
149 
17 5 
17 5 
17 6 

. 177 
17 7 
178  

. 1 7 9  

181 

182 

183 

184 

186 

1 87 

188 

190 

191 

192  

193  

194 

195 

196 

197 

198 

199 

200 

201 



D.13 

D . 14 

E . l  

E . 2  

E.3 

E.4 

E.5 

E.6 

F . l  

F . 2 

F . 3  

F.4 

F.5 

F • . 6 

F . 7 

F . 8 

F. 9 

G . 1  

C.2 

Dry and Immersed S treng th of Flyash Tr ea ted 
Sha les Cured for 2 8  Day s  . . . . . . . . • 

D ry and Immersed S treng th o f  Flyash Trea t ed 
Shales Cured for  90 Days . . . . . . 

Compress ive Streng ths of Lime S tab i l i zed ( 6 %) 
Shales After Bei ng S ubj ec ted to  5 ,  10 , and 
15 We t�Dry Cycles . . . . . . . . • a • 

Compres s ive S tr eng ths o f  Cement S tab i l i zed 
Shales (14%) Af ter Being S ubjec ted t o  5 ,  10 , 
and 1 5  Wet-Dry Cyc l es � . . . . 

Compressive S tr eng ths o f  Flyash Stabili zed Shales 
(25%) Af ter Being S ubjected to 5 ,  10 , �nd 
15 Wet-Dry Cycles . . • • . • . . . • . • . 

Compressive S trength of Lime· Stabilized (6%) Shales 
Af ter Being Subjected to 5 ,  10, and 15 
Freeze-Thaw Cycles . . • . . 

Compress ive S trength of Cement Stabili zed ( 14%) 
Shales After Being Subjected to 5 ,  10 , and 

1 5  Freez e-Thaw Cyc l es . . . . . . . 
Compres s ive Streng ths of Flyas h Stab i l i zed ( 2 5 %) 

Shales Af ter Being Subj ec ted to  5 ,  10 , and 
15 Free ze-Thaw Cyc les . . . . . • . • 

Op t imum Mois ture Con tent and Maximum Dry 
Dens i ty o f  Lime (6%) Stab i l i zed Shales 
for 1, 2 ,  and 4 hours o f  De layed Compaction 

Dry S tr eng ths o f  Lime ( 6 %) S tabilized Shales for 
1 ,  2 ,  and 4 Hours of  De layed Compaction . . • •  

Immersed S treng ths o f  Lime ( 6 %) S tab ilized Shales 
for 1 ,  2 ,  and 4 Hour De lay ed Compac tion . . . .  

Op timum Moi s ture Con tent and Maximum Dry Dens i ty 
of Flyash ( 2 5 %) S tabili zed Shales foi l� 2 ,  
and 4 Hour Delay ed Compac tion -. . . . . 

Dry S trengths o f  Flyaah ( 2.5%) Stab1llze<l Shales 
for 1, 2 ,  and 4 Hour DeJ.ayed . Compac t ion . 

Inunersed Strengths of Flyash (25%) Stab:Ui z ed 
Shales for l·, 2, nnd 4 Hour Delayed 

Compac tion • • . . . . • 

. Op t imum . Mo isture Content and Maximum Dry 
Dens i ty of Cement (14%) Stabil{zed Shales 
for 1 ,  2; and 4 Hou r Delayed Compac tion . . . 

Dry Strc.ng ths of Cemen t (14%) Stab ili zed Shales 
foi 1 ,  2, and 4 Hour Delayed CompactJon 

Irruners ed S tr engths of Cement (14%) Stabilized 
Shales tbr 1 ,  2 ,  and 4 Hour Delayed 
Compaction . . . . . . . . . • . 

Dry and Immersed Str eng th of Shales Treated with 
Lime ( 6 %) and NaC:L ( 2%), and Cured for 
28 Days · • . . . 

Dry Streng th of Some Se lec ted Shales Treated 
with Lime (6%) and NaCl (2%) ;md Cured [or 
90 Day·s . , . . . . . . . • . . . . . . 

xiv 

20 2 

203 

205 

206 

207 

208 

20 9 

210 

2 1 2  

213 

2 14 

215 

2 16 

217 

218 

219 

220 

222 

223 



G.3 Dry and Immersed S treng th of  Cement (10%) and 
Flyash (4%) Treated Shales • . • • • . • . • 

G. 4 Dry and Immersed S trength of Cement (1%), 
Flyash (4%) and Na2Co3 (0.5%) Treated Shales 
Cured for 28 Days • . • . • • • . • • . . • • 

G.5 D ry and Immersed S trength of Cement (8%), Lime 
(2%) and Flyash (4%) Trea t ed Shal es Cured 
for 28 Days • • • • • • • . • • . • . . • 

G.6 Dry and Immersed S trength o f  Lime (5%) and 
Flyash (10%) Trea ted Shales Cured for 

G.7 

G.8 

G.9 

H.1 
H.2 

H.3 

H.4 

H.5 

H.6 

H.7 

I.l 

I. 2 
I.3 

28 Days • • • • • • • • • • • • • . • • • 

Dry and Immersed S trength Lime (5%), Flyash 
(10%) and CaCL2 (0.5%) Treated Shal e  
Cured for 2 8  Days . • . • • • • • . . • . . 

Dry and Innnersed S trength of Lime (5%), Flyash 
(10%) and NaoH (O. 5%) Treat·ed Shal es Cured 
for 28 Day s • • . • • • • • • • • • • 

Dry and Immersed S trength of Lime , Flyash 
and Sodium Carbonate (5%, 10% and 0 . 5%) 
Treated Shales Cured for 28 Days • • • . 

Electron Microscopic Study of Raw Shales • . . • • .  

Electron Microscopic S tudy of Lime (6%) 
Stabilized Shales Cured for 28 Days at 110°F . 

Electron Microscopic Study of Lime (6%) . 0 
Stabiliz ed Shales Cured for 90 Days at 1 10 F . 

Elec tron Microscopic Study of Cement (14%) 
0 

Stabiliz ed Shales Cured for 28 Days at 110 F • 

Electron Micros copic Study of Cement S tabi l i zed 
(14%) Shales Cured for 90 Days • • • . • . . • 

Electron Microscopic Study of Flyash ( 25%) 
Stabilized Shale Cured for 28 Days at 1 10°

F 
Electron Microscopic Study of Flyash (25%) 

0 
Stab i li zed Shales Cured for 90 Days at 110 F . 

Exp lana tion o f  Lo cat ion o f  Weather Cyc les . 
Oklahoma Wet-Dry Cycles • . 

Oklahoma Freeze-Thaw Cyc les . . . . . . . • . . . .  

. xv 

224 

225 

226 

227 

228 

229 

230 
232. 

233 

234 

235 

236 

237 

238 
240 
241 
242 



Explana tion o f  Symbols 

LL Liquid limi t (%) 

PL Plastic limit (%) 

P I  P las tic Index (%) 

OMC Optimum moisture con ten t (% ) 

MDD Maximum dry d ensi ty (pcf) 

DD Dry density (maximum dry d ensi ty , pcf) 
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CHAPTER I 

INTRODUCT ION 

Throughout Oklahoma there i s  a variety o f  s o i l  mat erials known 

as s hale . By vir tue of i ts abundant occurrence, shale has b een widely 

·us ed for  highway pavement base , s ub-b ase and fill const ruc t ion . The 

engineer in g pe rfo rmance of shale is affe c ted by mo i stur e content , it s 

cementing cons t it uents and the clay minerals present, and the surcharge 

loads imposed on it  throughout _it s morphologica L and service life . 

Variation of these factors with time result in considerable , and o f t en 

critical, changes in the engineerin g proper ties of shale. This situation 

is d es c r ibed as "weathering". It has been observed tha t shal es with 

d es irab le phys ical properties somet imes weath er quickly with adver se 

resul ts , wher ein the propert ies are alt ered and a s s ume no l onger accep table 

levels and thus the shale is  not capable o f  ful f il ling i ts des ign 

funct ion . 

This limitation was of signi fic ance to th e Ok lahoma Department of  

Transpor tation bec aus e i.t cur tailed th e u ti.lization of shales for pavement 

construction purposes. Also , the deple t ion of select mnterial sources 

further in.creased· the concern . of the Department. Consequently, there w;1s 

justif:iab.Le need to a ttempt to invest igat e ways and means of increasing 

the �t�bility and du rabil i t y -0f shales�  This s t udy · aimed a t  upgradiu � the 

· sub s tandard so il �at eri�ls or sh�les su · tha t they would: 

1 .  Provide lower cb s t  roads on a lortg-term ba8is 
2 .  H ave a lon ger . service l ife 
3. ·Give. a.n ac ceptable or · s uper ior ·p erforman c e· 

1 
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The modif icat ion in t he enginee ring propert ies of  a soil particula t e  

mat ter can be brought ab out i n  many ways and i t  arises from :  

1. Dens if i.ca t ion 
2. Format ion of phys ico- chemical bonds be tween 

par ticles re sulting in s tab le aggregations , and 
3 .  Wate rproof ing the soil aggr egates 

The up grading of subst andard so ils and t he ameliorat ion of the 

propert i es o f  s o il materials  have in the pas t been atta ined by t he addi t ion 

of s tabilizing a gen t s , such a s  portland cement , hydrated lime , f lyash , . 

chlor ides o f  calcium and · sodium used alone and /or conj unc t ively. Ammonia 

derivat ives of organic compounds and salts  of  large organic ca t ions as 

well as produc ts of the petrochemical indus try have been e f fec tively 

employed for soil s tabil izat ion .. ·Mo s t  recent ly , at ten t ion has been 

focused on using indus trial and municipal wastes ,  too . 

In Oklahoma , the current widely- us ed practice is  to  add hydrated 

lime to sha les . While some pavements con ta ining lime s tabilized shale 

perform sa t isfa ctor ily , others are r eported to undergo s trength lo s s es 

wi t h  t ime , as manifes t ed by pavement failures . 

The purpose of this repor t i s  to s tudy the e f f e c t iveness 

and the opt imiza t ion of the various methods of shale s tabil iza t ion and the 

accurate ma t erial characterization there.o f . This s t udy i s  divided in to 

the following four impor tan t  phases: 

1. Select ion of shales and identif icat ion tes t ing 

2. Prel iminary laboratory stabilization 

J. Selec ti�e labora to ry stabilization and evaluntion, nnd 

4. Opt imi za tion s tudy . 

Also , att emp t s  have been made. to establish useful correlations· 

among the s ignificant eng ineer ing properties of raw shal.es am their 



j 

s t ab i l i z ed coun terpar ts in a manner  t ha t  the relat ionsh ip co u ld b e  

employed a s  predic tive to ols . 

. .  .: --. · 



SHALES IN GENERAL 

CHAPTER I I  

REVIEW O F  LITERATURE 

Shale i s  one of  the mo st co .nunonly oc cur r ing soi l or rock ma t erial 

on the ear t h ' s  surface .
·
. It is o ften u sed as a construc t io n  material . The 

t erm " s hale" has 
.
been applied t9.many c las ses of ma teria l s , wh ich can be 

generally d esc r ib ed as fine-grained , e las t ic sed imen tary ro cks . Accord

ing to Underwood ( 196 7 ) , all  def init ions o f  . shal es contain the s ame bas ic 

terms , " lamina t e.cl" , "sediment ed" , " c lay par t i c l es " . Sha l e s  are l ikely 

t o i nc l ude anything indura ted , f i sslable or l aminated wi th un cer t ain 

J imit. The mated.al tends to break app roxi.mntt:!ly along the bedding p]nne , 

although some secondary breakage can occur as a res u.1 L- of vertical over

bur den p res sure . In general , exa c t  applicat ion o f  the term " shal e "  t o  

any s o i l  mass b ecomes very d i f f icul t when cons ider ing many d i f fer ences 

of o p inion .r egarding the const i t ution of the mat e r i al . Ter zagh i (1 946) 

classifies shal es as rock-like, tha t is, able to cause a r inging s o und 

when hi t by a hammer . Underwood ( 1 96 7) con siders shale to. incl ud e a 

highly indurated and ge nerally fi ss ible equ ival ent o f  c lays tone and / or 

s i l t s tone .  Many eng ine e rs are even inc U.ned to discount f is s i b il it y as 

a requirement and so apply the title to heavily comp<.1ctec.l laminated c I ;1ys 

or silt clays. I ngram (1953) notes three types of flssibi.Jity; nnnH.•ly. 

mass ive , flaggy, and flaky which .includes nc.ceptable or mudrocks c)f 

,ques t ionable degree of lamina t ion , since massivenes s  ltself imp.I . Les random 

par t i c le arrangement s .  Acco rding ·t o  Un derwoo d ' s  c las sifica t ion , shal es 

are s edim.ent ary rocks as compact ion or "soil-like" and cemented or "rock-like". 

4 



A d is t inguishing tes t be tween the two i s  t ha t  the f o r m e r  t e nds  to  slake 

rap id ly in water wh il e . th e lat t e r  do e s  no t .  Th is  i mp l ie s  that  t he 

rock- l ike shale is wel l c emen ted . 

I t  would seem appropria te  to no te that sha l es in this  s tudy , 

tho ugh generally s o i l - l ike in nature , do not conveniently  fall  into e i ther 

cat e gory described , bu.t fall int o a ca tegory which might b e  called 

" par t ially  cemented " . Though these sha les mee t  the chemical compo s i t ion 

norma l ly propos ed by mo� t  wr i t ers (Troutelo t ,  1962 ) ,  they vary in their 

s us cep tibil ity to wea therin g  by their · degree of  cemen t a t ion and minera lo gy . 

CLASS I F I CATION OF SHALES 

The variab i l i ty and the wide . oc currence of a ma terial such as shale 

make c la s s if ic at ion and evalua t ion o f  i ts poss ible behavior an impor t ant 

s tage in the des ign and const ruc t ion proces s . A number of  c lass ificat ion 

sys tems have been developed to  deal with the problem caused by t he char

ac ter of shale . Underwood (196 7 )  presented a summary of the various at

tempts  by many invest igator s t o  i4entify and class ify the shales . As 

evidenced by F igure . l , he favored the geological c lass if icat ion sys tem , 

which broad ly divided the .shales into two group s . "So il-l ike" shale or  

the sha les which are poorly cemented and are readily disaggregated when 

·s laked with water , and "rock-like" shales or shales which are well 

cemented arid res is tant to the ac t ion o f · water . Also , based on the 

engineering propert i es of various shales such as dens ity , natural wa ter 

content , permeability , et c . , and t;heir reported performance , he dis

t inguished between des irab l e  and undes irable shales for cons truc t ion 

purposes . Gamble (19 71) developed a c lass if icat i on sys t e� which was 

bas ed on two basic properties , plas ticity character is tics and s laking 
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d u rn b i J  i t y  o f  t h e  sha l e s . The s l ak ing d u rab i l i t y  t e s t m l' n s ur e s  t h e  

r e s  i s t l.l l l  c e ( )  r L I ) ( .  s I t  a I l '  l. 0 t I t  (:' a ( '  t i ( )  n ( )  r w a L l. r ; 1 1 1 d n \; I d i I y (.' L l s s i .  r i l ' s  

s I w I l ' s  L n t o r o c :  k - J i k e :.rn J s o  i l - I i k l '  s I i  a I l' s . P I ;  1 s L i c i L y c h ;  1 r ;  1 c l v r i s l ic s 

are i nd i c a t ive o f  t he eng i n ee r i n g p ro p e r t i es a nd per f o rm;mce o f  th e..' 

sha l es . H ence , Gamb l e ' s method o f  clas s i f i cat ion i s , in prac t i ce , the 

s ame as Underwood ' s .  

Sha l e  is intermed ia t e  be tween s o i l  and r o c k .  However ,  sha les  

in general vary eno ugh tha t , in  many cas es , "soil"  and 1 1-rock" clas s i f i

ca t io n  s y s t ems are inadequa t e . I t  i s  no t s impl e  to  measure elas t i c  

modulus and compress ive st rength , y e t  t h e  mat e ria l can b e  h a r d  enough 

t o  p revent adeq uate bre akdown to p repare i t  f or At t erberg l imi ts  det er

m i na t ion . These d i s c repanc ies  have l ed t o  the developmen t o f  severa l 

clas s i f ica t ion sy s t ems f o r  sha l es or arg il laceous rock s . B ecause 

var ious re searcher s had d i f f e rent obj e c t ives , there is cons iderab l e  

varia t ion in the types o f  te s t s  inves t igat ed , and a l s o  in t h e  types and 

ages of geo l ogic ma terials  which we re t e s ted . Underwood ( 1 9 6 7 )  dis cus s ed 

many pertinen t prope rties of sha l es whos e analys is is  depicted  in Tab l e  2 . 1 .  

Gamb l e  ( 1 9 7 1 )  tes ted 1 2 0  shal es from many areas o f  the Uni ted S ta t es . 

He d i s cus sed  the shor t-comings of  the geo lo gic al c las s i f i ca t i on sys tems 

for shales , and pro ce s s ed the clas s i f i ca t ion and s tandardized  nomen-

c l a t ur e  shown in Tab le 2 . 2 and Figur e 2 . 2 .  Gra in s i ze and breaking charac t e r

i s t i cs a r e  of  pr imary con s iderat ion . Based on ext ens ive laborat ory t e s t ing 

includ ing s lake durab i l i t y  and At terberg l imi ts , Gamb l e  also pro po s ed the 

eng ineering c l as s i f icat ion for shales and o th er argillaceous rocks shown 

i n  F i gur e 2 . 2 .  

I n  a s t udy by Laguros ( 1 9 7 2 ) , index prope rty t e s ts were performed . 

T h e s e  resul t s  we r e  s upplemen ted by X-ray d i f f rac t ion  analys i s  of  th e mineral-
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C LASS I F I CAT I ON O F  A R G I L LAC EOUS R OC KS ( G AM B L E ,  1 97 1 ) .  
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ogy of the samp l ed t es t ed . Shales were disaggregated for At terberg l imi t s  

and gra in s ize d i s t r ibut ion using ul trasonic equipment . Thi s  tr eatmen t  

ef fec ted changes i n  grain s i z e  d i s t r ibut ion , p las t ic i ty charac teri s t ic s , 

X-ray dif frac t ion pa t terns , and sha l e  fabric . Th e durat i on of  the r e

commended treatment was one hour . The percentage o f  less than two mi cron 

clay was determined to be  impor tant in the appraisal of the engineer ing 

p erfo rmance of shal es . Bas ed on p er cen tages of s il t  and c lay presen t , a 

shale i s  c las s i f ied as a "problem" or  "no proc lem" shal e . Problem 

shale s ,  by d ef init ion , have mo re than 40 percent o f  comb in
.
ed s il t  and 

clay . The index properties for problem shal es are det ermined us ing ultra

sonically d i saggrega t ed mat eria l . 

An add i t ional classi ficat ion s cheme , dire c t ed spec ial ly toward 

argillaceous ma terials , was recen t ly repo rted by Morgernst ern and Eigen

brod ( 19 74) . The primary obj ec t ive o f  t he s tudy was to  fac i l i ta te 

de termina t ion o f  var ia t ions in s treng th and wa ter d e teriora t ion charac ter

i s t i cs of shales as a bas is for thei r clas s i f icai tort . The method deve loped 

is  bas ed on the princ iple tha t a soil will  dis int egra te when exposed to  

wa ter in  an  unconfined manner whi l e  a rock will  not . 

ENGINEERING PROPERTIES OF SHALES 

The l i terature relat ed to the en g ineering proper t i es of shal es 

is l imi ted . S ince the shales in t his s t udy cont�ined l ar g e  amount s o f  

c lays and s il t s , the l i t eratur e  p er t aining t o  the  engineering proper t i es 

o f  compacted clays and s il t  clays becomes r el a t ive and per t inent  and. 

there fore i t  i s  presented here in . 
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ATTERBERG LIMIT S  

T h e  l i q u i. d  l im it a n d  p ] a s t L < · 1 i m i t v a l u e s  t' l 1 ; 1 r : 1 < · L e r i z l• t lw s o i I 

wa t e r  r e l a t .i o n s l t i r .  ' l ' l i L� va l 1 1 l'S .1 r < ' i 1 1 r l 1 1 L' 1 t < ' L'<.J by c l t l' l l l i < · a l , m i 1 w r ; 1 l o g i 

ca l ,  and phys ica l characteris t i c s  o f  s o i l c ons t i t u t en t s  ( Sl ed , Woo dwa rd 

and Lundgr en, 1964) . For shal es,  the l imit values can also ind ica t e  

the s ta t e  o f  t h e  sha le o r  t h e  degree o f  weath er ing be twe en ini t ial indura t ed 

cond i t ion and ul tima t e  br eakdown . The At terberg l imit values are also 

inf l uenced by the me thod o f  samp le prepar a t ion . U l t ras onic treatment 

increas e s  the liquid l imi t and p las t ici ty  index values (Laguros, 19 7 2 ) . 

Na tura l weathering o f  s ha l es also  i n f l uence s the l imit values in a s imilar 

manner ( Laguros , Kumar and Annamalai , 19 7 4 ) . 

MO I S TURE DEN S I TY AND VO I D  RATI O 

The na tural mo i s t ure co ntent and bulk dens i t i tes o f  shales 

vary w i th the  degree of w ea thering . Underwood (19 6 7 )  discussed  two types 

o f  shales ; " favorab l e" , having low mis ture con tent (5  to  1 5% )  and h igh , 

dry dens i ty (110 t o  1 60 p c f ) , and "un f avorab le" , hav ing high mis t ure 

con tent  (20 to 35%) and low dens ity  ( 7 0 to  100 pcf ) .  Vo id rat io , wh ich is 

invers ely r elated to the dry den s i ty , increases with weather ing . 

STRENGTH 

Th e compre s s ive s t rength o f  sha l es var i es over a very wide  range , 

f rom l e s s  than 2 5  ps i for  weake r compact ed s ha l es t o  mo r e  t han 1 5 , 000 p s i  

f o r  we ll cemented shal es . It  depends o n  th e amo un t o f  compact ion, type 

an d amo un t of cement ing agent s , part icl e  o r i enta t ion , and mis t ur e  con

t en t . Wea thering would adversely a f f ect the  above var iab les  and decreases  

the s t rength of s o il s . 

The s t ructure o f  compact ed clays ha s a deci ded e f f ect on comp r es s iv e  

s t reng ths o f  so i l s . Lamb e (19 58 ) , cons id eri ng po s s ib l e  arrangement s  corn-
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posed of s ingle c lay p l ates , propos ed a mechanis t i c  mod e l  for  the s t ructure 

of  compac ted clays , as shown in F igur es 3a and 3b . D i f f erent visua l i

za tion o f  c lay s t ruc tur es by var ious authors are given in F i gure 2 . 3 

( Tan . 1958 ; Aylmo r e  and Quirk , 1 9 60 ; Olsen , 1 9 6 2 ; Young , 1 9 7 1 ;  Borden and 

S ides , 19 7 1 ;  Borden , 19 72 ) . The s t r ength of clays i s  als o inf luenced  

by compac t ion , thixo trophy , phy s i c ochani c a l proper ties and t e s t  cond i t ions . 

The sh ear s t reng th o f  compa c t ed c lays is inf luenced b y  the na tur e 

o f  the  compact ive e f f or t , amoun t  o f  wa t er co ntent and amoun t o f  c lay s i z e 

frac t ions o f  s o i l  par t i c l es ( Seed and Chan , 1 9 5 9 ) . Shear s trains 

p roduced during compact ion are respons ib l e  for d i f ferent e f f e c t s  due to  

the var io us me thods of  comp a c t ion . Borden and S ides  ( 1 9 70 )  noted that 

a flo c culated stru cture resul ts  wi th compact ion on the dry s ide of  the 

o p t imum and disper s ed s t ructur e  when compac t ion t akes p lace on the we t 

s ide  of the op t imum . Th e me thod o f  compac t io n  i s  inf luenc ed wh en s o il 

i s  compac ted dry o f  op timum . Fo r compac t ion wet o f  op timum ,  the f lo c cula t ion 

wil l o ccur unde r  a l l  compac t io n  e f f o rt but the  degree o f  p ar t ic l e  ori ent a

t ion  wil l  be d ependent upon shear s t ra ins p roduc ed by compac t ion ( S eed 

and Chan , 1959 ) . 

Elapsed t ime af t er compac t ion can caus e s igni f icant changes in 

the p ropert ies o f  comp a c t ed clays . Mi tche l l  ( 1 9 64 )  s ugges ted  that the t ime 

b e tween sample  prepara t ion and t es t i ng sho uld be controlled  such tha t  al l 

t e s t s  are equa l ly a f fe c t ed by thixo trophy . The b ulk o f  thixo trop ic 

s t i f f eni ng occurs wit hin the f irs t two weeks with the rate o f  s t if f en ing 

d e termined by t h e  type of c lay , the mo lding  water con ten t , and th e e lectro

l y t e  con cen trat ion (Gray and Kashmeer i ,  1 9 71 ) . 

Var ious phys i coch emic al f actor s , such a s · doub l e  layer osmo t ic 



(a)  (b )  (c )  

� ��" � � -// ):>-:///-"' :,.....---............._ � �'�:�:---<�" /// //�_./'/"� ���% " // 

'II'� 
� "'- � ""-� --::::----'-..... " 

(d ) (e)  (f )  

F igure 2.3:  Idea l ized c lay structure, (a )  card house, and (b)  d ispersed, after Lambe ( 1 958) ,  (c)  c lay model ,  
after Tan ( 1 958) ,  (d ) turbostratic, after Ayl more and Qu i rk ( 1 960 )  and (e )  book house, and 
(f) stack , after Barden and Sides ( 1 97 1  ) . 

-
I -, 
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e xpu l s ive force , Van  der  Waa l s  a t t rac t ive f o r c e  a nd C l ' llll'n t a t i o n  o f  sonH.' 

na tural c lays due t o  carbona te , i ron oxide  and po s s ib l y  organic  ma t t er  

have an infl uenc e on the shear s t rength of  c lays ( Ladd and Kinner , 1 9 6 7 ) . 

Af ter s t udy ing the . s h ear  s t rength of montmo r i l lon i t e , Mes re and O l sen 

( 1 9 7 0 )  conf irmed tha t  th e shearing r es i s t ance to the app l ied energy is 

con t roll ed by a mut ua l  balanc e of  thes e fac to rs . Shear s t r ength of pure 

clays is  a l so a f f e c t ed by the  na t ure o f  th e adsorbed ca t ions . 

S tr ength values are also  a f f ec t ed by the metho d o f  loading , r a t e  

o f  loading , t h e  s t rain l evel  de fining t h e  s trength , s p e c imen s ize , 

dra inage cond i tions , lateral  pres sure and ba s e  re s t rain t s  (Lundgren , 

Mi tche ll  and Wilson , 1 9 6 8 ;  Row and Borden , 1 9 64 ; Duncan and Dunl op , 1 9 6 8 ; 

S eed and Chan , 1 9 5 9 ; Van Aukan , 19 6 3 , and Pen l o f f  and Os t e rber g , 1 9 6 3 ) . 

From th e resul ts o f  convent ional t ri axial t e s t s  and p lain s t ra in 

t e s ts , Lee and Shubeck  ( 1 9 6 8 )  conc luded that s ome f a i l ure s trength was 

ob tained for samp l es having the same f ina l wa t e r  con t ent , i rrespe c t iv e  

o f  t h e  t e s t methods . 

ACTIVITY 

Skemp ton ( 19 5 3 )  and Seed , e t  al  ( 19 64 )  modif ied a measure of 

ac t ivi ty o f  clay so il s . Thi s  is  usua l ly ref erred as th e a c t ivity index 

and is  computed ac cording to the fol lowing formula .  

Ac t iv i ty Index 

Ac t ivity  I ndex 

pla s t i c i ty index 
% < 2 mi cron c lay ( Skemp t on , 1 9 5 3 )  

plas t i c i ty index 
% < 2 micron clay -9  ( S eed , et  al , 1 9 6 4 )  

S everal authors , inc lud i ng Underwood ( 19 6 7 ) , have determined that c l ay 

s o i l s  con taining mon tmoril lon i t e  or  i l l i t e  as thei r pr edominant clay 



16 

mine ral c ons t i t uents have the h ighes t ac tiv i ty index . Some car e mus t 

b e  taken , however ,  in inte rpre t ing the resul t s  o f  ac t iv i ty indices  s ince 

compa risons be twe en sha les depend on o t her  engine e r i ng p n rnme t ers , t o o .  

Res u l t s  s eem to vary dras t i ca l ly wh en compu ted by �s i n g  e i t h er low P I  

va lues o r  low percent ages o f  2 micron clay . 

STRENGTH MECHAN I SM AND FAILURE CONCEPTS 

Tro llope and Chan ( 19 6 0 )  observed a s t r es s- s t ra in phenomenon in 

their meas urement s da t a .  During shear the s o il pa r t i c l e s  o c cuped s tab l e  

and uns table  pos i t ion al terna tively . The s tress- s t rain curve con s is ted 

of  a number of sma l l  j ump s ins tead of b ei ng smoo th . Moving f rom s tabl e 

to uns t ab l e  pos i t ion r equi red mo re en ergy and more s tr e s s  than moving f rom 

uns tab le to stable  pos i t i ons . 

Ceuze ( L 9 64) ass umed tha t th e c L1 y  p l a t e lc' t s  ma k e  edge t o  f .'.1 c: e  

con t acts  w i th ea ch o ther orient ed a t  a random fashion . Wi th the p rogres s  

o f  shear , t h e  ten s i l e  bonds a t  edge t o  face conta c t s  a r e  b roekn continuous ly . 

The l imit  o f  s t ru c t ur ed s t r ength i s  due to  the rup t ur e  o f  all the t ens i l e  

bond s . Musyama and Shibata ( 1 964 ) also  cons idered t h e  con tac ts among the 

c lay segmen ts  to be  only edge to face , bound by thin layers of  adso rbed 

wa te r .  

Failure i n  c lay so i ls may o c cur e i t he r  by f low o r  b y  lo ca l i zed 

ma terial  r up ture . Genera l ly , s o il s  are cons idered t o  be  f r ic t io na l  

ma t e rial  and t h e  Mohr-Coulomb theo ry ind i cates  tha t t h e  so il wil l  f ail 

when ei th er th e obl iquity of resul tan t s t r ess  re aches a maximum value 

on some p lane in the  ma ter ial , o r  when the maximum tens il e normal s tr es s  

reaches a val ue charac teris t i c  of  t h e  ma terial . 

Yang and KcKeyes ( 1 9 7 1 ) , af ter  s t udy ing th e y i e l d  and 
.
f a il ur e  o f  
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clay under t r iaxia l s tresses , conc luded that ana ly t i cal p la s t i ci ty t ech-

niques might be  ap p l i ed succ essf ul ly to des c r ib e  the undrained s tr es s -

s t rain behavior o f  a satura t ed c lay u p  t o  a shear s t ress  level o f  

approxima te ly ha lf o f  the shear s trength o f  the ma teria l .  Beyond th is  

po int , th e deforma t ion b ehavio r devi a t ed from tha t  o f  p l as t i c  ma ter ial 

and app roa ched that of  a f r i c t ional medium , the ult ima t e  s tresses  b eing 

descr ibab l e  in terms o f  the Mohr-Coul omb fa ilure theo ry . 

STAGILI ZATION OF S O ILS 

"The al t era t ion of s o il p rop er t i es t o  mee t spe c i f i c  engineeri ng 

r equi remen ts is known as s o i l  s tabi l izat ion" (Ingles  and Me tcalf , 19 7 3 ) . 

I n  i t s  spec if ic mean ing , as conuno nly und e rs too d in h ighway and a irport  

engineer ing , s o il s t ab i l iza t ion describes thos e methods o f  cons t ruct ion in 

wh ich s o i l s  are t rea t ed to provide sub-ba s e s , base cours es , and oc cas ional ly 

surf ace layers under a l l  norma l  cond i t ions o f  mo is tur e and t raf f ic for an 

e conomic s ervice l i f e  of the p aved ar ea . The paved areas may b e  roads , 

airpor t aprons and runways ,  parking and loa ding p l ac es , feeding courts  

o r  o ther s urface s t ructure of  comparab l e  s tab i l i ty an d durab il ity requir e-

men t s . The maj or e s tabl ished uses o f  s o i l  s tab i l iz a t ion are : 

1 .  L i f t ing a coun try or region out o f  mud o r  ou t o f  
sand f o r  b e t ter economic deve lo pment 

2 .  P roviding bases and s urface s for s econdary and 
farm to market roads , wh ere good p r imary roads 
are already in exis ten c e  

3 .  P ro vid ing bas es f or h igh t y p e  p avemen t s , wh ere 
high type rock and crushed grave l normally  em
p loyed for s uch b as e s  are no t economically availab l e  

4 .  For c i ty and s ub urban s t re e t s  wh ere th e no ise
absorb ing and e las t i c  prope rt ies o f  cer t ain 
s tab il i z ed s o il sy s t ems po s s e s s  def ini t e  
advan tages over obher cons truc t ion materials  
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r) . Fo r m i. I  i t a ry < l ll d  o t l H _' r  P IH L' r g L' l l C l L' S  w l l l' rt '  ; 1 1 1  ; 1 r e;1  
mus l he ma d e  t r a ( f t c � b l c' w l  t h i n  a s h o r l  IH' r i o d 
o [  t i me . 

So il  s tab i l iza t ion invo lves : 

1 .  Diagnos is  of  the weather-res is tan c e  p roper t i es o f  a 
given s o il and r equi r ed d e f ic i enc ies  of  the s e  
p ropert ies  o f  so i l s  i n  terms o f  phy s i ca l ,  phys ico
ch emical  and chemical a ct iv i ties  to  mee t  cer tain 
engineer in g  cr i te r i a  

2 .  Repla cemen t of  the s upp l emen tary requi r ement o f  the 
above ma ter ials  and p ro c es s es , and de c i s ion to  u s e  
t h e  spec i f ic method 

3.  Cons truc t ion cons is t ing o f  in-p lac e  s o il preparation , 
blend ing , compa c t ion ( or den s i ficat io n )  and cur ing ,  and , 

4 .  Economic cons i derat ion rel a t ing t o  the t o t a l c o s t  
inc l uding ma in tenanc e f o r  the s ervice l i f e  o f  the 
s t ruc t ure . 

In  genera l , two broad cat ego r i e s  o f  s tab i l i zing agent s exis t wi t h  

respe c t  to  the s t ab i l izat ion mechan i sms . Th e "ac t ive" s tab i l i zing 

a gen t s , a p r ime exampl e  of wh ich i s  l ime , caus e ch emical r ea c t ions to 

occur in the so i l  water-s t abi l izer  sys t em .  In  this c a t e gory , t h e  ch emica l  

proper t i es o f  so il a r e  very impor tant . Thes e p r op er t i es are organ i c  

ma t t er conten t ,  na tural s o il pH , p r edominan t type o f  clay minera l , and , t o  

a c e r t a in extent , t exture an d p las t ic i ty . The " iner t "  s tab i l iz ing agen ts , 

an examp l e  o f  wh ich i s  b i tuminous mat erials , do not  r ea c t  chemically 

with t he so il or aggregate , but rat her provid e  mod i f ica t ion  or s t ab i l i za-

t ion to  th e sys t em by i ncrea s in g  the cohes ion of t he t r ea ted  mixtur e or 

imp rov ing its waterproo f in g  chara c t eris t i cs  o r  bo th . In this  catego ry , 

the phy s ical chara c t e r i s t i cs o f  th e s o il , such as grada t ion , t exture ,  and 

p las t i c i ty a re the p redominant factors  wh ich con trol the extent  o f  

mod i f  ica t  ion . 

Many ac tive s tab i l i z ing agents , s uch as c ement , l ime , and f lyash , 
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d is p l ay bo th ac t ive  and ine r t  charac teris t i c s  and , therefor e ,  both the  

chemical and phy s ic a l  s o i l  proper t ies  should b e  c ons idered . A compar i son 

o f  the appl icat ion t echniqu e s  and respons e  o f  maj o r  s o i l  c omponent s  to 

var ious typ es o f  s tab i l i z ing agen ts ar e presen t ed in Tab l es 2 . 3  and 2 . 6  

( Ingles  and Me tcal f ,  1 9 73 ) . S inc e s hal es s e l ec t ed f or this s tudy 

contain s ignif ican t amoun t  o f  c lay and s il t , for  which b i tuminous s tab i l i

zation i s  no t sui tab l e  and comme rc ial p e t ro ch emical s tabi l i zer s , ' clapak ' 

and ' clas e t ' ,  wer e  no t f ound b ene f ic ia l , a d e ta i l ed l i t erature survey o f  

t h e  promising s tab i l i z ing agen ts only as  l ime , c emen t , and f lyash i s  p r e

s ented h er e . However , a b r ie f  d es cr ip t ion o f  o ther s tab il i z ing ag en ts  is  

a l so inc luded . 

LIME S TAB IL I ZATION 

Var ious forms of l ime have b e en succ e s s fully u t i l i zed as  a 

soil  s tab i l i z ing agent for many y ears . . Ac cord ing to s o il l ime s tab i l i

za t ion commi t t e e  repo r t  (ARMA , 1 9 5 9 )  the use o f  hyd ra t ed l ime  (hereaf ter 

r ef erred to as " l ime" as a so il s tab il i z er in the roadway cons truc t ion 

has s ignif icantly increased dur ing the p as t  three d ecades . There are 

only two fundamen tal type s of l ime , h igh calc ium and dolomi t ic . Ther e 

i s  l i t tl e  d if f erenc e in the e f f ec t ivene s s  o f  these two types o f  l ime 

for s tab i l i za t ion ; bo th have b een u s ed succes s fu l ly . The chemical r e

ac t ion of l ime wi th s o ils  i s  two f o ld . F i r s t ,  i t  agglomerat es the f in e  c l ay 

p a r t i c l es in to coar s e ,  friab i e  par t ic l es ( s il t  and sand s i ze s )  thro�gh a 

ph enomenon cal l ed bas e exchange .  Nex t , i t  p ro du c es a def in i te  cement ing 

of hard ening a c t ion in which the l ime reac ts chemical ly wi th ava i l ab l e  
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Table 2.3 : 

G U I D E  TO TH E UTI L I ZATI ON O F  SOI L STAB I L I ZE RS 
( I N G L ES AN D M E TCA L F ,  1 973) .  

Appro x .  cost ' 
Stab 1 1 t zer T ype of soi l  Type of Specia l  S pec i a l  p e r  cu . m .  soil  

suitable Appl icat ion AdvantagP.s Disadvanta ges treated ($) 
---- - - ---·--- -· · ---- -- --

-- -- - -

B itume n no n-coh esive S pray : M i x  Ava i l a bi l i ty Sensit ive 4 , ( 112 ) 
SANDS to moisture 

Cement Any M i x  " Rapid set 2 112 

(2 hours) 
E l ectro- saturated E lectrode Work s  below Very accurate 1/2 

hardening C LAYS wel ls water ta bles control needed 
F reezi ng Any Borehole Sec u r i ty Sal i ne ground 1 00 

water bad 
Bentonite -

B itumen G R AV E LS.  Borehole not du rable? 25 

Cement SANDS i njection for coarse 
(/) mate r i als on ly  I-
:::> C hrome-0 l i g n i n  - 70 a: 
C) S i l icates S A N D S ,  Borehole Syneresis 1 20 

TACSS S I LTS i njection Sets o n  contact 60 

Ac ryl amide with water 
(AM-9) - Toxic 1 20 

Lime cohesive M i x  No prema- 2 
soi ls .  CLAYS tu re set 

L i mepi les saturated Vibrated Works below 3 112 

------- --- �T-�------ '-pi les water tables 
Membranes Any Lay E asy R isk of rupture 3 

-- · -·  ··- '---- -· - - - ---- �ement 
Mes lws Any Lay E asy 3 

- - · p_�a�ment 
Po l y 1 1 H� r s  S I L  T S  a n d  M i x  E ven m i x i ng 7 

C L A Y S  d i ff icu l t  
R oad 01 1  coa rse S I L  TS.  Spray Rewo rkable Low durabi l i ty  ( 112 ) 

l i ne SAN D S  
Sandpi les soft C LA Y S  Vibrated Rapid 1 112 

pi les placement 
T herma l C L A Y S  Borehole unsuited to 1 5  

··--- - - -- - - -

V 1 bro-

f lotat ion 
SANDS 

--- · --·-- -- -· --- ---- -

f i r i n g  
Vibrated 
pi les 

sat u rated so i l  
Rapid - . 3 112 

placement 
---- --� · · -

T l 1 £ !  cost c o l u m n  of t 1 1 1 s t a b l < !  1s based on an a ss u r ned so i l po r o s i t y  of 0 : 1 .  a nd no 
t r anspo r t costs I t  provides a n approx 1 r n a l < !  4 u 1 d e  only .  hecause loca l c o n d 1 t 1 o ns 

can yr eat ly  aflP.ct hoth t lH� prnne . cost ancl  thP. n d a! l v 1 ty T tie t wo v a l 1 u �s 1n 
brac kets r efer to spray a ppl tcat 1ons .  for w h i c h  t h e  1 1 1 1 1 1  f i l m for med can o n l y  be 
costecl on a squ a r e  metre basis 
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Table 2.4:  

STABI L I ZATI ON R ESPONSE O F  MAJO R SOI L COMPON E N TS 
( I N G L ES AN D M ETCA L F ,  1 973) . 

Domi nant Soi l  Recommended R easons 
Component Stabi l izers 

Organic matter mechanical other methods ineffective 

Sands clay loam for mechanical stabi l i ty 
cement for density and cohesion 
bitumens for cohesion 

Si lts none known 

Al lophanes l i m e *  f o r  pozzolanic strength 
and densification 

Kaol in sand for mechanical stabi l ity 
cement for early strength 
l ime for workabi l i ty and later strength 

l l l ite cement as for kaolin 
l i me as for kaol in 

Montmori l loni te l ime for  workabi l ity and early strength 

Chlorite cement theoretical (reported stabil ization 
experience is sparse) 

Lime/ gypsum mixtures with gypsum contents up to 40 per cent may be especially 

favourable .  7 



Table 2.5 : 

APP L I CAB I L I TY O F  STAB I L I ZAT I O N M ETHODS ( I NG L ES AN D M E TCA L F , 1 973) .  

De� ignat ion 

!t<Jll.. 
Particle size 1 mm \ 

5.0ll.. 
\·olun'le � tahilit� 

� �  
� :.)  .,. .;.: 

·-; � 
� ·· ;.. , 

L l \ f E  

C I:: \ U:: '.' T  

B 1 T l" \ 1 E '.' S  

POL Y � t nuc 

ORG A '.'\ IC 

� I I::C H .\ :'\ lC\L 0 

T H J:: R \ L -\ L  

Fine c.:l avs Coarse c.:lan Fine silts Coarse silts Fine sands Coarse sands 

< .0006 . 0006-.00:2 .002-. 01 .01-.06 .06-.-1 .-1-2.0 

V. poor Fa ir Fair Good \·. good \'. good 

� 
�� 

........................... ���-

' 

- Range of maximum 
efficienc,· �''���� Effective, but quality 

control ma\· be difficult 

0 i .�. improvement of soi l grading 1)\ m i xing-in gravels , sands or clays as appropriate 

['...; 
['...; 



2 3  

Table 2 .6 :  

BROAD COMPAR ISON OF STABI L I ZATI ON TECHN I QU ES 
( I N G  LES AN D M ETCA L F ,  1 973) . 

In situ Pavement Mechanical Cement Lime Bitumen Material Thickness 
Natural M i n .  10 cm . F i nes may be Probably not Not necessary Not necessary 
gravel (4 i n ) needed to necessary except if unless lacking 

prevent except i f  plastic. 2-4 fines. 3 per cent 

ravel l ing plastic. 2-4 per cent residual 

per cent bi tumen . Use 
medium or.slow 
curing cut-back 
or emulsion 

Clean sand Min. 10 cm. Coarse Unsuitable; Unsuitable; Most suitable 3 per cent 
(4 i n . )  material for produces no reaction residual bitumen . 

strength and brittle Rapid c u r i ng cut-
fi nes to material backs may be used 
prevent Add 2 per cent l ime 
ravelling for wet sand. ----------- -- - - -------

Clayey 1 5-25 c m . Coarse 4-8 per cent May be May be suitable. 
sand (6- 1 0  i n . )  material for suitable, 3-4 per cent. 
loam strength depending 

and seal on clay 
adhesion content'" 

Sandy clay 1 5-35 c m .  N o t  usually 4- 1 2  4-8 per cent May be suitable 
(6-1 4 i n . )  suitable per cent depending for l ight traffic. 

on clay 3-4 per cent 
content 

Heavy c l ay 25 c m .  Unsuitable Unsuitable. Most Not usually suitable. 
(10 in ) Mixing may suitable. 

be assisted 4-8 per cent 
by pre- depe nding 
treatment on clay 
with 2 per cent content 
lime then 
8- 1 5  per cent 
cement 

Lime may render the material  non-p l astic if  c iay co ntent is l ow .  U su a l l y  req u i res 
less than 4 per cent l i m e .  
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s i l ic a  and some a lumina :i n the  r aw s o i l  o r  w ith po z z o L 1 1 1  ad d i t iv e s , l ike 

f l y a s l i , r o rm f n g c a l c i um s i. l lc a t t > s  a n d  a l u m i n a l e s . f n  � ·. t ' l l l' C t l , l l m t •  

r eac t s  r ead i .l y  w i. t h  mo s t  p l a s t i c so i ls  c on t a in i n g c la y , c i t l w r t he f l n e  

grained c lays or c lay gravel types . Thes e s oi l s  have plas t ic i ty ind ex 

values rang ing from 10 to 50% . In ord er for l ime to  rea c t  with s o i l s  

hav ing n o  or  low p las t ic i ty , generally a po z z o lan (which he l p s  i n  c emen ta-

t ion ) is  needed . Flyash , a was t e  mat er ial from c oal b urn ing b o i l er plan t s , 

is the c ommon ly used po z zo lan f or thi s purpo se , al though o th ers , l ike 

vo lcanic ash and expand ed sha l e  f in es , have b e en succ ess ful ly used . 

Ac tually , add i t ional l ime chan ges the phy s ical  charac t er is t ics  o f  mos t 

c lay so il s .  In s ummary th ese  phys ical  chan ges are (Wang  and Handy , 1 9 6 6 ) : 

1 .  The p l a s t ic i t y  ind ex drops  sha r p ly - as muc h  as  thr ee 
or more - fold in some ins tanc es 

2 .  The plas t i c i ty l im i t  gen era l ly increas es and the 
l iquid l imi t d ec r ea ses 

3 .  The s o i l  b inder con ten t d e c r ea s e s  s ub s tant ial ly 

4 .  The l in eal  shr inkage and swe l l  decr ea s e  markedly 

5 .  The d i s in t egra t ion (break up ) of clay clods d ur ing 
pulver i za t ion is  accelera t ed and the s oi l s  become 
fr iab le and c an be worked eas i ly 

. 6 .  Unc onf ined compress ive s trength increases  con s iderab ly 

7 .  Load b earing values , as  meas ur ed by the CBR t es t , 
inc r ea s es sub s tantially 

8 .  In swamps , where s o i l s  con ta in wa t er in exc ess  of  the 
mo is ture con t en t , the app l icat ion of  l ime fac i l i t a t es 
dry ing of the s o i l  

9 .  A l ime s tab il i zed base  o f  subbas e f orms a wat er r e
s is tant barr ier b y  s topp in g  p enetration of  grav i ta
tional seepage and rapid evaporat ion of exi s t ing 
mo is tur e  of  coar s e  gra in ed so i l . 



2 5  

EFFECTS O F  LIME STAB IL IZATION 

The e f f ec t s of  l ime as  a s tab il i zer are general ly wel l  known 

and may be grouped in to the d i f f er en t  pro perty mod i f ica t i on which i t  

norma l ly i s  expec t ed t o  b r in g  about . 

1 .  Short  t erm reduc t ion o f  plas t ic i ty (F igure 2 . 4 ) 

2 .  Shor t t e rm reduc t ion of  swe l l ing 

3 .  Short term red uc t ion o f  permeab i l i ty 

4 .  Long term inc r ea s e  in s tr ength  

S uch mod i f icat ions have made l ime an  idea l s t a b il i z ing agen t 

for hi ghway bas es and subba s e s  cons truc t ed in c layey s o i l  a r eas . 

SHORT TERM EFFECTS (AMELIORATION )  

Sho r t  term ef f ec ts o f  l ime so il  mi xtures ar e tho s e  expec ted 

d ur ing the f irs t hour of mixing . These ef f ec t s  are  norma l ly produced 

by the ad d i t ion of sma l l  per c en tage of l ime , usua l ly no more than thr ee 

perc ent by dry weigh t  o f  soil  fract ion . In the pas t , the amoun t of 

t ime r equ ired to p roduce a l l  of the amel iorat ion e f f ec t s  noted above 

w i thout providing for l ong- t erm s tr eng then ing ha s been ref erred t o , 

perhaps mis takenly , as  the " l ime f ixa t io n  po int "  or " l ime re t ent ion  poin t "  

( H i l t  and Davi dson , 1 96 1 ; Ho and Handy , 1 9 6 3 ) . 

I n  o t he r cas es . i t  was thought to b e  tha t po in t a t  wh ich the 

r es ul t ing f loe s i z e  became maximum ( P in t o , David s on , and Laguros , 1 96 2 ) .  

I t  has f ur ther been assoc i a ted with b e ing a pH po i n t  j ust  short  o f  the  

req uired to caus e breakdown of  s il i ca and  alumina complexes and c lay 

minera l s  (Eades and Grim ,  1966 ) . 

Eades and Gr im ( 1 966 ) , af t er cons id erab l e  rev iew o f  t he l ime 
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f ixat i on phenomenon , devised a pH dependen t t es t  t o  eva l uat e the " po int " 

exp erimen ta l ly . They s ugges ted th i s  a s  n me thod for d e t e rm i n i ng t i l e  l ime 

requi rement for " s tab i l izat ion" o f  a s o i l . Beca u s e  o f  t he con s i dera b l <:> 

d i f f erenc e of  opinion as  to  the d e f ini tion and s i gn i f i canc e o f  t h i s poin t , 

the au thors elec t ed t o  def ine the ir l ime requi remen t po in t as  tha t per-

cen tage o f  l ime " c onsumed " by the s o i l  dur ing the f ir s t  hou r  of  fo l-

lowing mixin g ,  tha t i s , the perc entage at  which a pH versus l ime c urve 

for the s o i l  becomes asymp t o t ic (Anes s i , 1 9 7 0 ) . The r es ult ing percentage 

migh t have been somewha t larger than tha t amoun t which would  have re-

sul ted through t he use  of  Ho and Handy ( 1 9 6 3 )  " l ime r e t en t ion" approach , 

s ince  s i zeab l e  s t rength increa s es wer e obse rved by Eades and Gr im ( 1 9 6 6 )  

af ter l ong time cur ing . Th is  mi gh t  be  a t tr ibu ted , at  l e a s t  par t ia l ly , 

t o  the fa c t  tha t the pH method was based on an asymp to t i c  po in t as a 

pH o f  1 2 . 2  to 1 2 . 4  (Fi gur e 2 . 5 ) .  A s o i l  lime mi x t ur e  t ends to  con t inue 

increas ing in s t rength unt il pH values are wel l  b elow 1 1 . A pH of  th is 

va lue is  suff icien t  t o  di ssolve s i l ica  and form c a l c ium s i l ica t e  hydra t e . 

Several recen t s tud i e s  (Diamond and Kin t er , 1 9 6 6 )  c larify  

t he so il- l ime mechan ism and have resul t ed in  s evera l in t er e s t ing in t er-

p r e ta t ion s . 

1 .  Lime i s  ab sorb ed phy s ical ly and a t  a rapid  rat e onto 
most  c l ay s  from the mix . Thi s  abs o r p t ion r emoves both  
.cal c i um and hydroxyl ions f r om solu t i on concur ren tly , 
disagreeing with the c a l c ium c rowd ing concep t sug
ges t ed by th e a f or emen t ioned I owa S ta t e  inve s t i gators  

2 .  The t o ta l  amoun ts of  l ime t o  b �  absorbed in the s e  
t e s t s  t end s t o  conf irm with  va lues o f  l ime f ixa t i on 
po ints  and t o  s o r p t i on of  a l i t t le mor e than a mano
mo lecular  layer of calc ium hyd roxide on the ext ernal 
s ur f  ace of  the c l ay 

Ext ens ion of  the above dis cus s ion l ed t o  t he proposal tha t ins tan-
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taneous f ormat ion o f  t e tracalcium aluminate hydra t e s  ( C
4

AH
1 3

) a t  edge t o  

f a c e  po ints  causes  a n  a lmo s t inuned iate f lo c culat ion o f  par t ic l e s  and ther e

by inc reas es the ef f e c t  pa r t i c l e  s i z e , a s  wel l as e s tabl i sh in g  a s tructur e  

which impedes swe l l ing or shr inkage ac t ivi ty which mi gh t resul t from var i

a t ion of so i l  mo is ture con t en t . 

LONG TERM EFFECTS OF LIME STABILI ZAT ION 

The po r t ion o f  the rea c t ion betwe en l ime and soil  wh ich pr imar i ly 

takes place a f t e r  the f ir s t  hour or so o f  cur in g has been ca lled " l ong 

term" , " delayed " , or "poz zolan i c "  reac t io n .  I t  c ons i s t s , primar ily of 

po z zo lan ic changes t o  the mineral a l t hough Diamond and Kin ter ( 19 6 6 )  f e el 

that even this  is  insuf f ic ien t  as  a comp l e t e  explana t i on · f or wha t occurs 

dur ing this period . I t  con s i s t s  o f  the s low f o rma t ion o f  poorly crys tal

l i zed hydra ted calcium s il i cates  and a lumina tes which s eem t o  s trongly 

c ement cons t i tuent par t icles  toge ther . Whe ther the reac t io n  is  b e tween 

l iberated s ili ca and l ime or b etween the l ime and c lay s ur f  ac e appears to 

be  a bone o f  con ten t ion among var ious autho rs . Exp er imen tal  evidence  

indicates  tha t the predominant r eac t ions tak€ place b e tween the c l ay 

mineral f rac t ion and tha t l i t t l e  or no reac t ion t akes p l ace w i th other 

maj or cons t i tuen t s  o f  soil such as  q uar t z  (Glenn and Handy , 19 63 ) . 

A l i s t  o f  react ion products  comp iled  from nume rous tes ts  i s  

pre s ented i n  Tab l e  2 . 7 . . The types and amoun t s  o f  prod u c t  are apparen t ly 

dependent on the min eralogy o f  the cons t i tuents , the type o f  l ime , the 

temperature of cur e and the amoun ts of wa ter prese nt . Thi s  is t he resul t 

o f  inves t iga t ions conducted on s tandard clays a t  high wat er and l ime 

c on t ents and of ten at high t emperatur e  cur in g  in order to  a s s ur e  adequa te 



Tab l e  2 . 7 :  

SUMMARY OF CRYSTALLINE PRODUCTS OBSERVED FROM x-�AY ANALYS I S
a 

(ANESS I ,  1 9 7 0 )  

Cur ing Temp . 

No tes : 

oc 

5 

2 3  

4 0  

5 0  

6 0  

A--C A ' H  
4 n 

G--CSH ( g e l )  

1--CSH ( I )  

I l--CSH ( I I ) 

? --Probab l e  

1 Day 

A? , G  

A , G  

A? , G  

A? , G  

A? , Ga , I l a  

3 Days 7 Day s  

A? G ,  I I  A? , G , I I 

A ? G , I I A? , G , I I 

A? G , I I A? , G , I I 

A ? G , II A ,  Ga , I l a  

A , G , I I A , Ga , I la 

C--CaO 

A ' --Al 0 
2 3 

H--H 0 
2 

S-- S iO 
2 

1 4  Day s 

A? , G , I I 

A? , G , I I 

A ? G , I I 

A , Ga , II a  

A , Ga , Ia , I l a  

a--Probab l e  Lat t ice  s ub s t i tu t io n  

N . D.-No t d e termined 
a 

Af t er Ruf f  and Ho ( 1 9 6 6 )  

2 8  Days 5 6  Days 

A? , G , I I A , G , I I 

A? , G , I I A , G , I I 

A? , G , I I A , G , I I 

A , Ga , Ia , I la N . D .  

N . D .  N . D .  

VJ 
0 
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amounts r ea c tion produc t for  X- ray d i f frac t ion  t es t ing (Anes s i , 1 9 7 0 ) . 

The long term reac t io n  mechani sm is grea t ly enhanc ed by h igh 

so il mo is ture con tent , h igh humid i ty and high temp era ture dur ing cur ing . 

Laboratory control o f  these fact ors s peed s the rate o f  s t reng th inc rease  

and improves the  crys ta l lin i ty and  even chan ge s the ' type of  cemen t ing 

p rodu c t s  developed . 

High t emp era ture curing migh t be  expec t ed t o  result  in so il  

s tr ength mod if ica t ion b eyond tha t wh ich might b e  exp ec ted i n  the f i eld 

(Anday , 1 9 6 3 ;  Ru f f  and Ho , 1 9 6 5 ; Diamo nd , S idney , Whi te and Do l ch , 1 9 6 3 ) . 

Relat ionships b etween laboratory cured and amb ien t cured sp ecimens 

ind ica te  tha t this i s  indeed the cas e  (Anday , 19 6 3 , F i gure 2 . 6 ) . 

STRENGTH CHARACTERISTICS  

Many me thods were  us ed to  mea s ur e  the s trength developmen t in  

s o i ls as a resul t o f  l ime s t ab i l i z a t ion . These in cluded b earing (Wang , 

1 9 6 6 ) , un conf ined compress ion (Whi t ehurs t and Yoder , 1 9 5 2 ) , p enetrat ion 

(F reeborough , 1 9 4 7 ) , t r iaxial and durab i l i ty t e s t ing (Wh i tehur s t  and 

Yoder , 1 9 52 ) . All but the la s t  of thes e me thods indicat ed tha t the 

s t rength o f  clay-l ime mixtures incr eas ed subs tan tially in p er io ds of 

weeks and that the increase in s tr ength cont inued f or mon th s , even 

y ears , provid ed suf f ic i ent amoun t s  o f  l ime wer e  used and mo is ture and 

t empe ra tur e  cond i t i on s  were main tained within c e r t a in limit s ,  as shown 

in Figures 2 .  7 and 2 . 8 . 

Durab i l i ty t e s ting i s  usua l ly based  on t h e  ab i l i ty of  a s o i l  t o  

ma inta in i t s  s tr ength charac t e r i s t i c s  through al t e rna te cyc les  o f  we t-dry 

or free ze- thaw . Perhaps  the l eas t des irab l e  a t t r ibute o f  the l ime s t ab i l i z e d  
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clay so il i s  i t s  rela t ive inabil i ty t o  re ta in s trength a f t er being 

subj ec ted to  we t-dry and f reeze- thaw cyc l es . The bes t so l u t i on for  t h is 

s ho r t coming has apparen tly b een to r e f ra i n f r om u s i ng I i me in s i t ua t i o n s  

where s uch wea thering cond i t ions might b e  expec t ed to  oc cur . 

Dif ficul t ies  in pred ic t ing the even tual s trengths of s o i l  

l ime mixtures have b een expe rienc ed as a resul t o f  t h e  very s low c ur ing 

proc e s s  d ur ing wh i ch mo s t  of the s t rength increa s e is d eveloped . A me thod 

which has p roven somewhat b en ef ic ial is the app l i ca t ion  of  high t empera ture 

cur ing (Ruf f and Clara , 1 9 65 ; Anday , 1 9 6 3 ) . Al t hough this method was met 

wi th reasonab le success  in pr ed i c t ing eventual " long t erm" s tren gths in 

the laborat ory , per turba t ions caused by f i eld cond i t ions o f t en r es u l t  in 

s ub s t an t ial  devi a t i ons of deve loped s t ren g t h  from tho s e  predicted . De

s p i t e  these diff icul t ie s , labo rat ory resul t s , when in t er p r e t ed cor r ec t ly , 

p rovi de a t  lea s t  an approxima t e idea o f  the even tual s t reng th  of  the 

s tab i l i zed s o il . 

The fact  tha t  a predominan t ly clay  sha le fal ls  int o  the s o i l  

c a t egory may in troduce ano th er d i f f iculty . The very nat ure o f  shale s , 

even when treated in the lab o ra t ory , tend s to  impa ir the e f f i c ient 

di s t r ibut ion of l ime th roughou t the s o i l  ma s s . Bond s b e tween par t i c l e s  

in " c l us ters"  or " domains"  o f ten a r e  s uf f ic iently s t rong t o  keep wa t e r  

borne l ime , ei ther i n  molecular or ion i c  (Ca
++ 

a n d  OH
-

) form ,  away f rom t h e  

t o t a l  ava i l ab le s ur f ace area . 

Some cons i de ra t ion mig h t  b e  given here t o  the theo�y o f  l ime 

migra tion , tha t ab il i ty of l ime to travel t hrough a so il  mass  fo r long 

d i s tance ov er ext ended per iods o f  t ime and thereby mod i f y  tha t soi l  

s ign i f icantly  (David son . Dernirel and Handy . 1 9 6 5 ) . Des p i t e some succ ess 
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[ o r  t h is theo ry , l i me mig ra t ion s e ems s i gn i r ican t .l y  U l' IH' ll < l en t o n  t h l"' 

ab i l i ty of  wa ter t o  carry the l ime through the s o i l  med i um ,  tha t  is , i t s  

permeab il i t y . Becaus e o f  the ex tremely low permeab i l i t ies  o f  mos t  shale s , 

l ime migra t ion e f f ec ts ar e probab ly min imal , if exper ien c ed a t  al l .  

CEMENT STABILI ZAT ION 

Cemen t s tab i l i zat ion was s tar ted as early as  1 9 1 5  by an 

en terpr is ing paving contrac tor in Saras o ta , Florid a  (Davidson , 196 2 ) . 

Dur ing the 1 9 2 0 ' s s everal s ta te h ighway d epar tmen ts , inc lud ing Iowa , S ou th 

Dako ta , Ohio , Cal ifornia and T exas , exper imen t ed w i th mixture o f  so i l  and 

c emen t for  paving .  However , b ecause  of lack of knowledge of the appl i ca

t i on of so i l - sc i ence  to road buildin g  the exper imen ts produc ed unpre

d ic tab le resul ts . In 1 9 3 2 , the South Carol ina S t a t e  Highway Depar tmen t 

began inves t i ga t ions  of  mixtures o f  s o i l  and c emen t und er the lead er ship 

o f  the la t e  Dr . C .  H .  Moor f ield , then Chi e f  Highway Commis s ioner . S everal 

tes t s ec t ions wer e bui l t  in 1 9 3 3  and 1 9 34 . The p er formanc e  o f  thes e  t es t  

s ec t i ons showed tha t s o i l  and c emen t were c ompa t ib le ma t er ia l s  and tha t 

th ey could be  mixed together t o  form a l ow co s t  base  ma t e r ial  f o r  roads . 

The excel lent work o f  the S ou th Carol ina S tate  Highway Depar t

men t s t imul a t ed mor e  s tud ies  by them and an ext en s ive research pro gram 

by the Por t land Cemen t As soc ia t ion in i t ia ted in January 1 9 5 3  under the 

d ir ec t ion of F .  T .  Shee t s , Consul t ing Engin eer and M. D .  Cat t on , Develop

men t  Depa r tment . Cemen t came w i th the d i s covery in 1 9 2 9  o f  the mo is tur e

d ens ity  r e lat ionshi p  in s o i l  c ompac t ion . To c on f i rm re sul t s  o f  th e 

laboratory r esul ts , the South Caro l ina S t a te Highway Depar tmen t , Bureau 

o f  Publ ic  Roads and Por t land Cemen t As s o c ia t ion coopera t ed in  cons truc t ion 
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of  one and a hal f mile s ec t ion o f  pavemen t nea r Johns onvi l le i n  the f a l l  

o f  1 9 35 .  This proj e c t  b ecame known as the f ir s t  " eng ineer ed " so il-cemen t 

r oad . 

Th e s uc c e s s  o f  the Johnsonvill e ,  S outh Caro l ina t e s t  road l e d  

to the  add i t ional exper imen tal s e c t ions i n  1 9 3 6  in South Caro l ina and i n  

I l l inois , Michigan , Mis sour i a n d  Wi scon s in .  By 1 9 40 over s even and a hal f  

mill ion s quare yards o f  s o il -c ement had b een b u i l t  i n  th e Uni ted  S ta t e s , 

mos t ly on roads and s tree ts . Dur ing the war per iod , 1 9 4 1-44 , 2 2  mil l ion 

squar e yards  of s o il-cemen t a ir po r t s  were buil t , whereas r elatively f ew 

roads were buil t .  

By 1 9 60 the annual use o f  s o il-c emen t in the Un i ted  S ta te s  and 

Canada reached 46  mil lion s quar e  yards wi th a t o tal  con s truc ted yardage 

to t ha t  d a t e  o f  almo s t  294 mil l i on s quar e yards . 

I n  add i t ion to the wid espread us e in the Uni t ed S tates , soi l 

c emen t has b een u s ed extens ively in England , South Afr ica , the Midd le Eas t ,  

South America and Germany . The rap id ly expand in g  app l ica t i on s  o f  mixture s 

of  s o il and cemen t have resul ted in t!E u s e  o f  s evera l d if f er ent  termino log ies  

such as so il c ement , cemen t t r ea ted bas e ,  c emen t mod i f i ed soil  and p las t ic 

so il-c ement . 

C EMENT REQUIREMENT OF SOILS 

According to  the American Road Bu ilder ' s  As soc i a t i on ( 1 9 5 3 ) , the 

p ro por t ion of c ement  to  s o il r equired to produce a s a t i s f a c tory soil cemen t 

m i x for e a c h  t y p e o f  s o i l  i s  d e t ermin ed f r om the r e s u l t s  o f  tes ts  per

formed und er car e f u l ly cont rol l ed laboratory c ondi t ions . These t e s t s  are 

as fol lows : 

1 .  Thos e neces sary t o  c la s s i fy the s o i l  acco rd ing to the 
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sys t em o f  c l as s i f ica t ions o f  the U . S .  Bureau o f  
Pub l i c  Roads 

2 .  The pr eparat ion of  t r ial mix tures con tain ing var ying 
pro po r t ions o f  s o i l  to c emen t and the det erminat i on 
of the " o p t imum moi s ture con t en t "  and "maximum d ens i ty"  
for  each mixture 

3 .  Two s e t s  o f  spec imens con taining the opt imum p er cen t
age of wa t er are then mo lded from mat er ia l  repres ent ing 
each of the t r ial mixtur es . One set o f  s pec imens for 
each t r ial mi xtu re is  s ub j ec t ed t o  the wet t ing and 
drying and o ther s e t  i s  subj ec t ed t o  f r ee z i ng and thaw
ing tes t ( 1 2  cycl es , ASTM me thod ) 

F rom the re sul ts  o f  thes e tes t s ,  the percentage o f  cement r equ ired t o  

pro duce a s a t i s fac tory mixture is d e te rmined b y  compar ing t h e  perc entage 

l os s e s dur ing the te s t  wi th the f o llowing a l l owab l e  max imum : 

PH.A 
S o i l  Group 

A- 2 
A- 3 

A-4 
A- 5 

A- 6 

A- 7 

Tab l e  2 . 8 : 

CEMENT REQUIREMENT FOR SOILS 

Revis ed USBPR 
S o i l  Group 

A-1-a 
A- 1-b 
A- 2-4 
A-2- 5 

A- 3 

A- 2-6  
A-2-7  

A-4 
A- 5 

A-6 
A- 7- 5 
A-7-6 

Allowab l e  
S o il Cemen t Lo s s *  

1 4 % 

1 0% 

7 %  

*Res u l t ing f rom 1 2  cyc l es o f  e i t her t h e  AS TM we t / dry or  f r e e z e- thaw t e s t  

Based  upon wor ld-wid e que s t ionnaire  survey o n  the S tat e-o f -ar t of  

so il-P . C .  s tab il i z a t ion ce�en t r equiremen ts  by AASHTO , soi l groups and 

o ther s o i l  types are in Tabl e  2 . 9 . 
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Tab l e  2 . 9 :  

CEMENT REQUIREMENTS FOR SOILS 

AASHTO S o i l  Group 
or  

Mi s c el laneous Soi ls  

A- l
a 

(Gray A hori zon , add 4%)  

A- 1 ( Black A-ho r izon , add 6%)  
A- 2 
A- 3 

A- 4 

A- 5 

A-6 

A- 7 

She l l  S o i l s  

Limes tone Screenings 

Red-Dog 

Sha l e  

Ca l iche 

C inders 

Air- coo l ed S lag  

Wa t er- coo led S lag  

Es t ima t ed Cement 
Cont en t  and that 

in M-D t e s t s , 
% by weight 

5 

6 
7 
8 

10 

10 

12 

1 3  

7 

5 

8 

10  

7 

8 

7 

1 2  

HRB Bul l e t in No . 2 9 2 , p .  2 1 2 , 1 9 6 1 . 

Cement Cont ent  
u s ed f o r  

W-D and F/T tes t s , 
% by weigh t 

3-5 - 7  

4- 6-8 
5-7-9  
7-9- 1 1  

8- 10- 1 2  

8- 1 0- 1 2  

10- 1 2 - 14 

10- 1 3- 1 5  

5- 7-9 

3-5- 7 

6-8- 10  

8- 10- 1 2  

5- 7-9 

6-8-10 

5-7-9 

10- 1 2-14  
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Cemen t r equiremen t s  f o r d i f f e r en t types o f  so i I re c ommencle<l b y  

t h e  Ok l .'.1 homa I Je pn r tmen t o f  T ran s po r ta t i on ; i r e  g ivr• n  i n  ' 1 ' ; 1 h l f' 2 . 1 0 .  

DIFFERENT STEPS IN CEMENT STABILI ZAT ION 

1 .  Reduc t ion o f  Plas t ic i ty 

The f ir s t  no t ic eable proper ty change tha t occurs when cemen t 

i s  mixed wi th mo is t cohe s iv e  s o i l s  i s  a marked reduc t i on in plas t i c i t y , 

probably caused by calc ium ions r el eased dur ing the in i t ial  c ement 

hydrat ion  r eact ion . The mechanism is e i ther a ca t ion exchang e or a crowd

ing of addit ional c a t ions onto the c lay , both p ro c es s es ac t in g  t o  chan ge 

the elec t r i cal charge dens i ty around the c lay par t i cl es . Clay part i c l es 

then become elec t r ic a l l y  a t t rac t ed t o  one a no ther , caus i n g  f l occul a t i on 

and aggrega t ion . The aggr ega t ed c lay b ehaves l ike a s il t , whi ch has a low 

p las t i c i t y  and cohes ion . Aggrega t ion t akes p l ac e  ra ther qui ckly , and i s  

caus ed b y  the add i t ion o f  relat ively sma l l  amoun ts o f  cemen t .  

2 .  Ccmen t a t ion 

In compac t ed cemen t trea t ed so i l  the hydrat ion of the d i f f er ent  

c emen t  cons t i tuen t s  occurs a t  a d i f f er en t  rate , p rovid ing c emen t i t ious , 

�morphous , and minutely crys tal l ine hyd r a t ion p roduc t s  r e sponsible  for  the 

charac teris t ics of early and long term s trength gains . The c emen t a t ion i s  

ma inly chemi cal i n  n a t ure and may b e  visua l i z ed as d u e  t o  the devel opmen t 

o f  chemi c a l  bonds or l inkages b e tween adj ac en t  c ement grain sur faces , and 

b e tween c emen t  gra in sur faces  and expos ed s o i l  par t i c l e  sur faces . Wi th 

cohes i ve so il s , an impor tant part of t he mechan i sm may b e  the harden ing 

o f  c l ay a ggrega t ions by l ime l i b era ted as  a r e s ul t  o f  the hydration of  

cemen t .  Th is  woul d expla in b o t h  the ha rdened - c ond i t i on o f  aggrega t ions 
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Tab l e  2 . 10 :  

* 
ES TIMATED CEM ENT REQU IR EMEN T  FOR OKLAHOMA S O ILS 

AASH Tn % Cement by Dry Weigh t  o f  So il  
C lass 

% Pas s 200 S i eve 

0 5 10  15  20  2 5  3 0  3 5  

A- 1-a 7 7 6 
A- 1-b 9 8 8 8 7 7 
A- 2-4 9 9 9 8 7 7 8 9 
A- 2- 5 9 9 8 8 8 8 8 8 
A- 2- 6 10  10 9 8 8 8 8 9 
A- 2-7 11 1 1  10 9 9 9 10 10 

SHALES 

A- 1 ,  A- 2 ,  A-3 --Add 2%  c emen t  

A-4 , A-5 , A- 6 ,  A- 7 --Add 1 %  c emen t 

AASH TO % Cemen t by Dry Weigh t o f  S o il 
C lass  

Group Ind ex 

0-2  3-5  6-8  9- 1 1  1 2- 1 4  1 5- 1 7  18-20  

A- 4 9 10 11 
A-5 9 10  1 1  1 1  1 2  
A- 6 10  11  1 2  1 2  1 3  14  
A- 7 - 5  1 1  1 1  1 2  1 3  1 3  1 4  1 6  
A- 7 - 6  1 1  1 2  1 3  14 14  1 5  1 7  

* Res earch and Developmen t D ivis ion 
Oklahoma D ep ar tm en t  of H ighways , 1 9 6 6  
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o b s e r ved w h e r e  l umps o f  8 t a b i l i zed so i l  a r e r emo v ed f n Hn :i ro ad ba s e  

some time after cons truc t ion and the magn i tude of the in crease in s tr ength 

a f t er the harden ing o f  the c emen t bonds would have b een exp ec t e d  t o  be 

comp l e te . 

3 .  F ine Gra ined S o i l s  

The manner i n  wh ich por t land c emen t s tab i l i zes  s o i l s  to  me e t  

requirement s  for s o il c emen t d i f f er s  somewhat f o r  t he two pr in cipal type s 

o f  so ils . In  the f in e  gra ined s il ty and c l ayey soi l s , the c ement , on  

hyd ra t ion , develo ped s t rong linkages among and be twe en the  mineral aggre

ga t es and the so i l  aggrega t es to  form a ma t r ix tha t e f f ec t ively enca s e s  

the so il aggrega t es . T h e  ma t r i x  forms a honeycomb t y p e  o f  s truc ture 

on wh ich the s trength of  the mixture d epends , b ecause the c lay aggregat ion  

wi thin the  ma t r ix have l i t t le  s t rength and con t r ibute l i t t l e  to  the 

s t rength o f  so i l  cement . The ma tr ix  is e f f e c t ive in � ixing the par t i c le s  

so  they c a n  n o  longe r s l ide over each o ther . Thus , the cemen t  no t on ly 

des troys the plas t ic i ty but a l s o  p rovide s  inc r ea s ed shear s tr eng th . The 

s urf  ace chemical e f f ect  of the cemen t reduc e s  th e wa ter a f f in i ty and thus 

the wa t er-ho ld ing capa c i ty of the c layey s o il s . The comb ina t ion o f  r educed 

water aff inity and wa t e r-ho lding capac i ty and a s t rong ma t r ix pr ov ide  an 

encasemen t of the l arger unpulve r i zed raw s o il aggr ega t es . Becaus e of  i t s  

s t rength and reduc ed wa t er a f f in i ty , this  encasemen t s e rves no t only t o  

pro t e c t  t l 1 e  aggr cg� tes  b u t  a l so  t o  p r even t them from swe l l ing and sof ten

ing f rom a b s o r p t i o n  o f  mo i s ture and f rom suf f e r ing d e tr imental f r e e z e-

thaw e f f e c t s . 
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4 .  Granular So ils  

In  the mor e  granular s o i l s  the cemen t ing ac t ion  approaches tha t 

in concre te , exc e p t  that the cement pa s te does no t f i l l  t he voids in the  

a ggrega t e .  In sands , the  aggregat e s  b ecome c emen ted on ly a t  po in t s  o f  

contac t .  The mor e  dens ely graded the s o il , t h e  smaller  the vo ids , the 

mor e  numero us and grea t er the c on ta c t  ar eas , and the s t ronger the c ement-

ing ac t ion . Un iformly graded sand (one-s i z e )  sand , wh ich has a min imum 

o f  cont a c t  area b e tween gra ins , r eq ui res a f a ir ly high c ement con t en t  

f o r  s tab i l i za t ion . Becaus e wel l  graded  granular soils  gen erally al so  

have a low swel l  po tential and low f r o s t  sus c e p t ib i l i t y , i t  i s  poss ible 

to  s tab i l i z e  them with l e s s er cemen t con ten t s  than are n e eded for uni-

fo rmly g raded sands , the more f ro s t -suscep tib l e  s i l ts , and the higher 

swel l ing and f ro s t-sus cep t ib l e  c l ayey s o i l s . Fo r any type of so il , the 

c ementing pro c e s s  i s  given the maximum opportun ity  to devel op  when the 

mixtur e  is  highly compac ted  a t  a mo is ture con t en t  tha t f ac i l i tates  both 

the den s i f  ica t ion o f  the mix and the hydrat ion o f  the c emen t .  

DEGREE OF STABILI ZAT ION 

Four maj o r  var iab l es con trol  the d egree o f  s t ab i l i za t ion o f  

so ils  wi th cemen t :  

1 . the nature  o f  the s o il 
2 . the propor t ion  o f  c emen t in the mix 
) .  the  mo is ture  conten t  at the t ime o f  compa c t ion 
4 . t h e  degree o f  den s i f icat ion at tain ed in compa c t ion 

If  th e mo is tur e con t en t  and the den s i ty are contro l l ed in accordanc� wi th the 

s t andard  me thods and normal mixing and cur ing  p roc edures a re obs erved , the 

na t ur e  of t h e  so il and the propo r t ion o f  c emen t  used d e t e rmine the  degree 

o (  s t ab i l i z a t io n .  I t  i s  pos s ib l e ,  s imp ly by vary ing th e c ement con t en t , 
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to provid e mixes tha t a f t er hydrat ion o f  c �men t may ran ge from tho s e  

t h a t  r esu l t  i n  o n l y a s l i g h t mod i f ic a t i o n o [  tl l C' c. omp;H · L ccl so i l  ( c emen t )  

mi n imum d ura b i l i t y a n J  s t r c-'ng t h  r e q u i r emt'n l s . Wl t P n  1 1 1 ( l i s t· 1 1 r L ' I s  i 1 1 c .r l ' : t s t · d  

suf f ic ien tly  to· produc e a plas t ic mix , a n d  the c emen t c o n t en t  a d j u s t ed 

to  .mee t  s tr eng th and durab il i ty requiremen t s  f or the plas t ic cond i t ion , 

the produc t b ecomes p las t ic s o il c emen t . The ab i l i ty t o  c on trol the 

proper t ies  o f  the mix to  suit the c ons truc t ion and t o  control  the d egr e e  

o f  s tab il i za t ion to s a t i s f y  t h e  s tr eng th and durab i l ity requiremen t s  has 

resul ted in the d evelopmen t o f  thes e thr ee princ ipal types o f  cemen t 

trea t ed s o i l  ( s o i l  c emen t , c emen t mod i f i ed so i l  and plas t ic so il c emen t ) . 

E FF ECT OF CEMENT STABILI ZAT ION 

For cemen t- t rea ted s o ils the opt imum mo i s ture conten t  f or max

imum d ens i ty and the op t imum mo is tur e con tent  for maximum unconf ined 

c ompres s ive s treng th are n o t  nec essar i l y  the same (Dav id son , P i tr e  and 

Ma t eos , 1 9 6 2 ) . I ncreas e in c ompre s s ive s t r eng th of soi l-cemen t with  t ime 

was obs erved b y  C i rc eo , David s on and Dav id ( 1 9 6 2 ) , wh ich was b e t t er than 

random correla t ion in b o t h  a s emi- logar i thmic and logar i thmic manner : 

S A + B log  T 

wher e S 

A ,  B 

T 

S t r en g th 

Cons tan t  

T ime 

The bes t rela t ionship f or granular s o i l  c emen t is  s emi-logar i thm ic ; 

s i l ty and c layey s o il c emen t exh ib i t  the b es t  r e la t ionsh i p  logar ithmi

c a l ly . Thes e corr elat ions  wer e f ound to  exis t ,  independent ly �f changes 

in ( a )  c emen t con ten t , ( b )  t ime of c4r ing to f ive yea r s , ( c )  cur ing 

tempera ture , · ( d )  s i z e  of t es t  spec imen , ( e )  type of s o i l , and ( f )  immer s ion 
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o f  test  specimen b ef or e  t es t ing . Thes e r el a t ions h ip s  can be  used t o  

pr ed ic t t h e  compres s ive s trength of  soil-cemen t .  The s tr ength age r e

l a t ionships can b e  u s ed to  p r ed ic t  the compres s ive s trength of  so il 

c emen t . These  s tr eng th-ag e relat ionshi p  can b e  d e t ermined from the data 

ob tained in s t andard laboratory t es t s . The broad pr oper t i es of compac t ed 

c ement s tab i l i z ed s o i l s d ep end  f ir s t  on c emen t and s econdly on compac t ion . 

In  the same way as  in mechan ic a l ly s tab i l iz ed mat er ials , compac t ion is  

all  impor tan t , and no t only in d egree b u t  in t iming . Compac t ion af t er 

c emen t hydrat ion is , of course , inef f ec t iv e .  The propert ies  natura l ly 

change wi th increas in g  cemen t con t en t ; s treng th and b ear ing capa c i ty 

increase , d urab i l i ty to wet-d ry cyc l es incr ea s es , p ermeab i l ity d ec r ea s es 

in g enera l but incr ea s es in c layey s o il s , the t en d ency t o  shr ink may incr ease  

in  granular so ils , but  the  t end ency ' o f  c lay s o i l s  to  swel l  wil l  b e  r educ ed . 

The mo s t  common mea s ures  o f  the ef f ec t iveness  o f  c emen t s tab i l i za t ion ar e 

unconf ined compr es s ive  s t reng th ,  and / or CBR , and the r es is tanc e to  cyc l es 

of  f r e e z ing/ thawing or we t t ing/drying c ond it ions . In general ,  s tr en g th 

incr eas es l inear ly wi th curren t con t en t , b u t  a t  d i f f er en t  rates  for  d if

f er en t  s o i l s  (Me tc a l f , 1 9 59 ) , as  shown in Figures 2 . 9  and 2 . 1 0 .  Of a lmo s t  

equa l impor tance to  c emen t c on t ent  i s  d ens i t y . A r educ t i on i n  d en s i ty o f  

5 p c f  may cause a 2 0  p ercen t  reduc t ion in s tr eng t h  (F igure 1 2 ) . S e�eral  

worker s hav in g d emons trated a r el a t ion , b e tween s tr en g th and  d ens i t y  of 

the f orm (Mc C l ean , 1 9 6 1 ; Ingles and Fryd enan , 19 6 6 ; Hu t chinson , 19 6 3 ; Lar

n a c h , 1 9 60 ) : 

S = A 
bD 

e 

wher e , S i s  the s t rength , D is  the d en s i ty , and A , b  ar e con s tan t s ; the 

logari thm o f  s tr ength is  l inearly r ela t ed t o  d en s i ty . Typical proper t i es 

of c emen t s tab i l ized s o i l s  ar e shown in Tabl e 2 . 1 1 .  
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Figure 2 .9 :  Effect of cement content o n  strength for various 
soi ls stabi l ized with ord i nary Portland cement, 
and cured for seven days at 25'' C, constant 
moisture content (after Metcalf ,  1 953 ) . 
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Figure 2 . 1 0 : Effect of density on strength of a clay stabi l ized 
with 1 0% cement (after Metcalf,  1 959 ) .  



Table 2 . 1 1 :  

TYPI CAL P ROPE RTI ES O F  C E M ENT-STAB I L I ZE D  SO I LS ( I N G L ES AN D M ETCA L F ,  1 973) . 

Sot Type 

Well graded 
gravel-sand-
clay . sands 0< 
gravels 

Silty sa nd s . 
sandy clays 
sand and 
gravel 
Silty-sandy 
clays poorly 
graded sands 

Silts silty 
clays . very 
poorly graoeo 
so1ts 
Heavy c lays 
organic 
and sulphate 
rich soi l s  

NOTE S. 

I 

i 

St rength R a ng e · · . 
kgf c m ;  { lbf 1 n 2 )  

2S-1 05 
f 4 00 - 1 500 1 anc 
more 8at o 01 
Net e r  I S trength 
, , 5 

, 7 -35 
1 250- 500 .i 

i - '  7 
' 1 00-2 50) 

3 5 - ·  0 5 
1 50- 1 5 0 • 

<... 7 
1 < i oo 1  R atio 

cf  we: dry 
st· e n g th 

, 3 

' E .  Val u e' 2 
kgf/cm2 ( l bf i n 2) 

7-21 x 1 0• 
( 1 -3 x 1 06) 

7 x 1 0• 
(1 x 1 06) 

3. 5-7 x 1 0• cs x 1 05) 
1 x 1 06 I 

I 
Less than ! 
3 . 5 x 1 04 I (Less tha n) 
5 x 1 05 i 

Up to I 
1 .4 x 1 0• ( Up to ) 

2 x 1 0 5  

Permeao . . .  11 I Thermal Volume 
C . B . R . <3> cm sec E x pansion<•> Change'51 

1 n . in · c  
More I H ig h  Dec,easec I Very small  
than by cement less than 
600 15 x 1 0 ·'  1 °'o 

I unstab1 1 . zec (Concrete 
1 8  x 1 0 °"  I 0 1 qo ) 

I stabi l i zed I 
600 I High I Small  

I Decreaseo 
I by Ce'Tlen! I 

I I 
200 I 5 x 1 0 -t 1 0  � 1 0 ·5 I 

unstabi i 1 zec 
i 

0 . 1  x 1 0 -t 7 x 1 o·�  ' 
i 

stabilized I I 

Up to I Lov. I Moderate 

1 00 : l n c ,easec i 

i 
by ce ,.... e - :  I 

I 
Up to I Very low c 1 0· · · , 1 o x 1 0-5 i H i g h  > 4 °o 

50 I I ncreased b� M a y  

! cement ( 1 0 ·' 1  i be increased 
by c ement 

I 
< 1 >  Strength given as approximate figure for 7 days c u re at c o nstant temperature and moisture content appropriate economic cement content. 

density a n d  moisture content levels . R atio of U . C . S . to f lexure a bo ut 4 : 1 i n  sand : 3 1 1 n  ll aolin R atio of U C  S to I T S. about 1 O 1 

<2> From flexure tests Ratio of static to dynamic values about 1 . 1 . Poissons ratio ranges from O 1 to O 3 
C3l Approximate figures for m i xes with 7 days U . C . S . of 250 psi (accepted U . C . S. for base construct ion)  

· c• i  C oefficient for  concrete 3 to 8 x 1 0-6:  bitumen 6 x 1 o-•  

(5)  Only very l 1m1ted data 

I Comm ents I 
I Too strong Wide-

spaced wide 
cracks 
Suitable for 

; bituminous 

! stab1l1zat1on 

Good material 

i 
I l 
I Compaction 

: d1ff1cult1es 
1 n  sands 

I I ; Extreme d1ff1 -
culty in m i x i ng ! 
Use of l i m e  I I ooold be beoe-
flc1al Spec i a l  I treatment for 

, organic and 

l sulphate soi l s  

Use 

Base for 
heavy t ratf1c 

Base for 
heav� traffic 

Sub-base for 
l ig ht traffic 

Lo w -<;i rade 
sub-base 

possibly tor 
upgrading 
subgr ades 

I 
I 
: 

: 

I 

I 

I 

I 

J>
'-.J 
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Delay i n  compac t ion , wh ich al lows the hydra t i on p roc ess t o  commence 

and thus build up the s tr ength of  c l ods , is a maj or caus e o f  loss in 

s tr eng th b ecaus e the mix b ec omes more d i ff icul t  t o  compa c t  and the f inal 

d ens i ty achieved w il l , therefor e ,  be l ower (Wes t ,  1 9 5 9 ) . T ime i s  also  

impor tan t b ecause  s tr ength incr ea s es gradually wi th  age o f  cur ing (Me tca l f , 

1 9 5 9 ) , a s  shown in F i gur es 2 . 1 1 and 2 . 12 .  

S o il c emen t , however , is  no t an elas t ic mat er ia l  (Me tcalf , 1 9 6 6 ) . 

I f  a s o i l  c emen t pavemen t f a i l s  und e r  a wheel load , the fa i lure may b e  

caus ed by tens i l e  s tr es s es i n  t h e  unders id e o f  t h e  s lab und er t h e  load 

or by  s ur f a c e  s tr es s e s  some d is tanc e f r om th e load . The t en s ile s tr ength 

of s o il c ement i s , theref or e ,  o f  in ter e s t  and has b een inves tigat ed by  a 

number o f  workers . General ly , the t en s il e s tr ength a t  the opt imum mois-

tur e conten t  and maximum den s i ty wil l  be about 10%  of  the c ompress ive 

s tr ength at  this c ond it ion ( a s  shown in F i gure  2 . 13 ) . At l ow c ement conten t s  

i t  i s , of  course , pos s ib l e  t o  measur e a r educ t ion  i n  p la s t i c i ty , b u t  this 

b ecomes meaningless  as  cemen ta t i on is  mor e  compl et e .  I t  i s  a lso po s s ib l e  

to measure shr inkage and swe l l  and i t  h a s  b e en shown (George , 19 7 1 )  that 

in granular s o i l s  20% of the shr inkage movement is due t o  c emen t hydra t ion 

as oppo s ed to  dry ing out of the mat eria l . 

COMPARISON OF LIME STABILI ZAT ION AND CEMENT STABILIZATION 

The unconf ined compr ess ive s tr ength of  s oil  l ime mixtur e inc r ea s es 

w i th inc r ea s ing l ime con ten t  to a c er t a in level , us ua l ly ab out 8% for  clay 

so i l s . The ra te o f  increa s e  then d imin ishes un t il no further strength 

g a i n  oc curs wi th increa s ing l ime c on t en t . Thi s  is  in con tra s t  tci cemen t 

s tab i l i za t ion wh ere the increa s e  in s tr eng t h  con t inues to  qui te h igh 
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Figure 2 . 1 1 :  Loss in strength due to delay in  compaction 
for two soi ls stabi l ized with 1 0% cement; 
standard compaction (after West, 1 953) . 
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c enwnt  con ten t ( 20 % ) . Ra p id i n c rea s e  i n  op t imum mo i s t u r e c o n t e n t 

o c curs as a resul t  o f  delayed compac t ion ( F igure 2 . 1 4 ) . I t  may be  mo r e  

economical  to compac t qu i c kly than t o  add ex t ra wa te r .  T ime i s  also  

impor tant b ecau s e  s tr eng th incr eas es gradual ly wi th age  o f  cur ing . The 

var ious ways o f  cur ing also ef f ec t  s t r eng t h , bu t the only general i z a t ion  

tha t may be  mad e  ar e tha t h igher t emp e ra tu res incr eas e the rate o f  gain 

o f  s tr eng th ( F igur e  2 . 1 5) . 

S TAB ILI ZATION WI TH VARIOU S  ADMIXTURES 

L ime s tab i l i z a t ion  is  enhanc ed by th e add i t ion o f  a f lyash , wh i ch 

insu res th e presenc e of  a po z zo lan in  t he mixture and thus  an increas e in 

s tr eng th a f ter a long p er iod o f  t ime is a t tain ed ( NCHRP , 1 9 7 6) . 

S tab il i z ing aggrega t es w i t h  l ime and f lyash has b een increas ing during 

the pas t 20  y ea rs . Many s t a t es and f edera l agenc i es now include this 

pav ing ma terial in  th e ir s p ec i f ica t ions . How ever , b ecaus e this  t echno l ogy 

is no t wid ely known , many agenc i es w i th s ou rc es of lime and f lyash do no t 

make ex t ens ive u s e  o f  th es e mat erial s . Fac tors tha t  are  l ikely to  

inf luenc e the fu tur e  u s e  o f  l ime f lyash aggrega t es (LFA) a r e : 

1 .  Inc reas e in u s e  o f  coal f o r  fuel  

2 .  Low energy r equir emen ts fo r produc ing LFA mixtu r es 

3 .  New t echno l ogy f o r  LFA u s e  

4 .  Wid espread ava i lab i l i ty o f  l ime and f lyash 

F lyash is the f ine r es idu e tha t resu l ts from th e combus t ion o f  coal . I t  

has been es tima t ed tha t the f lyash p roduc t ion in the Uni ted S ta t es w i l l  

app roach 40 mill ion _ tpns · annual ly b y  1 9 80 ( NCHRP , 1 97 6) . 
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F igure 2 . 1 4 :  Effect o f  delay o n  the co.mpacted density of 
a heavy clay, stabi l izer content 1 0  per cent 
(after Dumbleton, 1 962 ) .  
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stabi l ized heavy clay (after I ngles and Metcalf, 
1 973) . 
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FACTORS INFLUENCING LFA PROPERTI ES 

The charac t er i s t i c s  o f  f lyash , l ime , and aggrega t e , their relat ive 

mixing proport ions , and cur ing per iod s influenc e the proper t i e s . Th i s  can 

be p resen t ed in a s impl e d iagram as shown in F igure 2 . 1 6 .  Unconf ined 

compr es s ive s trength is f r equen tly used t o  eva l ua t e  the qual i ty of  cured 

LFA mixtur e s . A general range of  typ ical s trengths for var ious LFA mix ture 

is  g iven in Tab l e  2 . 1 2 .  Bar enb er g ( 1 9 7 4 )  s ta te s  tha t  s tandard ASTM C 5 9 3 

cur ing ( 7  days at 100 ° F . ) develops mixtur E' compress ive s trength rang in g 

from about 500 to 1 2 0 0  ps i . The shear s t rE ·ngth o f  LFA mix tures has no t 

been extens ively cons ide red . Un conf in ed compress ive s t reng th data for 

typical mixtures ind ica t e  tha t  shear s treng th f a i lures ar e no t l ikely 

for norma l pavemen t applicat ions . Typ ical shear s trength (Mo l lan and Marles , 

1 9 6 2 )  for l ime f lyash grav el mixtures ind icate  tha t  ang les o f  shear ing 

r e s i s tance var ied f rom 4 9 °  to 5 3 °  and cohes ion rang ed f rom 55 to 1 28 ps i .  

Mixture c uring wa s equiva len t  to 28 day mo i s t-sand curing at approxima t el y  

7 0  t o  7 5  ° F .  

STABILIZATION WITH B ITUMINOUS MATERIALS 

B i t uminous s tab i l i zat ion i s  l imi ted to  s andy so il  and poor qual i ty 

base ma terial . Two b road conc ep ts ar e in  exis t ence  regard ing bi tuminous 

s t ; 1 b i l i za t ion . 

1 .  Us in g a des ign cr iter ion b a s ed on c emen t a t i on 
and s tr ength 

2 .  A t t empt on ly to wat erproof the soil in order to  
mainta in th e inherent s tr ength of  the  s t ab il i zed 
mat er ia l  under all c ondi t ions of weath e r in g  

Th e advantage o f  t h e  f i r s t  conc ept is  tha t  i t  ob t a ins maximum s tab il i ty 

f or con t inued traf f ic .  One d is t inc t d isadvantage i s  the r elatively h i gh 

c o s t  for stab i l i zat ion .  Al s o , i t  r equires a good pavemen t mater ia l  to 



Aggregatt1 

F igure 2 . 1 6 :  

Total quantity of 
lim� and fly ash 

Factors influencing the properties of 
l ime-fly ash-stabi l ized materials 
(after George, 1 961  ) .  



Gravels  

Sands 

S i l t s  

C lays 

Crushed 
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Tabl e  2 . 1 2 :  

RANGE OF COMPRESS IVE STRE��GTH FOR THE 
LIME- FLY ASH- STABILIZED SHALE 

2 8  Day Imme r s ed 
Compres s ive S treng th 

Mat e rial p s i (kPa ) 

400-1300 ( 28 00- 9 000)  

300- 700 ( 2 100-4800 )  

3 00- 7 00 ( 2 100-4800)  

2 00- 500 ( 1400- 3400)  

S tones and S lag 1400-2000 ( 1 0 , 000- 14 , 000)  
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even a t t emp t this type o f  cons truc t ion . Fo r examp le , an extremely dirty 

gravel whi ch has cons iderab l e  quan t i t i e s  o f  f ines and some plas t ic i ty 

may be  wor sened by s tab i l i zat ion . Thi s  r e su l ts f rom in cr eas ing the 

pl as t ic i ty of  the ma t er ial by addi t ion of  t oo much b i tuminous ma terial . 

The pr inc i pa l advan tage o f  the second concept  is  low c o s t  of  

s tab i l i za t ion ; low quan t i t i es of  b i tuminous mater ials used t o  wat erpro o f  

t h e  f ine s . I t  i s  mo s t  impor t an t to  provide pro p er compac t ion t o  h igh 

dens i t ies  at c l o s ely control l ed mo is tur e  con t en t s  during cons truc t ion . 

STABILI ZAT ION WITH CALCIUM CHLORIDE AND SODIUM CHLORIDE 

Calcium chloride has been used as a s tab i l i z ing agen t , as wel l 

a s  a dus t pal l i a t ive , par t icul a r ly in the c a s e  o f  a soil -aggrega t e  mix ture 

with low so i l  b ind er con ten t . The benef i t  deriv ed from chlor ides i s  r e

tard ing the r a t e  o f  evapor a t i on o f  mos i ture f rom a mechanica lly s tab i l i zed 

s o i l  dur ing cons truc t ion . S ince mo is ture con t ent  is  c r it ical  for proper 

compac t ion o f  granular ma t er ia l s , the mo i s t ur e  ho l d in g  t end enc ies o f  cal c i um 

c hloride  are of grea t b enef i t . P·er f o rrnanc e surveys have po in t ed favorab ly 

to c alcium over sod ium chlor id e ,  in tha t gravel roads t r ea ted wi th cal cium 

chlor ide require rela t ively l i t t l e  ma in t ena nc e .  When proper ly in tegra ted 

w i th the correc t propor t ions o f  so i l  and aggrega t e  and compact ed t o  uni t  

we i ght required in  s tandard prac t ic e , the s a l t  wil l help t he mas s  t o  harden 

and cont inue to  compac t under  tra f f i c , p r ima r i ly b ecause of  wa ter  r e t en t ion 

o ver long periods o f  t ime . Under equa l drying cond i t ion s , a calc ium chlor ide  

or sodium chlor id e s tab i l i zed road  wil l no t lose  a s  muc h mo i s tur e  as one 

w i tho ut the admixtur e ;  in fac t , when the rel a t ive  humi d i t y  i s  7 5% or mor e ,  

mo is ture wi l l  be absorbed f r om t h e  a i r . A p r o p e r t y  o f  t he chlorid e s  tha t  
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hel ps  red uc e  the ra t e  of evapora t ion i s  tha t of  i n crea s i n g t h e  sur f a c e  

tension o f  water . 

Ca lc ium chlo r i de and sodium c h l or i de may s l i gh t ly d ecrea s e  th e 

s tab il i ty o f  a s tab i l i z ed so i l  aggr ega te  mi xtur e  j us t  a f t e r  construc t ion , 

because the chlorides  increas e the plas t i c i t y o f  t he f ine f rac t i on to 

a sma l l  e x t ent . However ,  s ince  the  chlor ides  a c t  as a wa ter  retain ing 

agen t , they will  r es u l t  in  incr eas ed s tr en g th by r et a in ing water in the 

mix , wh ic h aids in the c ompa c t ion under t r a f f i c . Main t enanc e  co s t s  of  

gravel s urf  aces can be grea t ly reduced by the u s e  o f  calc ium chlor ide  and 

sodium c h l or ide because  o f  a reduc t ion in aggrega t e  l o s s  dur in g dry 

s easons of t he year . 

STAB ILI ZATION WITH WATER RETARDING AGENTS 

Many mis c e l laneo us chemicals  are  a va i lab l e  f o r  s tab i l iza t ion , wh ich 

impa r t  wa ter-r e t arding charac ter i s t ic s  to t he s o i l s o  t ha t i t  becomes 

hydro phob i c . They are generally  used in very  sma l l  quan t i t i es ( o f t en as 

l it t l e  at 1 / 2% by wei gh t )  and , as  a r esul t ,  mixing dur ing cons truc t ion is 

very impor tant . Use of thes e chemi cal s  i s  genera l ly r es t r i c t ed t o  i s o l a t e d  

c a s e s  and s p ec ia l cond i t i ons . Th e co s t  o f  t h e  chemic a l  i t s e l f  i s  o f t en 

so great  t ha t  some o t her means of s tab i l i za t ion are bes t s u i ted . 

WEJ\TH ERJ\lH L lTY S TU D I E S  OF S TA B I L I ZED SHALES 

D ur i n g grad i n g  o p e ra t ion , so i l  i s  e.xcava t e d  f rom i t s  or i g inal 

loc a t ion and trans por t ed to  the f i l l  s i te .  The so il is  then spr ead in thin 

layers  and compac ted t o  maximum d ry d ens i ty and o p t imum mo i s ture con t en t . 

Af ter complet ion o f  grading operat ion , the road i s  lef t unpaved for a c er ta in 

period o f  t ime . Dur i ng t h is pe riod , c l ima t ic and environmental f ac t or s  
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act  on t he subgrade s o il . High t emp era tures and low r e la t ive humid i ty 

cond i t ions cause dry ing o f  the compac t ed so il . On the o ther hand , pre

c ip i ta t ion and f ro s t  ac t i on t end to incr ease subgrad e  mo is ture con t en t . 

The e f f ec t s of cyc l es of we t-dry and freez e- thaw on compre s s ive s tr eng th 

of so il s is us ed as a durab i l i ty c r i t er ia . However , in Okl ahoma , 

free z ing o f  subgrades is no t a maj or prob lem exc ept in the nor thwe s t  

sec t ion ;  thus , increases i n  mo is ture con ten t  are d u e  pr imar ily t o  pre

c ip i ta t ion and h igh r elat ive hum id i ty cond i t ions . 

Af t er the placemen t o f  the pavemen t s truc tur e , the sy s t em is 

subj ec ted to the ac t i on of the traf f ic load s . The in t ens i ty and f r equency 

o f  such load app l icat ions are d ic tat ed by tra f f ic cond i t ions but their 

ef f ec t  on pavemen t s  is  d if f icul t  to  evalua t e  accurat ely . From their 

exp er imen ts  wi th sand-asphalt  b eams , Moaven z ad eh and Carnagh i  ( 1 9 6 6 )  and 

on s o il s , S eed , e t . al . ( 1 9 6 7 )  conc lud ed t ha t  as the number of load app l i

ca t ions inc reas es , the d e f l ec t ion p er l oad cyc l e  d ecrea s ed . 

Cyc l i c  load ing provides a charac ter i s t ic me thod of  s t imula t ing the 

gradual changes due to traf f ic induc ed s tr e s s e s  a f ter cons truc t ion of 

h ighways . Eva lua t ion of the e f f ec t s o f  cyc l ic l oad ing are d iscussed in 

d e tail in Chap ter IV . 

EFFECT OF DELAYED COMPACTION 

Labora t ory inve s t iga t i ons trad i t i onally have f o l l owed the proc edur e 

w h e r e i n t h e  s tab i l i z ing agen t i s  mixed wi th the soi l and is innned ia t e ly 

c ompac t ed . I n  the  f i eld , however , . compac t ion takes p l ace within � t ime 

range of one - ha l f ' -t o  three  hours af ter mi xing . I t  appears tha t delayed 

c ompac t ion has an adver s e  e f f ec t  on s treng th ga in d e p e n d ing on the type 

of  so il  material. Mi tchell  and Hoop er . ( 19 61 )  s tud ied - the · ef f ec t  of 
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d el ay b y  us ing an or gan ic expan s ive c lay t o  which  4%  do l omi t ic hydra ted 

l ime was added and found tha t a d e lay o f  24  hour s caused up to  e igh t pcf 

loss  in t he maximum dry un i t  we igh t and 30% loss  in s tr eng th a s  measured 

by t r iaxial compress ion tes ts . Expans ion charac t er is t ic s  wer e also 

adversely a f f ec t ed by elapsed t ime b ef o r e  c ompac t ion . 

Ma teos and David son ( 1 9 6 1 )  mad e a s el ec t ed s t udy o f  the ef f ec t  

o f  d elay upon mixtur es involving either a L ime sand o r  a "gumb o t i l "  ( heavy 

mon trnor i l lor i te cl ay )  s t ab i l i z ed w it h t h r e < '  f l yashes and a h igh calc ium 

hydrated li me .  Samp l es o f  t h e  va r .io u s  m i x t u res were  p r epa red  innned ia t e ly , 

and four and 24  hours af t er we t mixing . D l · crea s e s  in the  dry  un i t  

weigh t s  o f  the sand- f lyash- l ime mixtur es wer e almos t neg l i g ib l e  a f t er the 

24 hours d elay per iod and s treng th  l o s s es wer e correspond ingly sma l l . 

However , w i th the  " gumbo t i l "  in crea s es in t he d elay t ime brough t ab out 

cons idera b l e lower ing in the  dry un i t  we igh ts and unconf in ed compres s ive 

s tr eng ths of the samples ; in fac t , w ith a 2 4  hour delay one mixtur e gave 

los s es vary ing b etween 32 and 49% depend ing on the cur ing per iod . 

And erson and Sh ields ( 19 6 3 )  found with a "Fa lha"  c lay ( a  heavy 

i l J i t e  c lay ) to wh ic h ad ded 2 0 %  high calc ium hydra ted l ime tha t a 24 hour 

d e l ay before  compac t ion lower ed the dry un i t  we igh t s  o f  samp les  apprec iab ly . 

Pinto e t .  al . ( 1 9 6 2 ) under took an evalua t i on of  the ef f ec t  of 

e l a p s ed t ime on mix tures o f  c emen t and l ime on two loess  s o i l s . S amples  

wer e c o mpac ted a t  var ious mo i s ture  con ten ts  ( t o ac coun t f or var iat ions 

in n p t imum mo i s ture con ten t values ) immed ia tely af t er mix ing and also a f t er 

two hour and f our hour delay per iod s . Resu l ts showed t ha t th e  dry uni t  

weigh t s  o f  the samp l es d ec r ea s ed only s l igh tly a s  a resu l t  o f  the d elays , 

irrespec t ive o f  whether l ime was pres en t in the s o i l- c emen t mixtures  or 

no t .  S tr ength val ues wer e a l s o  lower af t er delaying the compac t ion , 
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b u t  here the add i t ion o f  l ime min imi zed thes e d ecreas e s . The l ow s tr eng th 

of some samples wh ich wer e mo lded "we t " , i . e . , at mo i s ture con tents  ab ove 

the o p t imum value for maximum dry un it  weight , wer e improved by a two 

hour d elay before  compac t ion due to the l ime c emen t-s o i l  r eact ions caus ing 

an appa r ent  drying out of the wet mixture and al lowin g crack-fr e e  

samples  to b e  compac t ed a t  the  same energy l evel . 

Dumb leton ( 1 9 62 ) showed tha t a heavy L ondon c lay and 10% h igh 

c a lc ium hyd ra ted l ime mixtur e  gave l es s  than 1 . 0  pcf  d ec r ea s e  in dry uni t  

we igh t when compac ted s ix hours af t e r  mixin g , whi l e  mix tur es o f  the same 

c lay w i th 2 to 5%  and 10% c emen t showed d ec r ea s es of over 7 . 0  p c f  in a 

s imilar per iod . I n i t ially , the l ime c l ay samples  had dry un i t  weigh t s  

which were 5 . 5 pcf  b e low tho s e  o f  t h e  c emen t-clay s p ec imens , bu t af ter 

e igh t day s delay b efor e compa c t ion , the pos i tions were r ever s ed and c ement 

c lay s p ec imens had lower values by 2 . 0  pcf . In  prac t i c e , i t  is  prob ab l e  

tha t t h e  a c t ion o f  l ime on "a h eavy c lay c a n  r es u l t  i n  s u c h  a n  improvemen t 

in hand l ing and mixin g  tha t i t  may outweigh the extra cos t of compac ti on 

to  ma in ta in a r equired  dry un i t  weight . Compared with c emen t so i l , 

l ime so i l , b ecause o f  i t s  relat ively s l ow rat e o f  s tr ength gain , also  has 

the advantage tha t if it canno t b e  compac ted immed ia te ly b ecause o f  heavy 

r a in then i t  can b e  l ef t to dry f or some t ime a t  leas t with l es s  d etr i

men tal e f f ec t . Ac cording to  Herr in and M i t chell  ( 1 9 6 1 ) , the  t ime l imit  

f or reworking l ime- s o i l  mix tur es w ithou t t h e  add i t i on o f  more l ime d ep ends  

on  the f ield  cond i t ions and  the quan t i t y  o f  l ime or iginally  us ed ; if  extra 

l ime mus t  be add ed , the amoun t r equired t o  at t a in the or igian des ign 

c r i t er ia wi l l  usua l l y  b e  sma l l . The ef f ec t  o f  d elayed compac t ion is  shown 

in F igur e 2 . 1 6 for  c emen t s tab il i zed and l i me s tab il ized s o i l s . 
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MINERALOGY AND VOID DOMAIN CHARACTERI STICS 

Among the  l ime c 1 ay r ea c t ion produc ts , t h e  t r i c a l l ' i um s i l i c ;1 t P  

h y d r a t e s , C ,}S H o r  t h e  t o b e rrno r l t e s , ar e t i l e  mos t  i. mpor t a n t  ( C l e n n  < 1 1 1 d  

Handy , 1 9 6 3 ;  Ruf f and Ho , 1 96 6 ;  a n d  Tay l o r , 1 9 6 6 ) . T o b e r mo r i t e s  a r c  f o r med 

as immed ia t e  produc ts  in almo s t  a ll reac t ions in which c a l c ium ions and 

s il ic a t e  ions come t oge th er . The o ther impor t an t  l ime c lay reac t i on 

produc t s  are  CAH , c
3

AH , c
4

AH
n

' c
2

s and c
3

s (Nob l e , 19 6 7 ;
1 

Ruf f . and Ho , 1 9 6 6 ; 

and Taylor , 1 9 6 6 ) . 

Herzog and Mit chell ( 1 9 6 3 )  ind ic a t ed the following on the 

bas is  of X-ray d i f f rac t ion of c lay- c emen t mixture s : 

1 )  P o r t l and c emen t f orms c a l c i um hydroxid e in 
hydra t ing  c lay c emen t 

2 )  The hydra t ion of  c 3 s is  mod if ied in t h e  p r e s ence 
of  c lay 

3) Af t er one week curing  no c rys tal l in e  c a � c ium 
hydroxid e was d e t e c tab l e  in c lay c emen t s p ec imens 

4 )  Sma ll  decrea s es in the in t ens i ty o f  kaol ini t e  
ref lec t i ons  and large decreas e i n  the int ens i ty 
o f  mon tor i l lon i t e ref l ec t ions is ob served under 
12  weeks curing of c lay c emen t 

S )  N ew l ines o f  l ow in t ens i ty were obs erved in some 
c lay c emen t pa t t erns af t er long  c ur ing t ime , sug
ge s t ing the forma t i on o f  new c rys tal line rea c ti on 
produc t s  

Apparent ly s tudies have no t b een per f o rmed o n  pore doma in 

c harac t e r i s t i c s  of s tabil i zed s o il s . Some e l ec t ron micro s c o p i c  s tu d i e s  

o f  s tab il i z ed s o i l s  have been done i n  thi s  s tudy and are presen t ed i n  

Cha p t e r V .  
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CHAPTER I I I  

� . SELECT ION AND PREPARATI ON OF MATERIAL S  

O n  t h e  b as i s  of a p rev ious s tudy (Laguro s , 1 9 7 2 )  e igh t shales wer e 

s el ec ted  for this  inves t ig a t ion . They r epr esen t  typ ical chara c t er i s t i cs of  

shales  in Oklahoma and they c over a range o f  geo logic , phy s iograph ic and 

g eographic  as well as en gin ee ring proper t i es . Rou t in e  eng ineer ing and 

geo log ic informa tion r ela t ed to thes e shales  wer e ob t a ined a t  the S o i l s  

Lab oratory Univer i s ty of  Norman , Oklahoma . The shales  ob t a ined f rom the 

f ield  were a ir d r i ed and then ground to pas s  U . S .  S tandar d S i eve No . 10 . 

The ma ter ial  pas s ing t he No . 1 0  s i eve  was used  for  the inves t iga t i on of 

this s tudy . Samp l ing l o c a t ions o f  th ese  shales  are  shown in Figur e 3 . 1 ,  

and their r el evan t geolo gic and eng ineer ing dat a  are dep i c t ed in 

Tab les 3 . 3 to 3 . 7 .  For s tudy ing the ef f ec t s  of por t land c ement s tab i l i

za t ion , Type I c emen t was us ed . The c ompos i t ion o f  Type I c emen t  is  as 

f o l lows : 

Tabl e  3 . 1 :  

COMPOS ITI ON OF TYPE I CEMENT 

c
3

s ( tr i c a l c ium s i l icat e )  

c
2

s ( d icalc ium s il ic a t e )  

c
3

A ( tr i ca lc ium alumina t e )  

c
4

AF ( te t ra c a l c ium a l uminof err i t e )  

Ca so4 ( ca l c ium s u l pha t e )  

Cao ( ca l c ium o x i de ) 

MgO (magnes ium oxid e )  

49%  

2 5% 

1 2 % 

B% 

2 . 9 % 

0 . 8% 

2 . 4% 

Th e hy d r a ted l ime used f or l ime s t abi l i zat i on wa s U . S . P .  (Powd er ) 
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C a  ( OH)
2

, manufac tur ed b y  J .  T .  Bake r Chemical Company , Ph i ll i psburg , New 

J e rsey 0886 5 .  The maximum l imi t s  f or impur i t ies for t h i s  are giv en as : 

Tabl e  3 . 2 :  

IMPURI TI ES IN L IME 

Chlor i de 
Iron ( F e )  
Sulpha t e  ( so

4
) 

Other heavy me tals  (Pb ) 
A l uminum Hyd roxide 
Mg and Al ka l i sa l t  
I nsolub l e  in HCl 

t he amoun t o f  l ime - 95 t o  

0 . 003%  
0 . 05 %  
0 . 09 %  
0 .  00 2%  
0 . 39% 
0 . 32% 
0 . 0 2 %  

1 0 0 %  

In this  s tudy , f lyash is also included as  a pos s ib l e  low cos t 

s t ab i l i z ing agen t for Okl ahoma shales in v i ew of i t s ab undan t supply 

( 1 1 2 , 500 tons /year ) . The par t icular s amp l e  o f  flyash used in thi s s tudy 

was suppl ied by the Ok lahoma Gas and E l e c t r i c  Company , Ok lahoma C i ty . 

The f lyash , der ived from u s e  o f  Wyoming coal is  their Musko gee plan t , will 

be ava ilab l e  in f uture . The chemical ana lys i s  o f  f lyash ind i cated the 

amount of  CaO to  b e  approxima t ely 24%  ranging mos t ly with in 1 5-34% . Al-

though f l yash is  genera lly u s ed as  an admixture in so i l  l ime or so il 

cemen t s t ab i l i za t i on , the large amount  of CaO in this f lyash encouraged 

i t s  use as a main s tabi l i z in g  a gent . E lemen tal an d min eral analys i s  o f  

flyash is  p resented in Tab les  3 . 8  and 3 . 9 .  

Under t h is  inves t iga t ion , a commerc ia l  c h emical s tab il i z er 

" c fapa k "  wa s tr i ed . Manufac t urers o f  t h i s  product r ecommended the use of 

chemi c a l  admixture t ermed " c la s e t " along wi th  "clapak" f or s o i l s  wi t h  

plas t ic i t y  ind ex mor e  than 10 . S ince a l l  sha l es exc e p t  shal e  35  had 

plas t i c i ty ind i c es more than 10 , both clapak and c l a s e t  wer e t r i ed . The 

conc entr a t i ons of b o t h  chemicals wer e  chosen accord ing to  recommenda t ions 

of the manufac turer . The solut ions were mad e up a t  des ired concen tr a t ions 

and us ed in plac e of  wa t e r  with the amount c o rres pond in g  to  opt imum mo is ture 
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Shale 
Numb er 

29 

30 

31 

3 2  

33  

34  

3 5  

36  

Geologic 
Uni t 

Atoka 

Lab e t t e  

Claypool 

Fredericks
burg 

. John ' s 
Val ley 

Boggy 

Flowerpo t 

S enora 

County 

Muskogee 

Tulsa  

Jef ferson 

Choc t aw 

LeFlore 

Coa l  

B la ine 

Mcintosh 

Tabl e  3 . 3 :  

DESCRIPTION OF SHALES 

S amp ling Locat ion 

SE� SE� SE� SEc . 5 T l lN Rl9E roadway cutbank on 
NW corner of inter s e c t ion of county road s . Sample  
f rom 4- 5 feet  b elow b a s e  on Blackj a ck S ch . sands tone . 

Cen ter W� SE� S ec .  1 8  T26N Rl7E nor theas t cutbank . 
S amp le from 18- 2 0  f e e t  b elow base  o f  Oologah l imes tone . 

S ha l e- 2 000 ' Wes t o f  the SW corner o f  S ec . 3 4  T3S 
R7W on nor th s ide  o f  road . Sample  from zone 12-14 
feet  below base  o f  Aspha l tum sands tone . 

Cen t er NE� S ec . 31 T6S  R20E . S amp l e  from zone 
10- 1 2  feet  b elow the Duck Creek l imes tone . 

� mile  nor th o f  the SE  corner o f  S ec . 2 2  T 3N R2 5E 
a l ong creek b ank j us t  off south s id e  of  Mineral 
S p r ings road . 

C en ter W� Sec . 16 TJ� RlOE . Samp l e  from deep cut 
a long creek b ank j us t  o f f  sou th s id e  o f  Mineral 
S p r ings road . 

NE� NE� NW� S e c . 9 T l 7N RllW in s id e  o f  gul ly . 
S amp le from· about 1 2 0 ' below base  o f  B l a ine gyp sum . 

NW� SW� S ec . 1 2  T l lN Rl4E nor th b acks lope of  
wes t  bound lane . FAP I-40-6 ( 4 5 )  ( 4 6 ) , S ta .  2 7 7+00 . 
Samp le from shally zone b e tween thi ck sands tones 9 

F i e ld Des c ri p t io n  

Gray , f i s s le 
f ine sandy 
shal e  

Gray , blocky 
shale  

Red , b lo cky 
shale 

Ol ive , so f t , 
f i s s le to 
b locky s ha l e  

Black , hard , 
f i s s le shale 

Gray , b locky 
shale 

Red , b lo cky 
sha l e  

Gray and b rown , 
f i s s le to  
b lo cky shale 

"' 
-......J 



Tab l e  3 . 4 :  

TEST DATA AND CLAS S IF I CATI ON OF SHALES 

Shale Grain S i z e  Analys is L iquid  P las t ic i ty S o i l  C las s if icat ion 
Number S i l t , % < 5µ C lay* , % < 2µ Clay , %  L imi t , %  Index , %  AASHTO Uni f ied USDA 

Alof� 2 9  3 1  19  © J owtSr 1 1  3 6  @ 1 1  @ A- 6 ( 4 )  ML Loam 

30 40  3 3  2 1  3 3  1 3  A- 6 ( 9 )  CL S i l t  loam 

3 1  2 7  3 3  2 3  5 7  2 5  A- 7-5 ( 1 3 )  MH S il t  loam 

3 2  1 1  88  75  78  3 0  A- 7 - 5 ( 2 0 )  MH Clay O'I 
00 

0� �
33 18 27 17  38  1 2  t- A- 6 ( 3 )  ML Loam 

34  43  5 5  37  37  12  A- 6 ( 9 )  ML S i l ty c lay loam 

3 5  19  29  20  3 1  I 5 I A-4 ( 2 )  CL Loam 

3 6  1 2  5 5  35  41  1 8  A- 7 - 6 ( 11 )  CL S il ty c lay loam 

* Amount l e s s  than 5µ s i z e  and inc ludes 2µ s i z e  par t ic les 



Tab le 3 . 5 :  

S TRENGTH RELATED DATA OF SHALES 

Dry Op t imum Unconf ined S tren� th Parameters* 
Shale  Spec if ic Dens i ty Mo is ture Compres s ive Cohes ion , Angle of  Fric t ion , 

Numb er Gravity pcf  Con t en t , % S t rength , psi  p s i  degrees 

A lofa 2 9  2 .  71  11 2 . 3  1 6 . 5  4�5 . 4  f 12 . 3  5" 2 1 . 3 

3 0  2 . 7 3 119 . 1  14 . 3  2 7 . 3  9 . 3  L/ 2 2 . 0 

3 1  z .  7 1  106 . 5 20 . 0  i- 3 6 . 9 ;v- 14 . 6  13 . 3  °' 
\0 

n 2 . 7 3 9 5 . 9  2 6 . 4  I 40 . 2  I 15 . 9 14 . 4  

3 3  2 . 6 7 11 3 . 3 1 6 .-0 32 . 8  ? 12 . 6  19 . 0  

34 2 . 6 7 113 . 0  16 . 9  3 36 . 3  10 . 3  7 2 3 . 8  

3 5  2 .  7 7  107 . 2  2 0 . 2  2 4 . 7  7 . 4  ; 2 5 . 1  

3 6  2 . 68 112 . 0  1 6 . 8  29 . 5  10 . 4  3> 2 2 . 6  

* Determined from unconso l idated-undrained tr iaxial shear t e s t s . 



Shale  
Numb er 

Atoka 2 9  

30  

31  

32  

33  

34 

35 

36 

Tab l e  3 . 6 :  

EFFECT OF ULTRASONI C TREATMENT ON 
I NDEX PROPERTIES OF SHALES 

Grain S i z e  Ana lys i s  
S il t , %  Sma ller  than 

5µ c lay , %  

*R *U R u 

3 1  30  19  6 9  

4 0  4 4  3 3  5 3  

2 7  1 3  3 3  84 

11 14 88 86 

18 18 2 7  81 

43 43 55 7 1  

1 9  1 9  2 9  7 7  

3 2  3 2  5 5  6 8  

* R-raw shales 

* U-af ter u ltrason i c  treatment 

Smaller than 
2µ c lay , %  

R u 

;W r.J,.,•I• 
(/fl' 

LL( )"48 

2 1  3 1  

2 3  5 4  

7 5  7 6  

1 7  5 4  

3 7  5 5  

2 0  5 9  

3 5  4 8  

L iquid P las t ic i ty 
L im i t  % I ndex % 

R u R 1]: 

3 6  41  1 1  1 2  
" 

3 3  3 5  1 3  1 5  0 

5 7  5 6  2 5  2 9  

7 8  8 5  4 0  4 8  

3 8  5 1  1 2  2 3  

3 7  4 0  1 2  18  

3 1  3 8  5 2 0  

41  4 1  18  17  



Shale  
Number 

29  

30  

3 1  

3 2  

3 3  

34 

35 

36 

71 

Tab le 3 . 7 :  

CLAY MINERAL COMPOS ITION OF SHALES * 

Montmorilloni t e  Chlo r i t e  I l l i t e  Kao l inite  
(%)  ( % )  ( % )  

7 5 5  

16  41 

7 5  

6 7  2 

39  58  

5 7 3  

6 94  

41  

*Approximat e  percentages determined f rom x-ray 
d i f frac tograms of sedimented sl ides . 

(%)  

3 8  

4 3  

3 

11  

3 

2 2  

Mixed 
Layer 
(M- 1 ) 

(%)  

22  

20  

59  
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Tab le 3 . 8 :  

ANTICIPATED MINERAL ANALYS I S  OF ASH FROM OKLAHOMA GAS AND 
ELECTRIC COMPANY , MUSKOGEE , OKLAHOMA 

OPERATING UNIT NO . 4 AND 5 

Typ ical  ,Range 

Pho s P en toxide 0 . 9 4 0 . 0 7 - 2 . 80 
S i l ica 2 9 . 51 19 . 64 - 4 3 . 3 1 
Ferric Oxide 4 . 95 2 . 41 - 6 . 7 8 
Alumina 1 5 . 49 10 . 5 7 19 . 7 3 
Ti tania 1 . 1 9 0 . 1 1 - 1 .  5 9  
L ime 2 3 � 9 3  14 . 7 0 - 3 4 . 40 
Magne s ia 4 . 85 3 . 2 2 - 7 . 4 3 
Sul fur Trioxide 1 5 . 68  7 . 64 - 24 . 50 
Potass ium Oxide 0 . 3 3 0 . 05 - 1 . 6 7 
Sodium Oxide 1 . 55 0 . 00 - 2 . 4 5 
Undet ermined 2 . 41 0 . 00 - 1 2 . 7 8 

100 . 00% 

Alka lies  as Na
2

o ,  DCB 0 . 10 0 . 02 0 . 2 1 

S i l ica Value 48 . 3 3 34 . 1 1 - 5 6 . 9 9 

Fus ion Temp erature o f  Ash 

Redu c ing Oxidi z ing 
Typ ical Rang e  Typ ical  Range 

Init ial Deformat ion 2 1 6 0  19 5 0- 2 6 1 0  2 2 10 2 0 2 0- 2 7 00 

S o f t ening (H W) 2 2 1 0  2045- 2 7 00 2 2 5 8  2 12 0- 2 7 00 

Sof t ening (H l / 2W) 2 2 3 8  2 080- 2 7 00 2 2 8 9  2 13 0- 2 7 00 

Fluid 2 284  2090- 2 7 00 2 3 39 2 140- 2 7 00 

Thi s  analy s i s  i s  based on laboratory ana ly s i s  of  approxima tely 100 
full  s eam coal cores and i s  no t an analy s i s  of ash f rom a coal f ired 
electric  gen era t ing s ta t ion . 
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Table 3 . 9 :  

; 
! 
� 

ELEMENTAL ANALYS I S  OF FLYASH FROM A.MEX 
MINE COAL AT GILLETTE WYOMING 

Elemental Analysis of Ash Assay % 

S i02 
3 1 . 50% 

Al2o3 1 8 . 50  

Ti02 0 . 84 

Fe 2o3 7 . 00 

cao 2 8 . 00 

MgO 4 . 82 

Na2o 1 . 4 7 

K20 0 . 34 

P 205 0 . 4 1 

503 
5 . 4 7 

Ash Viscos i ty Calculat ions 

Base Content (PCT) 45 . 03% 

Ac id Content (PCT) 54 . 9 8 

Do lomi te Content (PCT) 7 8 . 84 

Base to Ac id Ra·t io 0 . 82 

S ilica to Alumina Rat io 1 .  7 0  
0 T250 (Temp in F f.o.r 2 5 0  Poise) 2 199°F 

This is an analys is of a sample of f ly ash from a modern 
«;!l.ectric powe_r gene.rat·ing . s tat ion }?\,l·rning Amex coal . 
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con t en t  r equirement s .  The r e s ul t s  are pres ented in Chap t er V .  On the 

bas is of dry and immersed s trengths , it was conc luded tha t ch emical 

s tab i l i za t ion e i ther wi th clapak alone or wi th clapak-clas e t , i s  not 

suitable for sha l es c ons idered in this s tudy . 



CHAP TER I V  

E X P l t' .R I. M ENTA i .  P IWC : lt'.l>l l l{ES 

Th is  research p r ima r i l y  envis i o ns the d e t erm i na t i o n o r  th e t y pe 

and amounts of  s tab i l i z ing agen t s  to b e  added in order t o  upgrade the 

shal es  used in highway cons truc t ion and t he d evelopmen t o f  methods o f  

s tab i l i z a t ion b e s t  s u i t ed for Oklahoma . Al l the tes t s  emp loyed in this 

s tudy f o l l ow s tandard s pe c i f icat ions and they are those generally u s ed 

for evalua t ing engineer ing pr oper t i es o f  raw and s tab i l i zed hi ghway s o i l  

ma t er ial s for design purpos es . A n  out l in e  o f  t h e  r e s earch procedures  

f o l lowed in this s t udy is pr e s en t ed in  F i gure 4 . 1 .  

C RAI N S I ZE  ANALYS I S  

Gra in s i ze d i s t r ibut ion was d e t ermined i n  a c c o rdanc e  wi th the 

ASTM Des ignation D4 2 2- 6 3  (AAS HTO Des igna tion T 8 8-5 7 ) . Cal gon was us ed as  

t h e dis pers ing agent . The I owa j et dis per s ion apparatus was used to 

d is pe r s e  t h e  so i l  par t i c l e  und e r  an a ir- pr essure of 1 0  ps i f or about 

f iv e  m i n u t es . J\ 1 1  t he samp l es wer e  ul trasonica l ly treated for one hour 

( Laguros , 1 9 7 2 )  to p rovide bet ter des ign c r i t er ia . Th e ult rasonic apparatus 

is  shown in Figure 4 . 2  

SPECI F IC GRAVITY 

Th e s pec i.fi.c grav i ty o f  s·hal e s  samples was de termined in a c c o r danc e 

w i th the AS.TM Desi_gna·t ion . D854_.,- 6 5  (AASHTO D.esigna.tion · Tl 0Q-·6Q) . 

/\TTERBElW LIMITS . 

The l iquid limi t t es ts were run in accordance wi th the ASTM 

7 5  



7 6  

Select ion  and Sampl ing 
o f  

S t udy Sha les  

I d en t i f icat ion  Tes t ing 
(Geolog ical and Engineering ) 

Prel iminary Lab S tab i l i za t ion 
Mat er ia ls - Shal e ,  Cement , L ime , Pe trochemicals 

Curing 2 8  day , 90 day , 7 0 ° F . , 1 1 0 ° F . 
Compres s ive S t r ength , P I , 

D isaggrega t ion 

Select ion o f  
Promis ing S tab i l i z ing Agen t , Op t imi zation 

Selec t ive Lab S tab i l izat ion 

Ma teria l s  - S tab i l i zed Shal e  Mixes , Admixtur es 

UCS ,  Tr iaxia l , Durab i l ity , Cyc l ic 
Mineralogy , Fab r ic Mod i f icat ion 

Delayed Compact ion 

O p t imi z ed Mixes 
Compar i son 

Raw and S tab il i z ed Shales 

Op t imi zat ion o f  
Sha l e  and S tab i l i z er Mat r ix , Mecha:nism 

RE SULT S 

Figure . 4 . 1 : Ou t l ine o f  Proc edur es -. 
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Figure 4.2 : General v iew of u ltrason ic  equ ipment and water 
circu lation system. 
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Des i gna t ion D4 2 3- 6 6  (AASHTO D e s i gna t ion  T 89-60 ) . The p la s t i c  l imi t t e s t s  

wer e r u n  in accordan c e  with  t h e  ASTM Des ignat ion D4 24-65 (AASHTO Des ig-

na t ion T90- 61 ) . 

MOI S TURE DENSITY TESTS 

Thes e t e s ts were run i n  accordan c e  wi th the ASTM Des ignat i o n  

D9 8- 6 6  (AASHTO Des i gna t ion T99-61 ) . The only devia t ion from the s tandards 

was tha t  the Harvard minia t ure compa c t ion apparatus was used ins tead of 

the P ro c tor  mo ld . The samp l e s  wer e  compac t ed in f ive l ayers und er a 

compact ive ef for t o f  2 5  b lows p er laye r ,  us ing a 20 lb . s p r ing-loaded 

hammer .  The ma in  advan t age in us in g  the Harvard method i s  tha t  i t  requires 

onl y  1 t o  5 lb . o f  so il samp l e  in contras t t o  about 15 lb . re quired for 

s tandard proctor t es t . 

X- RAY D IFFRACTION AND ELECTRON MI CROSCOPY 

The mineralogi cal compos i t ion of a l l  raw and s tab i l ized sha le s  

was determined b y  X- ray di f f rac t io n  me t hod us ing Cu-K radia t ion . Mat e r ial 
a 

us ed for analys i s  was tha t p as s ed U . S .  S tandard S i eve No . 200 . X-ray 

pa t t erns were ob tained us ing a Norelco  X-ray d i f f ra c tome t er uni t wi th the 

r a t e  o f  s canning set a t  two d e gr ee s  p er minu t e . Other data relat ive t o  

d i f f rac tome t er inc lude KV = 40 , MA - 20 ., ra t eme·t er 100  cyc l es per  s ec . , 

s tandard deviat ion o f  thr e e  percent and chart  s pe ed o f  1"0 ( 2-ff) /min/ cm .  

Elec tron microscopic s tudie s  o f  raw and s tab i l i z ed shales a r e  

a l s o  presen ted in this  s tudy in Chap t er V .  The s amp le was dried by evapor

a t ion  under 7 x 1 0
- 5 

mm H g  vacuum . The magnif ication : was 30.00 · time-s . . 

MOLDI NG AND CURI NG O F  SAMPLES 

Samples we re s ta t i st i ca l ly compa c t ed in t he apparatus shown in 
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d e t a i l  i n  F igure 4 . 3 . The d imen s ions of  a samp le pre pa red by  th i s  me thod 

are : diame t er 1 . 35 inch and height  2 . 9 5  inches . The total  vo lume o f  the 

samp le  p repared by this a pparatus i s  t en percen t grea ter than that of  the 

s amp l e  o b ta i ned w i t h  the Harvard miniat ure compac t ion  appara tus . Th e cal

c u la ted amo unt of mi x was poured int o  the mo l d in g  tube wh ich was then 

pl aced und e r  a c ompress ion mach ine al ong with  the two plungers and com

pressed unt il the flanges o f  plungers  wer e in comp lete  contact  with the 

ends of t h e  tube . The as semb ly was l e f t  under the mac h ine for f ive minu t e s  

a f t er wh ich t h e  l oad was remo ved and the p l ungers wi t hdrawn . Us ing the  

ext rac t ion p l unger , the  samp le  was extracted  f rom the  mo ld ing tube  under 

the pres sure ap p l i ed through th e hyd raulic  j a ck . 

The extrac ted samp l e  was wrapped in aluminum fo i l , l abeled and 

s t or ed i n  a h umid i t y  c a b i n e t . For the prel iminary l aboratory s tabi l izat ion 

phase the samp les were cured at two t empe r a t u r e s , 7 0 °  F .  and 110 ° F . , and 

for  28 days and 90  days a t  9 0-1 00% relat ive humidi ty .  All  shales wer e  

t r ea t ed w i t h  3% , 6 % ,  and 9 %  l ime r es p e� t ively by  the we ight o f  soil  at  

ab ove curing cond i t ions . 

In the case o f  por t l and cemen t ,  as sugge s t ed by  the  Ok lahoma 

Depar tment of Tran s po r t a t ion ( de s c r ib ed in Chap t er I I ) , a l l  shales were 

treat ed with 10% , 14 % ,  and 18% cemen t respec t ively at same curing con

dit ions and tempera tures a s  desc r ibed above for prel iminary labora tory 

s t a b i l i z a t i on . 

On the - bas is o f  t he re sults o f  p re l imina ry l a b o ra t o ry s t ab i l i za

t i 9n ,"- · u was d e c id ed to use l ime , cemen t and f lya-sh ( 6% ,  14 % ,  and 2 5 %  by 

the we igh t of so i l , res p ec t ively)  as ma in s t ab i l i z ing agent s .  For be t t er 

environmen.tal contro l f o);" the 9 0  day cur ing per iod , a cur ing t emperat ure 

o f  - 1 1 0 °  · F- . a t · 9-0-100% re1a t ive humidi ty was decid.ed f o r _ us e - in - selective 

laboratory stab i l i zation . 
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UNCONF INED COMPRESS IVE S TRENGTH 

For the 2 8-day and 90 - day cured samples at 1 1 0 °  F .  and 90- 1 00% 

rel a t ive h umid i ty the unc o n f ined comp ress ive s t reng th wa s d e t ermi ned  in  u 

c ompress i o n  t e s t i ng ma c h i n e ,  S o i l t e s t Mo d e l  A P- 1 70 B ,  w i t h n load c a pa c i t y 

o f  10 , 000 po und s ( see  F igur e  4 . 4 ) . Dia l r e<:i d i ngs were reco rded an d l a t e r  

conve r t ed t o  s tr ength t erms and t hree-s pec i men avera ges d e t ermined . 

Var ious cha r t s  and graphs for un conf ine d compres s tve  s t ren g th vs . cur ing 

t ime an d p ercentage of  s t ab i l i zing agen t s ,  are presen t ed in Chap ter V .  

To f i nd the  e f f ec t s  o f  d i f f eren t s tab i l i z ing agen t s  in add i t io n  

to compress ive s t reng t h , p l as t i c i ty p rope r t i es and gradua t ion analys is 

were also conduc t ed . To ref l ec t the change in par t ic l e  s i zes o f  c l ay 

due t o  d i f ferent s tabil i z ing agents , a parame t e r  aggr ega t ion index (AI ) 

was d e f ined . Ma chema t i ca l l y  represen ted as : 

Aggre ga t ion I n d ex (A I )  % o f  nonc lay s i ze ma t c r ia l  o r  s ta b i l i zed  _�a l�_ 

% of  n onc lay s i ze ma t e r i a l  o f  raw s ha l e  

The A I  values for l ime , cement and f lyash stab i l i za t ion a r e  g iven 

i n  Chap ter V .  

To C'nhance  t he e f fec t o f  t he ma in s tabi l i z ing a gent s a secondary 

( o r admixt u re )  a d d i t i v e  wa s used . Sma l l addi t ion o f  admi x t ure s or i t s 

comb ina t ion  was fo und very e f fec t i ve .  The pa rame t er s t rength benef i c ia-

t ion index ( SBI ) was de f ined t o  r ef lec t the ef f e c t ivenes s o f  admixture . 

S t rength Ben e f  i c ia t ion I ndex ( SB I )  

TRIAXIAL COMPRESSIVE STRENGTH 

UCS (main + s econdary) - UCS (ma in)  
UCS (mai n)  

Th e advantage of  t h e  tr iaxi a l  comp ress ive tes t i s  t ha t  the 

f i e ld condi t ions  pr ior to and dur ing cons t ru c t ion c.an be dup l i cated in the 
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Figure 4.4 : Compression strength testing device. 
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laborato ry to s tudy the behavior of  the s o i l . The general Mohr-Coul comb 

r a il u r e  l a w  i s  exp res s e d  by the f or mu la : 

s C + a tan r/J 

s shear s tr es s , p s i  

C cohes i on , p s i  

a normal t o ta l s tr es s , ps i 

� = ang l e  of  f r ic t ion , d egree 

The normal t o t a l  s t ress , 0 ,  inc ludes a numb er of parameter s  or 

t erms and for a general iz ed s o il-a ir-wa ter  system,  it may b e  express ed as 

a 6 . A  + U . A  + U + A-R 
m a a w 

A (area o f  mineral -mi nera l contac t ) / t o t al area m 
U po r e a i r  press ure 

a 

A ( ar ea o f  a ir-minera l con tac t ) / to tal area 
a 

U pore wat e r  pressure 
w 

A ( ar ea o f  water-miner al con ta c t ) / to t a l  ar ea 
w 

A n e t  a t tr ac t i c e  fo rc es e*i s t ing b e tween c l ay  p l a t e l e t s 

R net repul s ive f o r c e s  be tween c l ay par t ic l e s  

5 contac t s tress  a t  con t ac t  po in t o f  mineral-mineral 

However , A and R canno t b e  i sola ted and measured exper imen t a l ly 

but cons ide red to be pr edominan t in d i s pe r s ed plas t ic c lays . Fo r o ther 

-
t e x t ured Sl 1 i l s . A a n d  R a r e igno r ed . Also , i t  is  a s s umed that a i s  very 

l ar ge , a . A m  i s  f ini te and equal  to a ( e f f ec t ive s tress ) ,  and A + A - 1 
a w 

f or a pa r t ial ly sa tura t ed s o i l , the s ame equa t ion is  wr i t ten as : 

o = a + U + A (U  - U ) 
a w w a 

and for a sa tura t ed s o i l  

a = o + u 
w 

In terms o f  the e f f ec t ive s tr es s , the Mohr-Coulcomb equa t io n  i s  given by 

t;; c + o t an r/J 
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Figure 4.5 : Triaxial compression test set u p. 



whe re : 

c = true cohes ion , p s i  

o e f fe c t ive normal s tr es s , p s i  

� = t ru e  angle o f  f r i c t ion , d egr ees 

Bo th c ,  �'  and c , � are fr equen tly  empl oyed in t he des i gn ,  d epend ing on 

the ac tua l f i eld c ond it i ons . In this inve s t i ga t ion , a l l  tr iaxia l com-

pres s ive te s t s were run as unc onsol i da t ed-undra ined t es t s wi thou t pore 

wa t er pressure meas uremen t for the f o l lowing r eason s : 

1 .  In  bas es and s ubbas e s , t he th icknes s  involved be ing 
sma l l ,  the changes in pore wa t er pr e s s ures are not  
c ri t ical in  s t rength det erminat ions . S tren g th 
parame te r s  d e t ermined from undra ined t es ts a r e  used 
for the d e s i gn of pavemen t s  

2 .  I n  t h e  c ons truc t ion  o f  a n  embankmen t or excava t io n  
of  a s lope , t h e  s tab i l i ty o f  s l o p e  i s  o f ten governed 
by undra ined shear s tr ength  of  the so i l  as the s o i l  
is  s t r es s ed quickly  and n o  t ime i s  allowed for  a 
drained cond i t ion to  b e  e s tab l i shed and for the d i s
s ipa t ion o f  pore wa t er pressure 

Al l raw and s t ab i l i zed  s ha l e  samples  were tes ted for three 

d i f ferent l a t eral pres s ures ( 10 psi , 2 0  ps i ,  and 30  ps i ) . The rat e  of 

shear wa s . 05 inch /minu t e .  The s t rength apparatus and var io us samp l e  

fa i lur e pa t t erns are shown in  F i gure 4 . 5  and 4 . 6 , res pec t ively . 

WEATHERING CYCLES 

In ad d i t ion to  t he da ta on shales , the data for a numb er of wea ther 

c y c l e s  f o r  va r i ous pa r t s  of Okl ahoma a ls o  wer e ob t a ined . To det ermine 

t h e s e  c y c l e s , <l � t a fo r t e n  y ears ( Laguros , 19 7 2 ) wer e  c o l l e c ted from 1 6  

l o ca t i o n s  i n  Oklahoma ( Ta b l e  I . l i n  Append i x  1) and then eva l ua ted . The 

da ta  f o r  the freeze- thaw cyc l e s  a r e  shown in Tab l e  I . 2 and tho s e  for wet -dry 

cyc les  i n  Tab l e  I . 3  of  App end ix A .  A f ree ze- thaw cyc l e  is  con s idered as 

any p er iod in. wh ich the ave rage t emp e:ra tur e  go es  f r om 32 ° F .  or  h i gher to  

31  ° F .  or lower and back to  32 ° F . . oT higher . A me thodo logy s imilar t o  
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f r e e z e- thaw cyc l e  h a s  b e e n  ad op ted f o r  we t-dry cyc l es . A cyc le i s  

d e f  l n ed as a d ry p er iod in a 24 hour in terval ; any ra infall l ess  than 

0 . 10 inch is d isaggreg a t ed unless this ra inf a l l  l inks two 24  hour p er iods 

wi th at l eas t a to tal o f  0 . 10 inch r a inf a l l . The th ird h ighes t numb er 

o f  freeze- thaw o r  we t-dry cyc l es is cho s en as th e numb er o f  weath er 

c yc l es . The numb er o f  s uch wet-d ry cy c l es is 300 t o  4 5  and that o f  

f r eeze- thaw i s  6 to 1 2 . The ap pl ica t io n  o f  we t-d ry and f ree ze- thaw 

cyc l es is exp ec t ed to s imula t e  th e e f f ec t  of wea ther on shale  samp l es . 

A h igh er numb er (mo r e  than 5 )  o f  f re ez e- thaw cyc l es is unl ikely to 

oc cur in Oklahoma wea th er . S ince  the t ime laps e b e tween c ons truc t ion  

of  s ubgrad e and p lacemen t of  pavemen t on it  is  usua l ly in  the rang e 

o f  s ix months , the numb er of  we t-d ry cyc l es and f r ee z e- thaw cy c l es 

to  which the sub grad e ma terial is exp ec t ed to  b e  s ub j ec ted is about  

1 5  and 5 ,  respe c t ively . It  was ther efo r e  decided to f ind the  ef f e c t  

o f  apply ing O ,  5 a nd 1 5  cy c l es o f  we t-dry and free ze- t haw o n  the s amp l es . 

CYCLIC LOAD ING 

Cyc li c  load ing prov i des a charac t e r is t i c  me th od o f  s imul a t ing 

the gradu a l  chang es in the pavemen t sys tem due to traf f ic induced 

s tres s es a f ter cons t ruc t ion of highways . The arrangemen ts o f  equ ip

ment is s hown in  Figures 4 . 7  and 4 . 8 .  For th i s  s tudy i t  was dec ided 

to  under take the inves t iga t ion o f  rep e t i t ive load t es t ing on s tab i l i z ed 

sha l es for 40 , 80 , 1 20 and 1 60 lb . lo ads at 24  and 40  app l ic a t ions 

p er minu te (APM) . S inc e at  1 60 lb . appl icat ion o f  40  APM was b eyond 

the capac i ty of  th is mach ine , the tes t ing had t o  be ex tended o nly to 

1 60 lb . l o ad and 24 APM f r equenc y . Twenty- four APM and 40  APM 

a r e equ iva l ent  to 3 5 , 000 ADT and 60 , 000 AD T  on two way , f our- lane · 

h ighways and urban f r eeways , r espec t ively (HRB S p ec ial Bu l l et in No . 8 7 , 1 9 6 5) . 

Th is  tes t ing wa s done for 40 , 80 , 120  and 160  lb . load ing a t  two APM 
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frequencies ( 24 APM and 40 APM) . The s equenc e of loadi ng is shown in 

Tab l e  4 . 1 

In each cas e ,  th e APM f r equency was cons tan t ( e i th er 24 APM o r  

4 0  APM) and a t  each loading was appl ied 5 0  t imes ( cyc l es )  . The l oading was 

increas ed s tar t ing 40 to  max imum 1 60 lb . a t  an in terval o f  40 lbs . u n t i l  

f a i l u r e  occurred . The max imum load to  caus e f a ilure for a l l  shal es are  

g iven in Chapter V .  For mos t of the  s tabi l i zed shal es , th e fa i lure was 

b r i t t l e  (or  crushed a t  h igher loads wi thou t g iving s igni f ican t  s train) . 

However , for lime s tab ili z ed shal es and flyash s tab il i zed sha l es failure  

was  d e tec t ed af t er ob t a in ing s igni f icant s tra ins . 

Tab l e  4 . 1 :  

S EQUENCE OF LOADING FOR CY CLI C  LOADING 

Load s App l i ed Fr equency 
Samp l e  Ord er  ( lb . )  ( APM) 

1 1 40  2 4  

2 8 0  24  

3 1 2 0  2 4  

4 1 6 0  2 4  

2 5 4 0  40 

6 8 0  40  

7 1 2 0  4 0  

DELAY ED C OMPACTION 

Lab o ra t ory inves t iga t ions trad i tional ly have f o l l owed the procedure 

wher e af t er the add i t ion o f  the s tab i l i zing agen t , the mix tur e is  immed i a tely 

compa c t ed . In  the fi eld , c ompac t ion t akes p lac e wi thin a t ime rang e o f  

one-ha lf  to thr e e  hours af t e r  mix ing . To assess  the influenc e o f  d elay ed 

. compac t ion on s treng th , a s el ec tiv e  s tudy was ini t i a t ed on s t ab i l i zed 

sha l es . The r esul ts are  p r es en t ed in d e t a i l  in Chap t er V .  The shales and 
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Figure 4 .  7 :  Arrangement o f  load cel l  and displacement strain 
gage during testing. 

Figure 4.8 : Detai led v iew of sample under test. 
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the var ious s tab i l i zing agents ( l ime , cement , f lyas h , NaCl , CaC 1
2

, e tc . 

were mixed to meet requir ements of  o p t imum mo is tu re conten t  and l e f t  for 

1 ,  2 ,  and 4 hours b efore mo ld ing or compac t ion . To prevent mo is ture loss 

by evapor a t ion the mixtur e was covered i n  the con ta iner wi th aluminum 

f o i l . Af t er d elayed compac t io n , th e mo lded s amp l es wer e cur ed f o r  

28  and 90 days a t  ro om temp erature , a n d  their  compres s ive s tr eng th 

d e t ermined . 



CHAPTER V 

P RES ENTATION AND D I S CUSS ION . O'f TEST. DATA 

The purpo se  o f  this  research is to  determin� the type and 

amoun ts o f  s tab il i z in g  a gen t s  to be add ed to shales in order to up grad e  

them f o r  hi ghway cons t r uc t i on purpo s es . This s t udy was conduc ted i n  

two phas es : 

1 .  P r e l imina ry Lab ora tory S tab i l i za t ion : 

The shal es wer e  mixed w i t h  var ious amo un t s  of  
s tab i l i z ing  agen ts  and at  70 ° and 100 °  F .  t empera
tures at 9 0%- 100% r ela t ive humid ity . On the basis  
o f  the improvemen t of  engineer ing pr oper t ies of  
s t ab i l i z ed shal es and pat t ern chara c t er i s t ics o f  
d a t a  ob ta ined , i t  was f ound tha t t h e  mos t sui table  
quan t i t y  o f  s t ab il i z ing  agen t wer e 6%  l ime , 14 % 
c emen t , a nd 2 5% f lyash . These  quan t i t i es were 
used for  fur ther inves t i ga t ion a t  1 1 0 ° F.  ( for 
be t te r  environmental con t rol ) cur ing t empera t ure 
and 9 0  day cur ing period . 

2 .  Selec t iv e  Laboratory S tab i l i za t ion : 

This pha s e  inc luded the eva lua t io n  o f  com
press ive s t rength , re s is t ance t o  wea t h e rab i l i t y  
(we t-dry and free ze- thaw) , r es ponse to cyc l ic 
load in g ,  delayed compac t ion , minera lo gy and 
e l ec t ron microscopic s t ud i es of s t ab i l i z ed 
sha l e s . 

The engineer ing proper t i es d e t ermined f or s t ab i l i zed sha l es are pre s en t ed 

here . 

C RA I N  S I Z E  ANALY S I S  

The grain s i z e  ana lys i s  was p erf ormed o n  the s tab i l i z ing shales  

cured for  2 8  days . To d e termine the e f f e c t  of  s t ab i l i z ing agen t s  on th e 

clay con t en t  of shales , the  nume r ical parameter "Aggr e ga t ion I ndex , " as 

men t io ned in Chap ter IV was used . Typ ical grain s i ze  analys i s  curves for raw 

and s tab i l i zed sha le 3 2  and the  relat ionship b e tween AI  and c lay con tent 

9 1  
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are shown in F igures 5 . 1  and 5 . 2 ,  r es p ec t ively . 

Tab l es A . l and A . 7  (Append ix A) p r es en t  the AI valu es for  l ime 

s tab i l i z ed , c emen t s tabi l i zed , and f lyash s tab i l i zed sha l es . For a l l  

sha l es , th e clay s i ze  d ecr eas ed and t h e  A I  increas ed a s  a r esul t  o f  

s tab il� za tion . AI i ncreas es wi th the  amoun t o f  c emen t a t ion o r  aggrega t ion 

of c lay p ar tic l es . I n  genera l , c emen t s tab i l i za t ion causes AI t o  reach th e 

h igh es t values f or a l l  sha l es . Flyash s t ab i l i za t ion g ives s imilar or 

s l igh tly high er AI va lues than l ime s tab i l i zat ion . Thi s  is ind ic a t ive  tha t 

the maximum aggregat ion o f  clay par t ic l es oc curs w i th c emen t s tab i l i zat ion 

and th e minimum wi th l ime s t abi l i za t in . Grain s i ze  ana lys is  and r el a t ions h ip 

be tween AI and c l ay con ten t f or a l l  sh a l es a r e  pres en ted in  Figur es J . l  to 

J . 1 3 in  App end ix J .  

ATTERBERG LIMITS 

Th e plas t i c i ty proper t i es of a l l  sha l es is s ignif icant ly r educ ed 

wi th a l l  s tab i l i z ing agen ts . Lime s tab i l i za t ion has s imilar ef fec t on the 

plas t ic i ty o f  sha l es . As a r esul t o f  c ement s tab i li za t ion a lmo s t  all sha l es 

h ave become nonp la s t ic . I t  was no t poss ib l e  to  det ermine the p las t ic  

proper t ies of  sha l es wi th the add i t ion o f  mo re than 10% c emen t .  Fo r examp l e , 

sha l e  29 hav ing a p las t ic i ty ind ex of  1 1 , shows very l i t t le plas t i c i ty index 

( in t h e  range o f  5 to  8 )  for l ime s tab i l i za t ion and f lyash s t ab i l i z a t ion and 

for the cas e o f  c emen t s tab i l i za t ion i t  was no t pos s ib l e  to d et ermine i t s  

p l as t i c  proper t i es a t  a l l . 

The r esul t  of l i qu id l imi t , p las t ic l imi t and p las t ic i ty index 

o f  l ime s tab i l i zed , c emen t s tab i l i z ed f lyash s tab i l i zed shal es cured for  

28 days a t  70° F and 100° F a t  9 0- 100% r e l a t iv e  humid i ty are  pres en t ed 

in Tab l es B . l  to B . 4  in Append ix B .  

MOI S TIJ RE - DENS ITY R ELAT IONSH IPS 

For l im e  s tab i l i zed sha l es ( 6 % ) , 1 · emen t s tab i l i zed shale ( 14%) , 
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and f lyash s tab il ized sha l e  ( 2 5% )  the following r ela ti ons h ips wh ich pred ic t 

the d iff er en t  engineer ing parameters have b een es t ab l ished : 

(a ) For l ime s tab ili z ed sha l e  ( 6% ) , the maximum 
dry dens i ty equa t ion gives the pred ic t ion 
value  in the range of -3% to +6% of ac tual 
d ens i ty valu e : 

MDD ( pc f )  = 1 3 7 . 66 - 1 . 69 (OMC) 

( b )  For c emen t s tab il i z ed sha l es , the fol lowing 
e quat ions pred ic t the maximum dry dens i ty 
in the range of -6% to +6% of ac tual dry 
d ens i ty va lues : 

MDD ( pc f )  = 142 . 9 1 + 1 . 7 9 (OMC ) 

and in terms of  plas t ic ity  ind ex and l ea tham 
2µ  c lay conten t  of raw sha l e , th e equa t i on is : 

MDD ( pc f )  = 1 1 8 . 3 5 - 0 . 129  ( 2µ )  - 0 . 2 8  (P I )  

(c ) For f lyash s tabil ized shal es , the f o l lowing 
equat ions pred ic t t he maximum dry dens i ty 
values in the r ange of -8% to +10% of ac tual 
dry d ens i ty values : 

MDD ( pc f )  = 1 2 3 . 62 - 1 . 4 5 (OMC ) 

inc luding the 2µ c lay con t ent  parame t er , the 
equa t ion b ec omes : 

MDD ( pc f )  = 1 2 1 . 9 2 - 0 . 06 ( 2 µ ) - 1 . 2 7 ( OMC ) 

The graphs o f  op t imum mo is tur e c on t en t  v ersus maximum dry d en s i ty o f  l ime 

s tab i l i zed ( 6% ) , c emen t s tab i l i z ed ( 14 % ) , and f lyash s tab il i z ed ( 2 5% )  shales  

are  presented in  F i gu res 5 . 3 to 5 . 5 . The opt imum mo is t ure con t ent  and 

max imum dry d ens i ty for va r ious amoun ts of s tab il z ing agen ts for a l l  sha les 

a r e g iv e n  in Ta b l es C . l to C . 3 ,  in Append ix C .  I n  c ompar ing the d ens ity 

and mo i s t u r e p r o p e r t i e s  of raw shales and their c orresp ond ing s tab il i z ed 

f orms t h e  f o l low ing obs erva t ion can be mad e .  The raw shales  have the highes t 

max imum d r y  dens i t it es  and the f lyash s tab il ized sha les the lowes t maximum 

d ry d ens i t ies . On the o t her hand , l ime s t ab il iz es sha l es have the h ighe s t  

opt imum mo is ture c on t en t  values and t he raw ·shales have the lowe s t  op t imum 

mo is ture con tent values . 
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DRY AND IMMERS ED S TRENGTHS 

Dry and immer s ed s trengths of l ime s tab i l ized , c ement s tab il i z ed , 

flyash s tab i l i z ed and pe trochemical s tab i l i z ed sha les cur ed f or 2 8  d ay s  

and 9 0  d a y s  a t  7 0 °  F .  and 1 1 0 °  F .  and 9 0- 1 00% r ela t ive  humid ity  ar e pr e

s en ted in Tab les D . l to  D . 15 in Append ix D .  

L IME TREATMENT 

Compr e s s ive s tren gths o f  l ime s tab i l i zed shales  have sign if ican t ly 

inc r eased compared t o  the c ompres s ive  s t r ength of  raw shale s . Compres s ive 

s tr engths of the 9 0-day cur ed s amp l es are highe r t han tho s e  of  the 2 8-day 

cu red sampl es for bo th cur ing t empera tures of  7 0 °  F .  and 1 1 0 °  F . , except  

for shal es 3 1  and 32 . The la t t er two sha l es , wh ich are predominan tly mon t

mor il lon i t ic , show h igh er s tr ength a t  70°  F .  on ly f or 9 0-day cur ing per iod 

sugges t ing tha t  a longer cur ing per iod a t  low cur ing tempera tur e is b e t t er 

for  the mon tmorillon i t ic s o i l . 

Immer sed s tr ength i s  inc lud ed her e  as an add i t ional t es t  for 

eva lua ting s t r ength and durab il ity c r i t er ia . After 2 4  hours  immers ion in 

wa t er , compr ess ive  s tr eng ths o f  2 8-day cur ed samples are s ignif ican t ly 

d ecreas ed for both cur ing t empera tures . Shal es 2 9 , 30 , and 36  hav ing 

compara t iveiy lower amoun ts  o f  c l ay , d is persed a f t er immers ion . The s treng th 

of  sha le 3 5 , wh ich  is  predominan tly i l l it ic and i s  mos t  b enef icia t ed by 

J ime t r ea tmen t , is  very s l igh t ly reduced by immer s ion . 

For the 9 0-day cur ed samples there was s l igh t s tr ength ga in upon 

i mmer s ion . A l l  s t r ength val ues exhib i t  inc ons i s t en t  pa t tern with increase  

j n  L ime c on t en t . 

STATISTI CAL ANALYSIS  

Th e s ta t is t ica l ana lys is conduc t ed o n  raw and l ime s tab il iz ed 

( 6 % l ime , 2 8-day cure ) sha l es yielded the f o l l owing r e la t i on ships : 



< 2µ 
C lay 

Con t en t , 
% 

1 

1 . 00 

P I , 
% 

2 

0 . 83 
1 . 00  

1 00 

Tab le 5 . 1 :  

CORRELATION MATRIX FOR ENGINEERING 
PROPERTIES OF RAW SHALES + 

OMC , DD , C ,  ¢ ,  
% pcf  pcf  degree 

3 4 5 6 

0 . 7 8 -0 . 7 4  0 . 49 -0 . 4 0  
0 . 7 6  - 0 . 7 6  0 . 8 3 -0 . 3 2  
1 . 00 -0 . 9 9 0 . 5 5 -0 . 54 

1 .  00 -0 . 6 1 0 . 5 7 
1 . 00 -0 . 9 4 

1 . 00 

RP ucs , 

P s i  
7 8 

0 . 9 2 0 . 5 2 
0 . 9 5 0 . 7 0 
0 . 88 0 . 49 

- 0 . 87  -0 . 5 3 
0 . 7 3 0 . 88 

-0 . 69 -0 . 7 2  
1 . 00 0 . 63 

1 . 00 

+ Bas e d  on I BM/ 3 6 0  S c ient i f ic Sub rout ine Package (Mu l t ip l e  
L inear Regre s s ion) 

1 
2 
3 
4 
5 
6 
7 
8 



Table 5 . 2 :  

CORRELATI ON MATRIX FOR VARIOUS ENGINEERING PROPERTIES OF LIME 
STABILI ZED SHALES AND CURED FOR 2 8  DAYS + 

2µ* , P I , OMC , MDD , LC , RP ucs , Temp , 2µ** , 2µ** * , 
% % % pcf % Psi FO % % 

1 2 3 4 5 6 7 8 9 10 

1 . 00 0 . 5 6 0 . 38  -0 . 29 -0 . 74  0 . 46 -0 . 07 0 . 09 0 . 68 0 . 41 1 
1 . 00 0 . 49 -0 . 51 -0 . 13 0 . 82 -0 . 13 0 . 00 0 . 26 0 . 26 2 

1 . 00 -0 . 96 0 . 00 0 . 84 0 . 44 0 . 00 0 . 3 7 o .  7 4  . 3 
1 . 00 -0 . 16 -0 . 85 -0 . 38 0 . 00 -0 . 22 -0 . 7 6 4 

1 . 00 0 . 00 0 . 14 0 . 00 -0 . 70 0 . 00 
� 

5 0 

0 . 00 0 . 31 0 . 9 2 
� 

1 . 00 0 . 1 7 6 
1 . 00 0 . 42 0 . 01 0 . 12 7 

1 . 00 0 . 00 0 . 00 8 
1 . 00 0 . 3 2 9 

1 . 00 10 

* 2µ c lay content  (%)  for lime treat ed shales for 28 days curing period 

** 2µ clay content (%)  for lime treated shales for zero day curing period 

*** 2µ c lay cont ent  (%) for raw shales 

+ Bas ed on IBM/ 3 60 S cientific  Subrou t ine Package (Multiple L inear Regression) 
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1 .  Raw Shal e : 
I 

The two equa t ions giv en b elow pr ed ic t  the un
conf ined compr ess iv e  s tr ength of raw shale 
in the r ange o f  + 10% o f  ac tual s tr en g th value : 

UCS (ps i )  - 32 . 6 2 + 3 . l lC + 0 . 9 9 ¢  . . . . . . . . . .  ( 1 ) 

UCS (ps i )  -158 . 3 6 + 0 . 11 ( 2µ ) - 0 . 36 (PI ) . 

+ 1 . 7 1  (OMC ) + 0 . 9 7 (DD ) + 

0 . 36 ( C )  + 0 . 66 ( ¢ )  

2 .  F o r  l ime trea t ed shales  i t  was no t po s s ib l e  
t o  es t abl ish s t r en g th related equa t i ons 
within the proper accuracy l imi t . However , 
the f o l lowing  MDD and OMC relation was ob
tain ed : 

MDD ( pc f ) = 1 37 . 66 - 1 . 69 ( OMC ) , 

which has already b een des c r ib ed in the pr evious 
s ec t ion of this chap t er . The corr elat ion matr ix  
for raw and  l ime s tab il i z ed shales are presen t ed 
in Tab les 5 . 1 and 5 . 2 .  

( 2 ) 

The r eac t ion pot en t ia l  of  a sha l e  may b e  evalua t ed as follows : 

[RP ]  i ��o �l�o (CEC ) l + ��o ( CEC) 2 + . . . ��o ( CEC )�
. 1 

i ith sha le 

[ CEC ] . 
1 

Percen t  o f  1 s t , 2nd , e tc . c l ay mineral in 
i th sha l e  

Ca t ion exchan ge capac i ty o f  1s t ,  2nd , e t c . c lay 
mineral of the i th shal e ,  meq / 100 gram 

Y i  % o f  < 2µ c lay in i th shale 

CEMENT S TAB I LI ZATION 

Compr es s ive s treng ths o f  c emen t s tab il iz ed sha l e s  are higher than 

tho s e  of l ime s tab i l i z ed sha l e s  for both cur ing temp era tures ( 7 0 °  F .  and 

110 ° F . ) and curing per iod s ( 2 8  days and 90 days ) . Shales 31 and 32 � 

wh ich con t a in pr edominan t ly mon tmor ill on i te , ind icate compa rat ively less  
. ' I 

s trength ga in than other sha l �-s for c emen t s tab i l i z ed . The compres s ive 
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Tab le 5 . 3 :  

CORRELATION MATRIX FOR ENGINEERING PROPERTIES 
OF CEMENT STABILIZED SHALES CURED 

FOR 28 DAYS AT 1 10°F + 

2µ* , PI * , c . c ,  OMC , MDD , ucs , 
% % % % p c f  P s i  

1 2 3 4 5 6 

1 . 0  0 . 8 3 0 . 03 0 . 20 -0 . 75 -0 . 2 6 

1 . 0. 0 . 02 0 . 16 -0 . 76  -0 . 54 

1 . 0  0 . 66 -0 . 01 -0 . 0 7 

1 . 0  -0 . 18 -0 . 52 

1 . 0  0 . 26 

1 . 0  

* Engineer ing property of raw shales 

1 

2 

3 

4 

5 

6 

+ Bas ed on I BM/ 360 s c ient ific subrout ine package (Multiple 
Linear Regress ion) � 
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s tr ength pred ic t ive c�ua t ion for c emen t ( ] ! .. % )  s ta b il i zed 2 8-day cured s amp l es 

a t  1 1 0 ° F has been es tab l ished . I t  dep i c t s  the s tr ength va lue in the range 

o f  + 25% of ac t ual  s tr en g th va lue . 

UCS (ps i ) � 28 7 3  + 11 . 7 7 (2µ ) - 40 . 13 (P I )  - 9 . 0  (OMC - 13 . 98 (MDD ) 

28 day 

wher e < 2µ c lay cont en t  and PI are the values o f  raw sha l e .  

IMMERS ED S TRENGTH 

Innner sed s t r engths of c emen t s tab il iz ed shales  are higher when 

compared to l ime s tab i l i zed shales . Ther e is no s ign if i can t d i f ference 

b e tween 28-day and 9 0-day immers ed s trengths for c emen t s tab il i z ed . For 

c ement s tab i l i z ed ( 14 % )  shales cur ed for 2 8-days a t  1 1 0 °  F . , the immers ed 

s tr ength pr ed i c t ive e qua t ion may b e  expr essed as : 

y = 1 7 . 60 - 3 . 4 7 (x)  + 0 . 002  x2 

where , 

y immers ed s tr ength in ps i 

x = dry s treng th in ps i 

P ETROCHEMICAL STABILIZATION 

Clapak and c laset wh ich ar e connner c ia l  s tabil i z ers , are 

s ulphorated petroleum produc ts . As the exac t c ompo s i t ion o f  these  chemic als 

is  no t known , it is d if f icult t o  exp lain the mechanism o f  s tab i l i za tion , if 

any . The c oncen trat ion a t  which these chemicals  ar e used is recommend ed 

by the manufac turer and i t  i s  based on the plas-tici ty index va lues of  

shales . The solut ions wer e made . a t  s pec if i ed c oncen tra t i on s  and used in 

p la c e  of wat er w i th the amount correspond ing to op t imum mo is tur e con ten t  

r equ iremen t s . C lapak was used a lone and also c onj unc t ively with the ad

mixture ' c las et ' as r ec ommended by the manuf ac tur er f o r  the shales wi th 
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plas t ic i ty index grea t er than 10 . S ince all  shal es , exc ep t  sha l e  3 5 , had 

plas t ic i ty ind ices  gr ea ter than 10 , b o th c lapak and c lase t wer e tr ied � 

Even for the 2 8-day cur ing p er iod , s t r engths wer e lower than tho s e  for raw 

sha l e  for b o th cur ing t empera tu r es of 7 0 °  F and 110 ° F 

Tables  D . 10 t o  D . 12 in Appendix D .  

a s  shown in 

I t  was no t poss ib l e  t o  d e t ermine the immer sed s tr en g th of e i ther 

2 8-day or  9 0-day cur ed samp l es f or 7 0 °  F .  and 1 1 0 °  F .  Dry s tr ength of  

sha l es t r ea t ed wi t h  c lapak and c las et and c lapak alone and cured at  70°  F .  

are lower than tho s e  of raw shal e . 

In general , i t  i s  c onc luded tha t  chemical s t ab il i z at ion ei ther with 

clapak alone , or c onj unc t ively wi th c las e t , it  is no t su i tab l e  f or shales 

cons ider ed in this s t udy . 

FLYASH STABILI ZAT ION 

As al ready d is cus sed in Chapt er IV , flyash has b een us ed in thi s  

s tudy as one of  t h e  main s tabil i z ing agen t s . Comp r es s ive s tr engths o f  sha le s  

s tab il i z ed w i th 2 5 %  f lyash are s i gn ifican t ly incr ea s ed c ompared t o  raw 

shal es . On the b as is o f  2 8-day s tr eng ths , shales 2 9 , 3 0 , 3 3  and 3 6  s tab i l i z ed 

wi th f lyash have h igher c ompress ive s tr ength than their l ime s tab i l i z ed 

coun t er par t .  For all  cur ing t emp era ture:> and all cur ing c ond it ions , l ime 

s tab il i z ed and f lyash s t ab il i z ed sha l es show lower s treng ths than c emen t 

s tab ili zed shales as shown in F i gur e .5 .  6 fo-r shale  3 5 . 

For f lyash s tab i l i z ed shal es , longer cur ing per iod s  (longer than 

28 days ) do no t appear to fur ther in creas e the c ompress ive s trength 

substan t ially . The corr ela tion matr ix f o r  f lyash ( 2 5 % )  s tab i l i z ed shale s  

i s  pr es en t ed in Tab l e  5 . 4 �  
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L O  

10 7 

Tab le 5 . 4 :  

CORRELATION MATRIX FOR VARIOUS ENGINEERE�G 
PROPERTIES OF FLY-ASH ( 2 5 % )  S TABILI ZED 

SHALES CURED FOR 28 DAYS + 

PI* , CMC , MDD , Temp , ucs , 
% % pcf  f O P s i  

2 3 4 5 6 

0 . 83 0 . 5 6 -0 . 42 0 . 0  -0 . 33 

L O  0 . 7 2 -0 . 34 o . o -0 . 2 5 

L O  -0 . 59 -0 . 1  -0 . 2 7 

L O  0 . 0  0 . 75 

L O  0 . 29 

L O  

* Eng ine er ing property of raw shales . 

+ Bas ed on IBM/ 360 s c ient i f ic subrout ine package 
Mul t iple L inear Regress ion) 

1 

2 

3 

4 

5 

6 
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Tab le 5 . 5 :  

OPTIMUM STABILIZATION CONDITIONS * 

Tes t 
Condit ion 2 9  3 0  3 1  3 2  3 3  3 4  3 5  36  

L- 3- 70-28 . . .  x x x 

L- 3-110-28 • • .  x x x x x 

L- 6- 7 0-28 . • •  x x x x 

L-6-110-28 . . .  x x x x x x 

L-9- 70-28 . . .  x x 

L-9- 110-28 . . .  x x x x x x 

C- 10- 7 0-2 8 . . .  x x x x x 

C- 10-110-28 . x x x x x x x x 

C-14- 70-28 . .  x x x x x x 

C-14-110-28 . x x x x x x x x 

C-18- 70-28 . .  x x x x x x 

C- 18-110-28 . x x x x x x x x 

FA- 2 5- 7 0-28 . x x x x x 

FA- 2 5-110- 78  x x x x x 

CP- 70-28 . . . .  

CP- 110-28 . . .  

CPCS- 7 0-28 . .  

CPCS-110-28 . 

*Op t imum s t ab i l i z a t ion cond i t ions , ind i c a t e d  by X ,  are 
based on s t rength  crit er ia us ing 27 day immersed 
compressive s treng th { for cement 250  P s i  minimum and for 
o ther s tab ilizers , 40  p s i , cons ider ing 18 kips standard 
minimum axle load ) . 



Shale  
No . 

�\o�a 2 9  

3 0  

3 1  

3 2  

3 3  

34 

35 

36 
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Tab l e  5 . 6 :  

COMPARISON OF STRENGTH GAIN BY THE ADDITION OF STABl,LI.ZING 
AGENTS TO SHALES ON THE BAS IS OF 2 8-DAY AND 9 0-DAY CURI.NG 

S tab i l i z ing L ime ver sus Flyash 

Agen t s  S tab iliza t ion 

Lime Cemen t Flyash Remark 

Low High Med ium Fly  ash is b e t ter than l ime 

Low High Med ium 

Med ium High Low Lime is b e t t er than f lyash 

Med ium High Low 

Low High Med ium Fly ash is b e t ter than l ime 

Med ium High Low Lime is · b e t ter than f lyash 

Med ium High Low L ime is  b e t t er than f lyash . 

Maximum s tr eng th b enef ic ia-
tion for b o th s tab il i z ing 
agents 

Low High Med ium Flyash is b e t t er than l ime 
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COMPARATIVE EVALUATION OF S TABILI 7.INn Ar.F.NTS 

On th e bas is  of dry and immer sed compr es s ive s tr eng ths o f  

s tab i l i z ed shal es cur ed for 28 days and 90 days  a t  7 0° F and 110° F ,  the 

var ious s tab i l i za t ion condit ions ar e compared for all s ha l es in Tab l es 5 . 5  

and 5 . 6  

Tes t condi tions are des igna t ed as L-3 - 7 - 28 , C- 1 4 , 1 10- 28 , e tc . ,  

which ind i ca t e  s tab i l i zer type- amount- cur ing t empera tu re-cur ing p eriod , 

res p ec t ively . Fo r examp l e ,  L-3-70- 28 means s tab i l i z er : l ime , amoun t :  3 % , 

cur ing t emp era tur e ,  7 0° F and curing period : 28 days . On the o ther 

hand , wi th pe troch emical s tab i l i zer s  the amoun t varies for each sha l e ,  and 

ther efor e , the amount is no t indica ted . The sumbols  used for s tab i l i zers 

are L for l ime , C for cement , FA for f lyash , CP for c lapak , and CPCS for 

clapak- c las e t . Op t imum s tabi l i za t ion cond i t ions for each shal e , ind ica t ed 

in Tabl e  5 . 5 ,  are s el ec t ed on the b a s is o f  immer s ed comp ress ive s tr eng th . 

Fo r cement s tabi li za t ion , a minimum immer s ed compres s ive  s treng th o f  

250 ps i is chos en as recommended by t h e  Port land C emen t As sociat ion ( 2 50 

p s i  for l igh t tra f f ic and 400 ps i for  heavy traf f ic ) . For o ther s tabi l i z ing 

ag ents ( cons id ering 18 kips s tandard axl e  load ) , the minimum is s e t  a t  

4 0  psi . Comparison o f  s tr eng th charac t eris t ic s  for  various s tab i l i za t ion 

cond i tions for all shales are shown in Figures J . 14 to J . 2 1 in App endix J .  

I t  appears tha t no s tab i l i z er is  e f f ec t ive for shal e 3 2  a t  a cu ring 

0 
temp era ture of  7 0  F .  Shal e 3 5  r espond s very . well for all stab i l i z ers 

used except the commerc ial petrochemical s tab ili zers ' clapak ' and ' c la s e t ' . 

The data l ead to  the following conc lus i ons wh ich are also s ummari zed in 

Tab l e  5 . 6 : 

1 .  Cemen t s tab ili za t ion imparts  the h ighes t s treng th 
g a i n  

2 .  All s tab i l i z ing agents impart the leas t s treng th 
to sha l e  3 2  (having the maximum PI and signi fi can t 
amount of  montmorilloni te) at the cur ing t emperature 
of  70° F .  
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'3 .  S ha l e  3 5 , hav i n g  t he I owe s t  P T  a n d  b e. i n g pre
dominan tly ill i tic , r esponds well to all 
s tab ilizers 

4.  L ime and f lyash s t ab il i za t ion c on tr ibu t e  to  mod
erat e  s trength gain . For shal es 29 , 30 , 3 3 , and 
36 , having c omparat ively lower opt imum mo is ture 
conten t  than o ther shales , f lyash was f ound mor e 
b enef icial than l ime 

5. Chemical s tab ilizat ion is  no t eff ec t ive f or this 
s tudy 

Bas ed on the resul ts  o f  dry and immersed s treng ths , the s elec t ive 

labor atory s tab il izat ion inc lud ed the following : 

1 .  The use of  s tab il i z ing agen ts l ime 6% , c emen t 14% , 
f lyash 25%  alone and conj unc t ively , and the 
lat ter wi th amoun ts reduc ed . Al so , chemicals such 
as NaCl , NaOH , Cac12 and Na

2
co

3 
wer e  u s ed a s  s 

s econdary add i t iv e  

2 .  The u s e  o f  1 1 0 ° F .  f or b e t ter environmen tal control 

WET-DRY CYCI..ES 

The l ime s tab i l i zed , c ement s tab il i z ed , and f lyash s tab il i z ed 

shales wer e  cur ed for 28 day s and 90 days at  7 0 ° F .  and 90-100% rela t ive 

humid i ty and subsequently were  subj ec t ed to  5 ,  1 0  and 1 5  wet-dry cycle s . 

The data are pres en ted in Tab l es E . l to  E . 3 in App end ix E and in Figure 5 . 7 . 

1 .  Lime S tab i l i zat ion : 

As a resul t of  5 and 1 5  we t-dry cyc les , compres s ive s trengths 

o f  all sha les , exc ept shales 30 , 3 3 ,  34 and 36  were reduced . For plas t ic 

s hales 3 1  and 32 , it  was no t pos s ible  t o  measure their s tr ength due to the 

complete  br eakdown. .o f · the s amp l e  when subj ec t ed to wet-dry cycle s . Shales 

30.,. 34 and 36 , c ontaining compara t iv ely h igher amoun ts o f  s il t , . show 

increa s e  in s tr eng th as a r es ul t  of we t-d ry cyc les . Sha l e  3 3 ,  having the 

maximum aggr egat ion ind ex ( c ementat ion as a resul t of l ime treatmen t ) , 

shows incr eas e in compress:ive  s tr ength only for the 2 8-day cur ing per iod . 

. : . ·. 
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2 .  Cement S tab ilizat ion : 

As a resu l t  of  wet-dry cyc l es , the compress ive s trengths o f  

all  c ement s tab il i zed shal es , except shal e  31 , ar e nea rly equal . Shale  3 1 , 

wh ich is  predominan t ly mon tmoril lon i t ic , ind icates s l ight increase in s tr ength 

as a resul t o f  we t-dry cyc l es f or b o th 28-day and 90-day cur ing per iods 

af ter being subj e c t ed t o  5 ,  10  and 15  we t-dry cycles . The compres s ive 

s treng th o f  cemen t s tab il ized shal es ar e h igher than l ime s tab i l i zed 

and f lyash s tabi l ized shales . 

3 .  Flyash S tab ilizat ion : 

Compr es s ive s tr eng ths o f  all  f lyash s tab il ized shales , except 

shales 33 , 34 , 35 and 36 , ar e r educ ed as a resul t o f  we t-dry cycle s . For 

shale 32 , having the h ighes t P I , it  was not  poss ib le to  d e termine the 

compres s ive  s tr ength due to d i s in tegra t ion . Shales 3 3 , 34 , 35 and 36 , 

con taining s igni f icant amount of  ill ite , show s ignifican t increase in com

pr ess ive strength as a resul t o f  we t-d ry cyc l es . 

FREEZE-THAW CYCLES 

The compr ess ive s t r eng ths of l ime s tab il i z ed sha l es cur ed f o r  

28  days and 90 days at  1 1 0 ° F and 90-100% relat ive humid ity and s ub 

s equently subj ec t ed t o  5 ,  10  and 15 freeze-thaw cyc l es ar e pres en ted in 

Tab les E. 4 to E. 6 in Append ix E and in Figure 5 .  8 .  

1 .  Lime S tab il izat ion : 

The compress ive s t r engths of all sha l es are r educ ed as a 

resul t of  f r eeze- thaw cyc l es . For shales 29 , 36  and 32 , con taining very 

low and very h igh amounts  of less  than two micron ( 2µ ) c lay , res pec t ively , 

i t  was not  pos s ib l e  t o  meas ure the c ompr es s ive s treng th due to  the 

br eakdown of the samp l es when subj ec t ed to fr eeze- thaw cyc les for both 

2 8-day and 90-day cur ing per iods . 'For 90-day cured s amp l es , the reduc t ion 

due to 5 . fr.e ez e-thaw cy-c'ies is no·t s igni f ican t .  
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2 .  Cement S t ab il i zat ion : 

For all  shal e s , the compr es s ive s treng th is  reduced by 

s i gnificant amounts as a r esul t  of freeze- thaw cycles . However ,  the 

reduced s treng ths of cemen t s tab i l i z ed shales  are higher than for l ime 

s tabil i z a t ion for all  shal es . 

3 .  Flyash S tab i l i za t ion : 

For f lyash s tab il izat ion i t  was poss ib l e  to mea sure the s treng th 

of  nonplas t ic sha les ( 3 3 ,  34 , and 35 ) only which were cur ed for 90 d ays 

and were  subj ec t ed t o  5 freeze- thaw cycles (F igur e 5 . 7 ) ; however , it was 

no t pos s ib l e  to  measure compr ess ive s trengths of  thes e shal es af ter 1 5  

fre eze- thaw cyc l es . Admi t t edly , such a h igh numb er of  freeze-thaw cycles 

is unl ikely to occur in Oklahoma . 

CYCLIC LOADING 

The repe t i t iv e  load tes t ing  on l ime s tab i l i z ed , c ement s tab i l i

zed , and f lyash s tab ili zed sha l es wer e  conduc t ed f or 40 , 80 , 1 2 0  and 160  lb . 

loads at  2 0  and 40 APM . Typ ica l test  results  are pres ent ed in F igur es 5 . 9 

and 5 .. lO f or al l s tab i l i z ing agen ts and a l l  shale s . As pr ev ious ly s t a ted 

each load and frequency were applied 50  t imes un til  f ailure was d e t ec ted . 

1 .  Lime S tab i l i z a t i on :  

There i s  no cons is t en t  pa t t ern for f a ilure loads of cyc l ic 

load ing f or dry s amp les o f  . l ime s tab i l i z ed shales . In general , almo s t  

·a ll  shales , except  JO , 3 4  and 35 , cured for 90 days show f a ilure loads 

of 80  lb . Ther e is a t end ency of the fa ilure loads  t o  decreae? at higher 

rates of  load appl ica t ion .  Sha l e s  30 and 34 , containing higher amounts  

o f  s i l t , and the predominan t ly ill i t ic shale 35 , d id wi ths tand the  f a ilure 

load of  1 2 0  lb . 

2 .  Cemen � S tab il izat ion : 

.Almos t  a ll cernen t s tab i l i z ed sha les , excel?t  sha le 32 , 
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exhib i ted h igh r es is tance t o  cy c l i c  load i n g  and t h e i r  f � i lu re loads a t e  

in the range o f  1 20 t o  1 60 lb . due to  s trong c emen ta t ion . Cons ider ing 

a l l  f ailure loads of 28-day and 90-day cured samples , and f or dry 

and immersed  cond i t ions at  24  and 40 APM f r equenc ies ., sha le  32 (Pi. of 4 0 ) , 

fa iled a t  the load o f  80  lb . In general , c emen t t reat ed shales show 

br i t tl e  failure thus a t tes t ing to the c emen t a tion which has occurred . 

3 .  Flyash S tab i l i za t i on : 

Fai lure loads f or f lyash s t ab i l i zed shales were compara t ively 

lower than l ime s tab ili zed and cement s tab i l i zed shales . These loads 

var ied from 40 lb . to 80  lb . for all shales . In genera l ,  t h er e  was no 

cons is tent  pa t t ern b e twe en failure loads and cur ing per iod s . 

DELAYED COMPACTION 

In order t o  as s es s  the inf luence o f  d elayed compac t ion , a 

s tudy o f  one hour , two hour and four hour d elayed compac t ion was conduc t ed 

on l ime s tabi l i z ed , c emen t s tabi liz ed and f lyash s tab i l i z ed shales . Dry 

and immersed  compress iv e  s trengths were measured fro 28-day and 90-day 

cur ed sampl es . The e f f ec t  of  d e layed c ompac tion on opt imum mo is tur e  con

t ent and dry dens i ty of s tab il ized shales was also obs erved . The r esul ts  

ar e pr e s ented in  Tab l es F . l to  F . 9  in  Append ix F for all s tab i l i zed 

shales . For shale 35 , the e f f e c t  of d elayed compac t ion on compress ive 

s t reng th , dry dens ity , and OMC i s  shown in Figures 5 . 1 1  and 5 . 12 . 

1 .  Lime S t ab il i za t ion : 

Dry and inuner s ed s trengths o f  a l l  shal es, exc ept shales 30 

and 31, ar e s imilar or s l igh t ly re�uce� as  a r esul t of d elayed compac tion . 

Shale 30 , hav ing the lowes t opt imum mois tur e  con t en t , shows increas e in 

dry s trength . Shal e 3 1 , predominan t ly mon tmoril loni t ic , shows s i gni

f icant gain for dry and inuner sed cond i t i on as a r es ul t  o f  d elayed compac-
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tion . The · r educed s t ren.g.th _ of shale .JS : (as a resul t of delayed compac t i on) � 
. . 

wh.ich . is · trio�·t b��-ef  ic iated by l.ime s tab il i za.tion , i s  higher than the 

reduced s tr ength of o t her shales . The -o.pt imum mois ture con ten t and dry 

dens i ty o f  l ime shales ar e r educ ed as a resul t  of d elayed compac tion . 

2 .  Cement S t ab. il izat ion : 

Dry and innnersed s t r engths · o f  all c ement stabil i zed shales , 

except  shale 31 , cur ed f or 2 8  and 90  days ar e reduced as  a result  of 

d elayed compac tion .  The opt imum mo is ture  con t en t  and dry d ens i ty o f  

all shales ar'e a1.s o  reduced as _. . a resul t o f  delayed compac tion . S ha l e  31 , 

whi ch contains the h ighest amoun t o f  montmori l lon ite  and wh ich was leas t 

benef ic ia ted by cement add i t ion , shows s igni f ican t s tren g th gain as  a 

r es ul t of  d elayed compac t ion . 

3 .  Flyash S tabil izat ion : 

Delayed c ompac t ion f or f lyash s tab i l ized shales appears to . 

b e  s l igh tly benef icial in tha t the dry and immers ed s trengths of  all 

shales , except shale 35 , d id no t decreas e ;  in fac t , in some cas e s  the 

s trengths inc reas ed as a resu l t  of delay ed compa c t ion . Shale 35 , wi th 

the lowe s t  PI and the maximum amount of  il l i t e ,  shows s l i gh t  decrease in 

s trength as a resul t of d e layed compac t ion . There is  no c ons i s t ent  pat tern 

f or op t imum mo is ture conten t  and dry dens ity . In general , OMC and dry 

dens i ty for  all shales , except  sha l e  34 , ar e r educed . Shale  34 , con tain-

ing the highest amount of s il t , shows s ignif icant increase in dry 

dens ity as a r esul t of  delay ed compa c t ion _ 

TRIAXIAL COMPRES S IVE  STRENGTH 

Th e triaxi al compress ive s t rength tes t wa s used a s  a par t o f  

t h e  s elec t ive labora tory s tab il i zat io n .  The r esul ts o f  these t e s ts on 

90-day , 1 1 0 °  F. cured samples for li.me stab i l i z ed ( 6% ) , c ement s tabili zed 



Shale Number 

29 

30 

31 

32 

33 

34 

35 

36  

Table  5 . 7 :  

TRIAXIAL TEST RESULTS ON LIME S TABILIZED 
SHALES CURED FOR 9 0  DAYS AT 110°F 

Maximum D eviatoric S tr e s s  a t  
Cohes ion 

a = o 
3 , 

p s i  

131 . 4  

2 38 . 5 

3 60 . 7 

2 58 . 8 

809 . 6  

3 70 . 2 

698 . 0  

3 69 . 6 

a = 10 
3 . , p s i  

3 4 6  .-0 

7 5 8 . 3  

6 51 . 3 

6 29 . 6  

901 . 2  

1 38 7 . 2  

1473 . 2  

1083 . 2  

a = 2 0  3 . , a = 30 
3 . 

( c )  ps i 
p s i  p s i  

5 24 . 2  5 56 . 0  2 3 . 2  

6 66 . 4  9 03 . 2 7 8 . 4  

7 02 . 4  7 58 . 6  7 3 . 1  

6 1 2 . 9  5 52 . 7  34 . 8  

5 9 1 . 4  9 28 . 4 3 6 . 5  

1 4 7 0 . 1  7 82 . 2  7 4 . 6  

1805 . 4  15 32 . 2  6 2 . 5  

1211 . 2  690 . 5 9 3 . 0  

Angl e  o f  
Fr ic t ion 

( 0 ) , d e�rees 

64 . 1  I-' 
N 
N 

5 9 . 3  

6 5 . 5  

64 . 1  

65 . 5  

7 3 . 7  

68 . 4  

64 . 1  
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Shale Number 

29 

30 

31 

32 

33 

34 

35 

36  

Tab le ,5 . 8 :  

TRIAXIAL TEST RESULTS ON CEMENT STABI�IZED 
SHALES CURED FOR 90 DAYS AT llOOF 

Maximum Deviatoric S tress a t  

a = O 
3 

, 
p s i  

1438 . 1 

1204 . 1  

4 7 7  . 5  

611 . 9  

9 38 . 8  

941 . 3 

1238 . 7 

1286 . 7 

(J = 10 
3 

, 
ps i  

1298 . 2  

1821 . 2  

986 . 2 

5 5 7 � 2  

1809 . 0  

1943 . 2  

1543 . 2  

2305 . 0  

(J = 20 
3 

, 
ps i  

117 6 . 1  

2154 . 2  

1113 . 2 
� 

9 21 . 4  

1696 . 2  

582 . 1  

1482 . 0  

1853 . 2  

03 
= 30 

ps i  

1336 . 2  

1864 . 2  

1442 . 2  

845 ._ 3 

1 7 28 . 2  

1329 . 1  

2 102 . 2 

1691 . 2  

Cohes ion 
( c )  ps i  

74 . 0  

88 . 2  

35 . 7  

52 . 2  

111 . 1  

95 . 3  

125 . 0  

111 . 1  

Angle o f  
Frict ion 

( 0 ) , degrees 

7 3 . 7  

70 . 6  

4 5 . 2  

64 . 1  

7 3 . 7  

7 8 . 2  

6 8 . 5  

7 3 . 7  

....... 
N 
w 



Tabl e  5 . 9 :  

TRIAXIAL TEST RESULTS ON FLYASH STABILI ZED 
SHALE CURED FOR 90 DAYS AT 110°F 

Maximum Deviatoric  S tres s at  Ang l e  of  
Shale Number Cohes ion Fri c t ion 

CJ 3 = . 0 ' ' 03 = . 10 , 03 = 20 , a 3 = . 3 0  (c ) , ps i  (0 ) , d egrees 
pSl p S l  p s i  pS l  

2 9  569 . 0  330 . 2 3 26 . 3  349  .. 2 64 . 6  4 2 . 1  

30 381 . 6  3 9 0 . 4  414 . 1  588 . 4  2 7 . 2  5 1 . 1  I-' 
N 
.t:--

31 117 . 9  305 . 2  2 28 . 5  390 . 6  2 6 . 7 6 8 . 2  

32 2 16 . 5  2 23 . 3 2 6 2 . 4  3 2 3 . 2  2 7 . 4  64 . 6  

33 1 30 . 2  2 88 . 1  2 30 . 2  281 . 3  . 2 1 .  5 5 6 . 2  

. 

34 9 4 . 8  6 29 . 4  461 . 5  7 16 . 6  38 . 8  5 9 .·0 

35 27 3 . 7 7 14 . 2  6 11 . 4  65 6 . 3  46 . 6  5 9 . 1  

36 204 . 7  4 5 3 . 2  4 40 . 5  5 1 7 . 6  39 . 9  5 3 . 4  
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( 14 % ) , and flyash s t ab i l i zed ( 2 5% )  shal�s a r c  presen ted i n  Tables 5 . 7  t o  

5 . 9 .  

1 .  Lime S t ab il i zat io n :  

A s  a resul t of  l ime s tab i l izatin , the cohes ion and the in ter

nal f r ic t ion angles o f  all  shales ar e s ignif ican t ly increas ed . In gen

eral , shales d is play ing high er cohesion values have h igher compres s ive 

s treng ths . Shale 2 9 , con tain ing the lowe s t  amoun t of less than 2µ clay 

and the lowes t  cohe s t ion value of  2 3 . 2  p s i  af ter l ime s tabil iza t ion , shows 

the lowes t compr es s ive s treng th of 1 3 1  psi . 

2 .  Cement S tab ilizat ion : 

The int ernal f r ic t ion of cement s tabi l i zed shale s are s imilar 

to  l ime s tab ili zed shales , but the cohes ion of  cement s tab il i zed shales 

is higher than- tha t o f  l ime s tab ili zed shales . In genera l ,  shales having 

high cohe s ion value , show h igh compres s ive s tr eng ths . Shale 31 , pre

dominan t ly montmoril lon i t ic and having the lowes t cohes ion and int ernal 

f r ic t ion angle ( 35 ps i and 4 5 ° , respec t ively ) d i s plays the lowes t 

compress ive s tr ength o f  4 7 7  ps i af ter cemen t s tab ilization . 

3 .  Flyash S tab i li zat ion : 

The cohes ion and in ternal f r ic t i on angles of flyash s tab i l i z ed 

shales ar e lower than those  for cement s tab il i zed and l ime s tab ilized 

shales f or a lmo s t  all  sha les . Shale 29 , con taining the lowes t amount 

o f  les s than 2µ c lay , shows the highes t cohes ion o f  64 . 6  psi  after fly

ash s tab i l i zat ion and the lowes t cohes ion of 2 3 . 2  psi  af t er lime s tab i l i

za tion.  Also the compres s ive s trength o f  f lyash s tab i l i z ed shale 2 9  is  

higher th�n i t s l ime s tab i l ized coun te rpar t �  

STAB ILI ZATION WITH ADMIXTURES 

To enhanc e the e ffec t iveness of ma in s t ab i l i zing agen t s , the 



Shale 
Number 

29 

30 

31 

3 2  

3 3  

3 4  

3 5  

3 6  

126  

Tab le 5 . 10 :  

TEST OF EFFECTIVENES S  FOR CEMENT AND 
CEMENT + LIME TREATED SHALES 

ComEres s ive 
Cement 

( 14% ) 

5 15 . 5  

895 . 4  

88 . 7  

386 . 6  

5 68 . 3 

7 68 . 5 

7 7 2 . 2 

507 . 2  

F* DISTRIBUTION LEVEL OF 
SIGNIFICANCE 0 . 05 

S trength2 P s i  
Hypo the s is 

(Ho ) 
Cement + L ime Fcx 

a 2 a 2 * 
( 10% + 4%)  •F . 05 II: 

2 1 

502 . 0  3 2 . 4 7 Accep t ed 

469 . 5  . 084 Rej ected 

359 . 0  . 03 7  Rej e c t ed 

2 9 5 . 5  0 . 2 9 5  Rej ec ted 

402 . 6 0 . 314 Rej ec ted 

386 . 0  . 05 1  Rej e c t ed 

885 . 3  4 . 7 0 Acc ep t ed 

416 . 2  207 . 42 Rej e c t ed 

Remark 

s = s + c 
c c 

s > s + L 
c c 

s < s + L c c 

s > s + L 
c c 

s > s + L 
c c 

s > s + L 
c c 

s � s + L 
c c 

s > s + L 
c c 

* F . 05 ( 1 , 2 )  = 161  

Ho : 0
1

2 
= 0

2
2 

(o
1

2 
and 0

2
2 

are var iance of  s trength o f  cement 

and cement and cement + l ime treated sha les ) 

S = S treng th 

* S ta t i s t ics in Res earch-OSTLE , Iowa S ta t e  College Press 
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following two approaches were us ed : 

1 .  Conj unc t ive us e of main s tab i l i z ing agen ts ( l ime , cemen t and 

f lyash ) . In this approach the amount o f  each s tab i l i z ing agent in the 

comb inat ion was less  t ha n  the amount us ed when the shal e  was s tab i l i z ed 

with one agent . For exampl e ,  as  a main s tab i l i z ing agen t  the amoun ts  of 

c emait ,  l ime and f lyash were 1 4 % , 6% , and 25% , respec t ively , by the dry 

weight of  shale .  But when c emen t and l ime were used conj unc t ively , the 

amoun ts of c emen t  and l ime in this comb ina t ion were 10% and 4 % ,  respec t ively , 

ins t ead of  14% and 6% . The conj unc t ive use s erv es two purposes s imul tan

eous ly . Firs t , it  reduces the amount of cos t ly s t ab i l i z ing agents and 

second , i t  gives equivalertt d e s irab l e  s tr eng th . For example , as s hown 

in Tab le 5 . 10 , the comb inat ion o f  c emen t and l ime ( 10% and 4 % )  for mon t

morilloni t ic sha l e  31 is  b e t ter than 14% c ement s tabi l i za t ion alone . In 

this cas e , we f ind tha t sha l e  31 , which could not be s tab i l ized adequa t ely 

with 14% cement , was s tab i l ized by reducing  cement to 10% but with the 

add i t ion of 4% l ime . S imilarly , for o ther shales  (sha l e  2 9  and 35 ) we 

f ind the same pa t t ern of behavior . To det ermine the effec t iveness of  the 

comb ina t ion of s tab il i z ing agen t s , a uni t less parameter S treng th Bene

f ic ia t ion Index ( SBI ) , as  ment ioned in Chapter IV , is employed . The 

S BI values for all poss ibl e  comb ina t ions of main s tab i l i z ing agents ar e 

given in Append ix G .  

2 .  The s econd a pproach to enhance the ef f ec t ivenes s o f  ma in 

s tab il i z ing agent was to use very smal l amoun ts  (varying 0 . 5 % to 2 % )  of  

NaC l ,  Cac1
2

, Na
2

co
3

, or NaOH as a s econdary add i t ive wi th the  var ious 

ma in s tab i l i z ing agen t s  (or i t s  comb inat ions ) .  To de termine the e ff ec t ive

nes s of  the secondary add i t ives , the Strength Benef iciat ion Index ( S BI )  

was us ed and the res ul ts  are given in Append ix G .  

For l ime s tab i l i za t ion , th e add i t ion of small  amoun t o f  NaCl  to 

. . . .  : - .:·· : � 
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s il ty shales seems benef icial . Shale 3 3 , wh ich contains the leas t 

amoun t o f  clay , is  mos t  benef ic ia ted by the add i t ion o f  2 %  NaCl in ( 6 % )  

l ime s tabi l izat ion . A pos s ib l e  r eason might b e  the mo is tur e r et·ent ion 

proper ty of sodium chloride , which r educes the rat e  of  mo is ture evapora-

t ion from s o il . In o ther words , the addi t ion of NaCl to s ilty soils  

par t ially f il ls the  void s with  the  r equired mo is ture and f inal ly increases 

th e compr essive s tr ength . 

COMPARATIVE EVALUAT ION OF STABILI ZING AGENTS 

To s tab il i ze th e s e lec t ed shales , three approaches wer e  used : 

1 .  Us ed main s tab il i z ing agents s epara tely ( c ement , 
l ime and f lyash) 

2 .  Conj unc t iv e  use  of main s tab i l i z ing agen ts 

3 .  Sma l l  amount  of  s econdary add i t ives with a main 
s tabi l izing  agent or with a comb ina t ion of  main 
s tab il i z ing agents 

Al l po s s ible  s e t s  o f  ma in s tab i l i z ing agents , th e conj unc t ive 

us e of ma in s tab i l i z ing agents , and comb inat ions with s econdary add i t ives 

are given in Tab l e  5 . 11 .  To dec ide on the suitab ility o f  s tab i l i zing 

ag ents  f o r  shal es , the criterion used was the 28-day immer s ed compr ess ive 

s treng th . For cement s t ab il ized shales , the immer sed compress ive s t reng th. 

o f  2 5 0  p s i  was us ed (as r econunend ed by Por t land Cement Ass oc ia tion , 2 5 0  ps i 

f o r  l ight traf f ic and 400 p s i  f or heavy traf f ic ) . Fo r o ther s tab i l i z ing  

agen ts , there are no gu ide lines availab l e ; henc e ,  the immer s ed compres s ive 

s tr en gth of 100 p s i  was us ed ( cons ider ing 18 kips of single axle wh eel 

1oad and 2 to 2 . 5  fac tor of safety ) . 

On the bas i s  o f  2 8-day immersed compress ive s t rengths (Tab le 5 . 1 2 )  

recommendat ions concern ing sui tab l e  s tab ili z ing agents f o r  all shales 

are summar i zed in Tab l e  5 . 13 .  
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Tab l e  5 . 11 :  

LIST OF STABILI ZING SETS U SED 

Approach 

1 .  Main S tab i l i z ing Agent 

2 .  Conj unc t ive Us e of  Main 
S tab i l i z ing Agents 

3 .  Use o f  Small Amounts  of 
S econdary Add i t ives 

S e t  of  S tabi l i zing Ag en ts 

1 .  Cement 14% 

2 .  L ime 6% 

3 .  Flyash 25% 

4 .  Cemen t 10% + Lime 4% 

5 .  Cement 10% + Flyash 4% 

6 .  Lime 5% + F lyash 10% 

7 .  Cement 8% + L ime 2% + Flyash 4% 

8 .  Lime 6 %  + NaCl  2% 

9 .  Cement 10% + Flyash 4% + Na2co3 0 . 5% 

10 . L ime 5% + Flyash 10% + Naco
3 

0 . 5% 

11 . Lime 5% + F lyash 10% + CaC1
2 

0 . 5% 

12 . Lime 5% + F lyash 10% + NaOH 0 . 5% 



Tab l e  5 . 12 :  

2 8  DAY IMMERSED COMPRESSIVE STRENGTH , P S I  

M M 
- - - 0 - 0 - N - -N N - N u N u N r-i N ::c N 

Shale ...::r ...::r N < ...::r ..-i -.  N If) N If) CJ If) 0 If) - - - + < + < o  � +  CJ N C'O N  . C'O N  . C'O N  . C'O N  . 
Number C'Cl N N < N  t-l N � N  � r-i  + N C'O N  z ...::r o z o o  u o o  z o o  U -.::t t-l \0 � If) + o + o + +  t-l N z +  � + +  � � +  � � +  � � +  r-i ...._, N U r-i  U r-i  t-l N + +  + N N ...._, ...._, ...._, ...._, If) U N  t-l \0 � o  � N  � N  � N  '-" co '-" + r-i + If) + If)  + If)  '-" u '-" t-l ...._, t-l '-" t-l '-" 

29  2 7 8  -- 159  5 1 7 " 1 7 8  2 15 167  115  214 228 169  130 

30 5 2 6  -- 174  329  545  191  362  34  390  295  202  172  

31  167  86 51 344 502 2 3 3  4 1 3  233  345  208 201 164  

I-' 
3 2  9 1  2 0  -- 130 7 7  86  133  5 9  7 3  4 6  1 2  4 0  w 

0 

33 693  48 94 362 306 132  281  103  291  120  1 2 7  5 5  

3 4  309 41 52 2 9 2  360  131  309  106  2 0 1  2 2 1  2 1 2  185  

35 646 332 121  6 60 5 2 1  2 8 5  4 9 4  287  345  410  3 2 1  3 0 2  

36  438  -- 9 7  306 1 5 0  4 5  1 2 7  3 1  3 1 5  1 4 9  140  90  

aC = Cement , L = Lime , FA = F lyash 

S ample d ispersed dur ing innners ion 
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Tab le 5 . 1 3 :  
SU ITABLE STABIL I Z ING AGENTS FOR SELECTED SHALES 

S tab i l i z ing Agent 
Shale for 

Number Maximum S trength 
29  Cement 10% 

30 

31 

32 

33 

34 

35 

36 

+ 
L ime 4% 

C emen t 14% 

Cemen t 8% + Fly ash 
+ 

Lime 2% 

Cement 8% + Flyash 
+ 

Lime 2% 

Cement 14% 

Cemen t 10% 
+ 

F l yash 4% 

Cemen t 10% 
+ 

Lime 4%  

Cemen t 14% 

4% 

4% 

Recommenda t ion 
of  

Suitab le S tab ilizing Agents  

1 .  Cement  14% fo.r secondary roads only 
2 .  Flyash 25%  
3 .  Cement 10% + Lime 4% 
4 .  Cement 10% + Flyash 4% + Na2co3 0 . 5% 
5 .  Lime 5% + Nacl 2% 
6 .  Lime 5% + Flyash 10% 

1 .  Cement 14% 
2 . · Flyash 2 5% 
3 .  Cement 10% + Flyash 4% 
4 .  Lime 5% + Flyash 10% + Na2C0 3 0 . 5% 

1 .  Cement 10% + Lime 4% 
2 .  Cement 10% + Flyash 4% 
3 .  Cement 8% + Flyash 4% + Lime 2% 
4 .  Lime 5 %  + Flyash 10% 
5 .  Lime 6% + Nacl 2% 

1 .  Cement 10% + L ime 4% 
2 .  Cement 10% + Flyash 4% 
3 .  Cement 8% + Lime 2% + Flyash 4% 
4 .  Lime 5 %  + Flyash 10% 

1 .  Cement 14% 
2 .  Flyash 2 5 %  
3 .  Cement 10% + Flyash 4% 
4 .  Lime 6% + Nacl 2% 
5 .  Lime 4% + Cement 10% 
6 .  Lime 5 %  + Flyash 10% 

1 . Cement 14% for secondary roads only 
2 .  Cement 10% + Flyash 4% 
3 .  Lime 6$ + Nacl 2% 
4 .  Lime 5 %  + Flyash 10% + Na1C0 1 0 . 5% 

1 .  Cement 14% 
2 .  Lime 6% 
3 . . Fly ash 25%  
4 .  Cement 10% + Lime 4% 
5 .  Cement 10% + Flyash 4% 
6 .  Lime 5 %  + Fly ash 10% + Na2C0.1 0 .  5% 

1 . · Cement 14% 
2 .  Flyash 25%  
3 .  L ime 5% + Flyash 10%  + Cac l2 0 . 5% 
4 .  Lime 5% + Flyash 10% + NaiC03 0 . 5% 
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GEOLOGICAL TE STS O N  RAW AND ST4BILI ZED SHALES 

X-RAY D IFFRACT ION 

The X-ray diffrac t ion pat t erns do no t show any change in the 

locat ion of the iden t if ied c lay minerals of s tabi lized sha l es cons idered 

in this  s tudy . However , l ime s tab i l i zat ion c l early indicates the appar ent 

mod i f ica t ion in the mineralogical property of clay f rac t ion , while for 

other s tabi l i z ing agen ts the c lay mineral peaks are r educed significan t ly 

or be come a lmo s t  und e f ined . For cement s tab i l izat ion , a l l  difrac t ion 

peaks are leas t def ined , as shown in Figure 5 .1 3 . On e pos sib le explana-

t ion is that  an aggre ga t ion of s il ica and alumn ia pres ent in cemen t takes 

plac es on the crys tall ine surface of  c lay minerals . 

When compar ing x--ray dif frac t ion peaks f or l ime s tabi l i zation 

and f lyash stab i l i zat ion , the lat t er are wel l  defined . The pos s ib le 

reas on might be the presence of a s ignif ican t  amount of  Cao (in the range 

of 2 9 %  to  30% ) in the f lyash used in th is  s tudy . Though the presence 

of unrea c t ed l ime , cal c i t e , t r icalc ium s il ica t e  (c
3

s ) , d icalc ium s ilicate 

( c
2

s ) , calc ium aluminat e  hydra t es (c4AH) e t c . , was d e t e c t ed through X-ray 

dif frac t ion analys is for l ime s tab il ized sha l es , the pa t t erns fa iled to 

provide pa t t erns which could lend themse lves to  mea surab le amount s  of 

reac t ion produc t s . This may b e  acco un ted for  by two ob serva t ions : 

1 .  S tab il i z at ion reac t ion is  a s urface phenomenon 
and t hus the maj or part o f  c l ay minera ls is no t 
mo dif ied 

2 .  Crys tall ini ty of reac t ion produc ts is very l ow 

In general , X-ray d i ffrac t ion ana lysis  t echn iques coul d no t be 

us ed as a pred ic t ive tool f or determin ing the quan t i ty or rate of 

s t rength developmen t which took place during cur ing and the mob ilization 

of the s tab il izat ion process primar i ly b ecause o f  the poor crys tallinity 

.of  the reac t ion p roduc·ts . 
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DI F F RACTION ANG LE,  20 (Cu - K o< )  

Figure 5. 1 3 : X-ray diffractogram for shale 35. 
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ELECTRON MI CROS COPY 

Elec tron micro scopic s tud ies wer e  condu c ted to inves tiga t e  the 

void doma in chara c teris t ic s  of raw and s tab i l i zed sha les . The r esul ts 

of  elec tron micros copy for the raw and s tab il i z ed sha l es are presen t ed in 

Tab l es H . l  to H . 7  in Append ix H .  Samp l es wer e dried by evaporat ion 

- 5  a t  7 x 1 0  mm H g  vacuum pressur e .  Magnific a t ion was 3000X . 

In th i s  s tudy two impo rtan t parame t ers  are def ined . Th ey are : 

1 .  The vo id cros s s e c t iona l area V ,  in % 

2 .  Larges t por e int ercep t  P ,  in mm and they are 
d epic ted in Figure 5 . 14 .  

Elec tron micrographs o f  raw and s tab i l i z ed shale 3 5  are shown in Figur es 5 . 1 5 

to  5 . 1 8 .  

Raw Shales : 

Tab l e  H . l  gives the valu e V and P for  a to tal s amp le cross-

se c t ional area O f  6 . 7 X lo
-4

mm
2

. I 1 h 1 h i hi h id n genera , s a es av ng g er vo 

cros s-s ec t ional area , show low comp res s ive s tr eng ths . Sha l e  3 5 , has 

the maximum vo id cross-sect iona l  area of 9 2% and the lowes t comp r es s ive 

s tr eng th o f  24 ps i .  For raw shales , the approxima t e  comp r ess ive s tr eng th 

pred ic t ion equat ion may be expres s ed as : 

UCS ( p s i )  = 53 . 4  - 0 . 3 9 (V) 

A relationsh ip b e tween % vo id cros s- s e c t ional  areas (V) and compres s ive 

s tr eng ths of a l l  shal es is pr es ent ed in Figure 5 . 19 .  

Fol lowing ar e the equa t ions which pred ic t  the compres s ive 

s tr eng th s in the range  of ± 1 0% of  ac tua l values in terms of void doma in 

charac teris t ic s  ( electron micros copy) , p las t ic i ty propert i es and o ther 

s tr eng th parame t ers of raw shal es . 

1 .  u cs ( p s i )  3 . 60 0 . 1 5 (V) + 0 . 03 (P I )  

2 .  ucs ( p s i )  3 1 . 5  O . l S (V) + 0 . 2 2 (LL) 

3 .  u cs ( p s i )  3 1 . 3  - 185 . 9 (P )  - 0 . 1 2 (V) + 0 . 2 7 (LL) 

4 .  u c s  ( p s i )  - 13 . 1  - 4 9 9 ( P )  + O . O l (V) + 0 . 87 ( � )  + 
3 . 0  ( C )  + 0 . 12 ( P I )  



J .J·.J 

W x H = 6.7 x 1 04 mm2 

V = ( 'L A  )x 1 00 
W x H 

P = Longest pore (void ) intercept, mm. 

Figure 5. 14 :  E lectron micrograph of  soi l  mass. 
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Figure 5. 1 5 :  E lectron micrograph of shale 35. 

Figure 5. 1 6 :  E lectron micrograph of shale 35 stabi l ized with 
l ime (6%) and cured for 28 days at 1 1 0° F .  
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Figure 5. 1 7 :  Electron micrograph of shale 35 stabi l ized with 
cement ( 1 4%) and cured for 28 days at 1 1 0° F. 

Figure 5. 1 8 :  E lectron micrograph of shale 35 stabi l ized with 
flyash (25%) and cured for 28 days at 1 1 0° F .  



60--���.--���--��--r--���...-���---��-----. 

·s. 
VJ .. 50 
u 
::> 

J: 
.... C!> Z 40 I " - UCS = 53.4 - 0.35 (V) 
w a: 
.... 
VJ 

w 
> 

� 30 
w a: I "' I a.. 

,,...,; 
:J: � 

0 
u 

c 20 
w 
z 
LL 
z 
0 
u 
z 1 0  
::> 

0
0 20 40 60 80 1 00 

VOI D  CROSS SECTIONAL AREA, V, % 

Figure 5. 1 9 :  Electron microscopic study of raw shales . 



L:S Y  

Lime Stabil izat ion : For lime s tabil izat ion , the percentage void 

cross-sect ional area and the lar ge s t ·  pore in ter cept  of all  28-day cured 

samples are reduced s ignif icantly.  as a result  of longer cur ing per iod 

(90  days ) , as shown in Tab les H . 2 and H . 3 in Appendix H .  However , the 

compres s ive s trengths f or 90-day cured shales are h igher than the 28-day 

cured shales . Thi s  ind icates that the longer curing period reduces the 

amount of voids and increases t he compress ive st rengths for lime s tabili

zat ion . For l ime s tab il ization , the approximate compres s ive strength 

pred ic t ion equat ion ( for 90-day cured samples ) in terms of percent age 

vo id cross-sec t ional area (exc lud ing shales 29 and 36 ) may be expres sed as : 

UCS (ps i ) = -4 5 . 7 5 + 12 . 5 3 (V ) 

where V is great er than zero 

Cemen t Stab i l i za t ion : The percentage vo id cro ss-sectional area 

of cemen t s tab il ized shales are lower than . l ime s tab il iza t ion for all 

shal es , as  shown in Tab l es H . 4 to  H . 5 in Appendix H .  There i s  no 

s ignif icant d if ferenc e of vo id cross -sec t ional area and larges t por e in ter

c ept between the 28-day and 90 -day cured samples f or cement s tabil iza tion . 

Thi s indi cates that aggrega t ion wh ich oc curred af ter 2 8  days does not 

change �ignif icantly f or longer cur ing per iods (90 days ) . 

The approximate relat ionship (as shown in F i gure 5 . 20 ) be tween 

the larges t pore in terc ept and the compress ive s t rength for  28-day cured 

cemen t s tab ili zed shales , may be expressed as : 

UCS (ps i ) = 1950 - 50 , 000 (P ) 

wher e P i s  grea ter than zero 

Flyash Stab il i zat ion : The vo id cross-sect ional area of flyash 

s tab ilized shale s is higher than tha t of  the cemen t s tabil ized shales bu t 
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s imilar to lime s tab ili zed shales . However , for f lyash s ta,b :Uiza.t i.on there 

i s  no cons i s t ent pat tern for c ompres s ive s trength , vo id cros s-sec tional 

area , and larges t pore intercept o f  shales . Resul ts of electron mic ro

s copy of f lyash s tab ilized shal es ar e pres�nt ed in Tables H . 6  and H ., 7 

in Appendix 7 .  
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CHAPTER VI 

MECHANISM OF STABILIZATION 

MECHANISM OF LIME S TABILIZATION 

Addit ion o f  l ime to so il increases  the e l ec trolyte concentration 

and , consequen t ly , the  pH of the pore wat er of the s o i l . Ion exchange 

b e tween l ime and s o il par t ic l es produces Ca- clay and c auses clay par t icles 

to f loccula te (Herzog and Mit chell , 1 9 6 3 ) . Increased pH , also , makes 

alumina and sil ica more  solub l e  and the calc ium ions r ea c t  with hydrous 

alumina to form hydra t ed calcium alumina t e  (Diamond and Kinter , 1966 ; 

Eades and Gr im ,  19 6 6 ) . Thi s  rather fas t reac t ion is  s upplemen t ed by 

a compara t ively slower reac t ion of s i l ica with l ime to  generate hydra ted 

calc ium s il icate  or " tob ermorite  gel "  ( 3Ca0 • 2 S i0
2 

• 3H2
b) . The gel 

hardens gradually and impar ts s trength to the s o i l  l ime mix .  The reac t ion 

produ c ts o f  cal c ium ,  alumina and s il ica spall , l ib era t ing f resh clay 

sur f ac e s  for further adsor p t ion and r eac t ion (Diamond and Kinter , 1 9 6 6 ) . 

X-ray dif frac t ion pat t erns indicate a des truc t io n  o f  the c lay minera l 

s truc ture  by l ime (Diamond and Kin t er , 1 9 6 6 ; Eades and Gr im ,  1966 ; 

Huang and Roderick,  1969 ; Aness i ,  19 7 0 ;  Kumar , 19 7 4 ) , and the soil l ime 

mix continues to exh ib i t  s trength gains for a lon g per iod of t ime . The 

hydration process ceases , l ike in cemen t concre te , only when mo is ture  

content in soil  mas s  reaches a s t at e of  equi l ib r ium with  the  relat ive 

humid i ty o f  surrounding a i r  ( P ih laj ararra , 1 9 6 7 ) . 

Dur ing the i ni t ial s tage , th e forma t ion of very small  

quan t it ies of cement i ng produc ts at  the po ints o f  con tac t b etween the 

edges o f  one par ticle and the faces o f  adj acent  par t ic l e s  is bel ieved to 
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b e  suf fic ient t o  s tab l J  i ze the f l oes so t h a t  the index p ro perties  are 

mod if ied ;  however , the bonding among the f loes is not s t rong enough 

to pr ovide suf f i c i en t  s trength to the c lay mas s and thus the c lay s eems 

to have been amel ior ated (short term e f f ec t ; f irs t hour ef f ect ) but no t 

s tab ilized . To s tabi lize  the mix , compac t ion t o  minimum void ratio 

is es sent ial . From the strength po int o f  view the product ion o f  hydrated 

cal cium al umina t es and s il ica tes dur ing long term reac tions is r esponsible 

for the s tab il i za t ion of so ils (Diamond and Kinter , 196 6 ) . Strength 

increas es as the reaction proceeds . At any t ime , there may be more than 

one phase of reac tion pres ent  depend ing on the curing time and tempera ture 

(Ruf f  and Ho , 1 9 66 ) . H ill and Davidson ( 1960 ) have shown tha t s ome of 

the t ime is utili zed in the ear ly ame l iorat ion of c lay and thus it doe s 

no t ent er into po z zolanic react ion . Ho and Handy ( 19 6 3 , 1964 ) ind i cate 

that dur ing . the ini t ial  s ta ge s  of  react ion , l ime does not show up on 

d if f eren tia l thermal analy s is curve , sugges t ing i t s  adsorpt ion on c lay 

surface . At higher tempera tures and af ter longer cur ing per iods this 

e f f ec t  may be reduced due to the dissolution of  c lay and the ac company ing 

releas e o f  adsorbed cal c ium . 

The mechanism of l ime stab il i zat ion o f  clay so ils is presen t ed 

in Figur e 6 . 1 (af ter Ingles , 19 70 ) . 

Prac t ically , a ll f ine-grained so ils display cation exchange and 

f loc cula t ion agglomerat ion reac t ions when trea ted wi th l ime . The 

rea c t ions occur qu i t e  rapidly wheri s o il and l ime are in timately mixed 

(c ommi ttee on time and t ime-flyash es t ab l i za t ion , 19 7 6 ) . The gene ral 

order of  replacib i l ity of  the common cat ions as socia ted wi th soils is 

+ + -++ -++ given by lyo trop ic ser ies , Na < K < Ca < Mg . Cat ions tend to · 

. replace cat ions to  the lef t in the s eries and menovalen t  cat ions are usual ly re-

p·lac eab l e  ·by mult ivar iate ·cations · (NGHRP, 19 7 6 ) · .  The ad d i t ion of l ime to a soil in a 
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s uf fic ient quan t i ty supp lies an exc ess o f  Ca++ and cat ion exchange will 

o ccur , with Ca++ replac ing d is s imilar cations from the exchange comp l ex 

o f  the soi l .  ++ I n  some cases the exchange c omplex may b e  Ca saturated 

before the l ime add i t ion and cat ion exchan ge does not take place , or 

i s  minimi zed . 

Flocculat � on and agglomerat ion produce an apparent change in 

texture with the c lay par t ic l es "clump ing" together in to larger s i zed 

"aggrega t es . " Accord ing to  Herzog and Mi tchell ( 1 9 6 3 ) , the flocculation 

and agglomerat ion is  cuas ed by the increased elec t ro lyte content of  the 

pore wa te r and as a re sul t o f  ion exchange by the c lay t o  the calcium 

form.  Cal c ium a luminat e  hydrate cement ing ma teria l s  ar e s ignif ican t 

in the developmen t  of  f lo cculat ion-agglome_ra tinn tendencies in s o il l ime 

mixtures ( NCHRP , 1 9 7 6 ) . 

SO IL LIME POZZOLANIC REACTION 

As men t ioned ear l ier , the react ions be tween l ime , wa ter , and 

var ious sources of soil  sil ica and alumina to form cemen ting type materials 

are re f erred to as  a s o il l ime poz zolanic react ions . Poss ib le s ourc es o f  

s il ica and alumina i n  typi cal s o il s  inc lude clay minerals , quar t z , 

f eldspars , micas and o ther s imilar s il i cate o r  alumina-s il icate minerals 

e i ther crys tal l ine or  amorphous in nature . 

When a s ign if icant  amoun t of l ime is  add ed t o  a soil , the pH o f  

the s o il l ime mixtur e is  el evated to approximate ly 12 . 4 ,  the ph o f  

satura t ed lime wat er . Th is i s  a substan t ia l p H  in crease compared to th e 

pH o f  na tural soil s . The solub il i t i es o f  s il ica and alumina ar e gr�atly 

increased a t  elevated pH levels . In an early s tudy o f  soil  l ime reac tions 

(Eades , 1 9 6 2 ) sugge s t ed that  high pH caus es s i l ica to b e  solved out of 

the s truc tur e of the c lay minerals , thereby caus ing ava ilab l e  to  comb ine 
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w i th Ca
+t 

to f orm calc ium s il icates and that this reac tion will con t inue 

as long as Ca (OH) 2 exis t s  in the s oil and there is  availab l e  s il ic a .  

An overs impl if ied qualitat ive view o f  some typ ic a l  soi l l ime 

rea c t ions is summar i z ed b elow . 

Ca (OH ) 2 ------.�� Ca
++

+ 2 (0H ) 

Ca +t + 2 (OH) + S i02 ( c lay s i l ic a ) ---11>� C SH 

Ca++
+ 2 (0H ) + Al 2o

3 (c lay alumina) --_..,>-- CAH 

A wid e  var iety o f  hydra ted f orms can b e  ob tained , d epending on 

react ion cond i t ions , quan tity and type of l ime , s o il charac t er is tics , 

cur ing t ime , and temperature . Typ ical s o i l  l ime react ions are : 

Kao l inite  + l ime�-->- CSH ( C / S = 0 . 2  - 1 )  

+ CAH + CASH . (Moh , 1965 ) 

Kaol ini te + l ime�CAS H (Prehn i te) ( S loane , 1 9 6 5 )  

Montmoril lon i te + l ime �CSH ( ge l ) . ��->--- CSH . ( Ruf f and Ho , 
1 9 6 6 )  

Montmor i l lon i te + l ime ---+-C SH ( ge l )  + hydrogarnel -

C 
4 AHl 3 . . . . . . . . . . . . . . . . . . 

Montmor i l lon i te + l ime�SH ( gel)  + CSH ( 1 )  

+ tobermori t e  + hydrogarne t 

c lay + l ime�CSH ( ge l )  and / or CSH (1)  

where : 

c cao 

s S i02 

A A_12o 3 , and 

H H2o 

(Wang & Handy , 
1966)  

(Diamong , S idney , 
White & Dolch , 
1964 )  

S ome o f  the maj or soil  propert ies and charac ter is t ics  which inf luenc e  

the l ime reac tiv i ty o f  a s o i l  o r  ab i l ity of  s o il to reac t w ith l ime t o  
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produce cementl tious ma ter ia ls , are s o l l  p H , organ ic carbon conten t , 

na tura l drainage , presence o f . exc es s ive quan t i t i es of  exchangeable sod ium ,  

clay mineralogy , degree o f  weathering , presence o f  carbonates , extractable 

iron , s il ica-sesquioxid e  rat io · and s ili ca-alumina rat io (TRB Circular , 

No . 180 , S ep t emb er 1 9 7 6 ) . 

Flyash i s  generally used as an admixture in soil  l ime or s o il 

cement s tab il izat ion . However , as d iscus s ed earl ier , due to signif icant 

amoun t o f  CaO pres ent in flyash , i t  has b een used as a ma in s tab i l i z ing 

agent in this s tudy . 

LIME FLYASH REACTIONS 

The reac t ions tha t occur in the lime flyash wa ter sys tem to 

form cemen t i t ious ma terials ar e complex . However , several s tudi es provide 

bas ic inf ormat ion per taining to the rea c t ions . Minnick ( 1 9 6 7 ) presents 

an illus trat ive l is t  o f  react ions , as f ollows , and knowledges tha t o ther 

r eac tions are also poss ibl e .  If R2 Ca++ or Mg++ or comb ination of  these  

ions : 

· · I.n  add i t ion 

H2o 
1 .  RO ··---)lr- R (OH)

2 

H2o co � R 2 .  RO. ----.... •- co 3 + H2o 

3 .  R (OH )
2 

co2 R co3 + H2o � 

4 .  R (OH)
2 + S i02 

H2o 
... XRO 

5 .  R (OH) + Ah03 

H20 
XRO > 

H2o 

. YS i02 . ZH O· 2 

YA1 2o3 ZH20 

6 .  R (OH )
2 

+ Al 2o3 
+ S i02 ,. XRO YA12o

3 

R (OH ) 2 + so 3 
-- H2o 

7 .  + Al2o 3 ..... XRO ,YA1 2o 3 
. 

. 

to the pr imary reac:t·ion b·e t w:e·e·n · - l ime and · flyash , 

···=. 
·-·· · - · · - ·.;.. 

ZS i02 . WH
20 

ZRS 04 . Wl-120 

the lime may 
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also reac t w i t h  "f ines" i n  t h e  ma ter ia l  b e i n g  s t n b i .L i z ed .  S o i l  l tme 

reac t ion that may occur are cat ion-exchange , f loccula t i on /agglomera t ion , 

and a s o il l ime po zzolan ic reac t ion . 

MECHANISM OF CEMENT STABILI ZATION 

The mechanism by which a small propo r t ion of  c emen t can change 

the propert ies of a l arge mas s of s o il is s t il l  to be comple tely def ined . 

I t  has b een sugges ted that the cemen t forms e i ther s trong nuclei  dis tri

buted throughout the voids in such a manner as to res train the unaf fected 

s o il (David son , 1 9 6 2 ) . Her zog ( 1 9 6 3 )  ha s sh own that in a mon tmorillonite  

c lay , the  s t ress s t rain behavior supports  a nucleated s t ruc ture at low 

cement contents , which changes to a skeleton s truc ture as a cemen t 

contents increas es and the nuceli  grow in to each o ther as a resul t o f  

s econdary c emen tat ion proc ess . This con t inuous skelton was formed in 

his experiments at a cemen t con tent of only 2 . 5% .  

S ince ord inary por t land cemen t cons is ts of  about 4 5 %  the 

calc ium (c
3

s )  and 27% d icalcium s il icate  (c
2

s )  but hydrates in the 

presence of soil to  form gels of mono- and dicalc ium s i l icate hydrate  

(CSR and c
2S H ) , the reac t ion may b e  pres ented as : 

c
3

s + 2H C2SH + CH 

CSH + CH 

and f reel ime (CH ) is libera ted in the hydra t ion reac tion .  The ins oluble 

calc ium s i l ica te gel c rys tal l i zes very s lowly into an iri ter locking ma tr ix . 

As alr eady discus sed in Chap ter II , fo llowing maj or var iables 

control the degree of  s tab ilizat ion of  s oils with cemen t : 

1 .  The nature .of  the s o il 

2 .  The propor t ion o f  cemen t in the mix 

3. The mo i s ture conten t at the t ime o f  compac t ion 

4 .  The degree of d e s i f i c a t ion a t tained in compact ion 
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Tub 1 e 6 .  1 : 

PROCESS DIAGRAM FOR CEMENT S ETTING , HARDEN ING 
AND AGING (LAGUROS ,  1 9 6 2 ) 

1 .  unhydrated cemen t  

l contract ion 
while  plas t ic 

2 .  plas t ic c emen t-water mas s  

/ expans ion 
when rig id \ 

Ja . Me tastab l e  get o f  
crys tal s o f  c o l l o i dal  
d ime sion 

3b . crys ta l l iv e  produc ts  
ab ove co llo idal 
d imensions ; calc ium 
hydroxide , hyd ra ted 
calc ium alurnina te 
and sulpho-alurnina te 

4 .  

5 .  

Invers ib le 
shr inkage or 
drying 

S tabl e  get 

\ =��;:ge  

water 
s torage 

crystalline pr oduc ts  o f  coarses d imens ions 

wa ter s torage 



1 5 0  

DI SCUS S ION 

The var ious comp r es s ive s tr ength tes t r es ul t s  ind i cate  that 

shales containing high or s igni f icant amount s o f  i l l i t e  show higher 

compr es s ive s tr engths  than o ther shal es and all  s tab i l i z ing agen ts are 

suitable  for them . For example , sha l e  35 , containing 94% i l lit e ,  

shows the maximum s t rength for a l l  s tab ili zing agents . On the o ther 

hand , p las t ic shales , which con tain h i gh amounts o f  mon tmor illonite  

(shales 31  and 32 ) ,  ind i ca t e  the  leas t s tr ength b enef i c ia t ion f or a l l  

typ es of  s tab i l i z in g  agents used . The r eason f o r  this may b e  we l l  

explained i n  t erms of r elat iv e  weatherab il i ty . I l l i t e , having the 

in t er layer p o tas s ium (K) l inka ge , is a less r ead i ly weathered mineral 

than mon tmor illoni te . 

The montmorr i l loni te mineral contains h igh amoun ts of  wa t er 

l ayer on i t s  s ur fac e ,  which is  pra c t ical ly immob i l e . Due to  this 

immobile layer , montmorilloni. t e  is very expansive in natur e , and 

therefore , the pres enc e of wa ter b e twe en in terlayer s o l id par t i c l es of  

s o il mas s r educes the shear s treng th of montmor illonitic s o i l s . 

This  exp la ins why c emen t s tab i l i za t ion , as d iscus s ed in the 

p r evious c hapter , is  the leas t b enef icial f or plas tic  or mon tmor illonitic  

shales ( shales 31 and 32 ) .  The pos s ib l e  r ea son f o r  this  is tha t  c ement , 

wh ich acts  very quickly or fas ter  than ( in short t ime ) o ther s tab i l i z ing 

agents ( l ime and f lyash ) and caus es cementat ion o f  clay par t ic le s , ac ts 

at a s lowe r rate now becaus e of the exc ess  amount of wa t er present in 

pore s paces of  montmo r i l l on i t ic soils . Fo r examp l e ,  shales 31  and 32 , 

wh ich are p la s t ic in nat ure and predominan t ly mon tmor il loni t i c , show 

the least  s t rength gain wi th cemen t s t ab il i zat ion . When comparing c emen t 

s tab il ization ( 14 % ) , l ime s tab i l izat ion ( 6%)  and f lyash s tab ilization ( 2 5 % ) , 

maximum dry dens it ites  of  a l l  f lyash ( 2 5 % )  s tab il i zed shales  ar e the lowes t 
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and those  o f  cement (14%)  s tab ilized shales ar e the highes t .  This 

indicates that maximum dry dens i t ies of s tabi l i z ed shales are dep enden t 

on the uni t  weight of  s tab il i z ing a gents . Cons idering all s tab i l i z ing 

agents used in this s tudy , cemen t has the maximum unit  weigh t of 185 pcf  

and f lyash has the minimum weigh t  of 80 p c f .  

As the res ul t  of s tab il izat ion of shales , cohesion (C)  and 

frictional angles ( 0 )  of all  shales are increas ed and the c lay. s i ze 

por tion is d ecreas ed due to  aggrega tion or  cemen ta t ion o f  f ine frac tions . 

General ly, cohes ion ( C ) , frict ional angl e  ( 0 )  and aggrega tion of f ine 

frac tion for c ement s tab il i za t ion ( 14 % )  are higher than for lime 

s tabil iza t ion ( 6 % )  and f lyash s tabil izat ion ( 2 5%) . Thi s  helps explain 

why cement s tab il ized shal es res is t ed and sus tained higher failure loads 

than the sha les s tabi l i zed with l ime and f lyash . This phenomenon was 

observed when measur ing c ompress ive s trength as well as evaluat ing load 

respons e o f  sha les . However , plas t ic shales show c omparat ive ly l ower 

fa ilure loads f or cyclic load ing . The repe t i t ive nature of  cyc lic 

load ing weakens the bond b etween the s oiled part icles o f  the so il mass 

and the a t t endan t ef fect  i s  reduct ion in cohes t ion and eventually the 

lowering o f  th e shear s t rength . This is  why a t  higher rat e  of load 

app l ica t ion the f ailure loads  are l ower . 

L ime , wh ich helps reduc � plas t i c i ty by increas ing the p las t ic 

l imi t o f  soils , i s  more benef ic ial for plas t ic s oils . This explains why 

shale 31 , which contains th e highest amoun t of mon tmorillonite ( 7 5 % ) , 

shows higher c ompress ive s trength for the comb ina t ion o f  1 0% cement + 

4 %  l ime treatment than 14% cemen t trea tmen t alone . 

When compar in g lime s tabilizat ion (6%)  and f lyash stab il i zation 

( 2 5%) , the lat ter appears to be mo re benef icial for the shales having 

comparatively lower amourtts of clay (shales 29 , 30 , 3 3 , and 36) . The 
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possible reason i s  tha t t h e  f lyash us ed contains high amoun ts o f  f ine 

frac tion ( about 7 0% 2µ  s ize par t ic l es ) whi ch imparts mod erate  cohes ion to 

the so il-flyash mixture and h elps r etain mo i s t ure . Add i t ion to l ime to 

the so il- f lyash mixture seems b enef icial  for p las t ic soils . For example , 

plas t ic shales 31 and 32 , for wh ich (due to  high amount o f  f ine frac tion)  

flyash ( 2 5 % )  s tab i l i z at ion is no t suitabl e .  The comb inat ion of f lyash and 

l ime ( 1 0% + 4%)  shows s ignif icant s t r ength gain . 

Add it ion of mo is tur e retent ion agents to s o il conta ining low 

amoun ts o f  less than 2µ c lay is  very b enef i c ial for l ime s t ab il i za t ion . 

For shale  33 , for wh ich 6%  l ime s tab i l i za t ion was no t sui table , �n add i t i on 

o f  2 %  NaCl impar ts very high s t r ength . Delayed compac t ion is  b enef icial 

f or only f lyash s tab i l i zat ion . There i s  a s igni f ican t amount o f  f ines 

in the f lyash . Thes e f ines slowly get  sa turated and f i ll the voids in 

the s o il f lyash mixture thus incr eas ing the cohes ion as wel l as the 

shear s t r en gth of mixture . The quick hardening f ea ture o f  cement 

s tab il izat ion puts d el ayed compac t ion in conf lic t with the attainment 

of  s treng th . As for l ime i t  contains c ompara t ively less amount of f ines 

than flyash and , therefore , delay ed c ompac t ion is no t cons idered benef i c ia l  

i n  l ime s tabil i za t ion . 

In study ing the dur ab i l i t y  of  s tab il i z ed shales , i t  becomes 

apparent tha t the s trength behavior d i f f ers s igni f ic antly a f ter wet-dry · 

and freeze- thaw cycles . As a resul t o f  we t-dry cyc les , only shales 34 

and 36 , co nta ining s igni f i can t amount o f  s il t , show sl igh t  increase in 

s trength for l ime s tabil izat ion and cement s tab il izat ion . The reason is  

that  s il ty shales a re l es s  expans ive than plas t ic shales . Because of this , 

the amount o f  wa ter on the surface of  s o l id par t i cl e s  i s  less and i t  

does no t a f f ec t  the cemen ta tion o r  cohes ion f orc es a t  the point o f  contact 

of  solid par tic les� 



Bu t as a r esul t o f  var ious we t-dry cy c l es , air present in the 

vo ids es capes , reH u l t t ng ln the r ed uc l l o n o f  vo i d H o r  v o f c l nr  u s  nvn i 1 nh 1 e .  

This ul t ima tely r educes the total vo id cross-sec t ional area in the so i l  

mass and increas es t h e  compress ive s t r ength . The expans ive plas t ic shale 

32 in i ts l ime or f lyash s tab i l i zed f orm disperses due to  swel ling 

result ing for mo is ture abs orpt ion . I t  is reason ed tha t dis pers ion occurs 

becaus e the hardening proc ess , in the cas e  of  l ime s t abilization and f lyash 

s tab i l i z a t ion , is no t as fast as c emen t s tab i l izatio n .  

A s  a resul t of  freeze- thaw cycles , compressive s trengths o f  all 

cemen t s tab i l i zed shales ar e reduced . This may be expla ined in t erms of 

the vo lumetric  expans ion of pore wa ter that freezes  dur ing freeze- thaw 

cycles . Dur ing f re e z ing , pore wat er expand s and weakens the cohes ive 

forces be tween two solid par t icles  of  s o il s , resul t ing in reduct ion of 

c omp ress ive s t reng th of c emen t s tab i l i z ed shal es . In the case o f  l ime 

and f lyash s tab il ized sha l es , d i s in tegrat ion was obs erved because the 

hard ening process in this case was no t as quick as tha t  of  cement .  

As indicated earl ier , void domain charac t er is t ic s tud ies appear 

to be a use ful  tool in explaining s tab i l i z at ion mechanism . The void 

cross- sec t ional areas are reduced af ter s tab i l izat ion , wh i ch i nd icates the 

cemen ta t ion of c lay par t i c l es or inc reas e  in  the s i ze o f  the colony o f  

c lay par t i c les tha t eve ntua l l y  reduc es t h e  vo ids  or  par t ia l l y f i lls the 

voids pres ent  i n  s o i l  mas s .  Reduct ion i n  vo ids wi th cur ing pe r iod s 

for l ime s tab il i zed shales suppor t s  the fact  that  l ime c lay reac t i on 

cont inues for a long p er iod o f  t ime . On the other hand , s imilar vo id 

cros s-sec t ional areas for both 28 and 9 0-day cur ing per iods for c ement 

s tab iliza t ion indicat e the quick hardening or cementat ion process for 

cement s tab ilizat ion . 

There seems to  be a direct rel a t ionshi·p be tween vo id doma in 
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characteris t ic s  and compress ive s tr ength of  shales . Shales having h igh 

vo id cro ss-sec t ional areas show low compress ive s trengths . For examp l e , 

all cement s t ab il ized ( 1 4 % )  shales having the minimum vo id c ros s-sec tional 

areas show the maximum compress ive s t rengths . 



CHAPTER VII  

CONCLUSIONS 

The pres en t  labo ratory inves t igat ion was conduc t ed to  

determine the typ e and amount o f  s t ab i l i z ing agen t s  ( cement , lime , 

f lyash)  to b e  added to  upgrade  Oklahoma shales us ed in  h ighway con

s truc t ion.  On  the  bas is o f  d a ta ob tained from proper ty and evalua tion 

tests  conduc t ed in the laboratory on eight shales se lec ted f rom d i f ferent  

par ts o f  Oklahoma , the  following principal conc lus ions ar e drawn : 

1 .  Predominantly illitic  shales are comparat ive ly 

bet ter sha les f rom an eng ineer ing performance s t andpo int and they 

e f fe c t ive ly s tab i l i z ed wi th c emen t i t ious agen ts . 

2 .  For shales con ta ining s igni f i can t amounts o f  mon t

morilloni te , cemen t  s tab il i zat ion is  the l eas t e f f ec t ive . 

3 .  Clayey shal es exhib i t  the lea s t  s trength beneficiation 

( gain) w i th any o f  the s tab i l i z ing agen t  us �d . 

4 .  The commerc ial pe trochemical s tab ilizer s , ' clapak ' and 

' c lase t ' ,  were found no t ef fe c t ive . Al so , due to  s i gni f i can t amount s  o f  

clay 'in t h e  shales , b i tuminous s tab il i z a t ion wa s found unsuitab le .  

5 .  Used separa t ely t�e mos t  sui tab l e  and economically 

op t imum s tab il iz ing agents are cement ( 14%) , lime ( 6 % ) , and flyash ( 2 5%) , 

by dry weight o f  shales . 

6 .  For all shales , cemen t s t ab il i za t ion imparted maximum 

s treng th gain but l ime and f lyash addi t ion resul ted ·in moderate s t reng th 

gain . 

7 .  Gra in s ize ana lysis o f  raw and s tab ili zed sha les s howed 

1 5 5  



1 5 6  

tha t through s tab i l i zat ion aggregat ion o f  c lay particles takes place . 

Wi th cement ,  the aggregat ion is  h i gher than i t  i s  wi th l ime or f lyash . 

To def ine the degree o f  aggrega t io n ,  a un i t l es s  parame ter ' Aggrega tion 

Index ' (AI ) is us ed and i t  i s  expres s ed as : 

AI = 
Percen t  o f  nonclay s i ze material o f  s tabi l i zed shale 
Perc ent o f  nonc lay s i ze ma terial o f  raw shale 

8. As a resul t  of  clay par t icle cementat ion , the plast icity 

of shal es is reduced s i gnif icantly after s tab i l i zat ion . For cement 

stab il i za t ion , beyond the add it ion o f  mor e  than 10%  cemen t , i t  was no t 

pos s ible  to determine the p la s t ic prop er t i es a t  a l l . Wi th l ime s tab i l i-

zation and f lyash s tab il izat ion , the p las t ic ity ind i ces o f  all  sha l es 

b ecome very low ,  ranging from 2 to  10 . 

9 .  S tab ilizat ion decreas es MDD but increases OMC . Flyash 

s tab i l i zed shales have th e lowe s t  MDD and cemen t s tab il i zed shales have 

the highe s t  MDD . On t he o ther l ime st ab il ized sha les have the highes t 

OMC and cemen t s tab i l i zated shal es have the lowe s t  OMC . The relation-

ships pres ented below show the s ta t is t ical ly s igni f icant parame ters 

inf luenc ing dens i ty . 

a )  Lime S tab il i zat ion : 
MDD (pc f )  = 1 3 7 . 6 - 1 . 69 ( OMC) 

b )  Cement Stab i l i za t ion : 
MDD ( pc f ) = 14 2 . 9 1 - 1 .  79 (OMC ) 
MDD ( pcf ) = 1 1 8 . 3 - 0 . 1 2 9  ( 2µ )  - 0 . 2 8 (PI)  

c )  Flyash S tab il i zat ion : 
MOD (pcf ) 1 2 3 . 6 - 1 . 4 5 (OMC ) 
MDD ( pc f )  = 1 2 1 . 9  - 0 . 06 ( 2µ ) - 1 . 2 7 (OMC) 

10 . Cemen t s tab i l i za t ion ( 1 4 % )  impar ted maximum dry and 

immers ed compre ss ive s t r engths to all  shales . Lime s tab i l i zation ( 6 % )  

and f lyash s tab i l i zat ion ( 2 5 % )  showed mo derate s trength gain . For raw 

and cemen t stab i l i zed shal es , the f o llowing r e l a t i o n sh i p s  hav e  been 

estab l ished : 



a )  Raw Shale : 
UCS ( ps i) 
UCS (p s i )  

- 32 . 6  + 3 . llC  + 0 . 990  
- 1 5 8 . 3 + 0 . 11 ( 2 µ )  - 0 . 3 6 (PI ) 
+l . 7 1 (OMC ) + 0 . 9 7 (MDD ) + '3 . 6 ( C )  
+ 0 . 6 6 (¢)  

b)  For c emen t s tab ili zed (14 % )  shales , the i8-day 
c ompres s ive s t r eng th may be expr ess ed as : 

UCS ( ps i ) = 2 8 7 3  + 1 1 . 7 7 ( 2 )  - 40 . 1 3 (P I )  
-9 . 0  (OMC ) - 1 3 . 9 8  (MDD) 

and th e 28-day immers ed s tr ength , in ps i ,  may 
b e  expressed as : 

(UCS ) I = 1 7 . 6  - 3 . 4 7 (UCS )
d 

+ 0 . 002 (UCS )
d
2 

mm ry ry  

1 1 .  As  a resul t of  5 and 1 5  wet-dry cycles , compres s ive 

s tr eng ths o f  all cemen t s tab il i zed ( 1 4 % ) , l ime s t ab i l i z ed ( 6 % ) , and 

f lyash s tab il izai ( 2 5 % )  shal es were reduced . P l as t ic shales s tab i l ized 

with l ime ( 6 % ) , and f lyash ( 2 5 %) d is per s ed when subj e c t ed t o  5 we t-dry 

cyc les . 

12 . Al though mor e  than 5 free ze- thaw cycles are unl ikely 

to  occur in Oklahoma , a s tudy was c ond u c t ed to f ind the e f f ec t  of 5 and 

1 5  f reeze- thaw cycles on c ompr e s s ive s tr engths of  s t ab i l i z ed shale s . 

Compres s ive s tr engths o f  all c ement s tabi l i zed  

(14%)  sha les ar e s i gni fican t ly r educed as a r es u l t  o f  5 and 1 5  free ze-thaw 

cycles . 

Lime s t abil i zed ( 6 % )  shales , containing ei ther 

very low or very h igh 2µ clay , d ispersed when subj ec t ed to  5 fre eze- thaw 

cycles . However ,  for lime s tab ili zed and f lyash s tabi l i z ed shal e s , con-

taining s ign ificant amoun ts of non-expans ive i l l i te reduc t ion in s t r eng th 

was c ompara t ively less for longer curing per iod (90 days ) .  

1 3 .  Tr iaxia l shear t e s ts on 90-day cured s amples o f  c emen t 

s tab ilized  ( 14% ) , l ime s tab i l ized ( 6% ) , and f lyash s tabil ized ( 2 5 % )  

shales yielded high valu es o f  cohes ion and f r ic t ion angle compar ed to  raw 

shales . These valu es ranged fr om 21 t o  1 1 1  p s i  and 4 5 ° to  7 3 ° , respec t ively , 

for both l ime s tab ili zat ion ( 6 % ) and cemen t  s tab il i za t ion ( 1 4 % ) . In  the case 



1 5 8• 

o f  [ J y tlH h H l a l> l l l za t l on ( 2 5% ) , Llwt-H· va l u t• H  w< � n· c om pn r u t l v <: l y  l owe r . 

In general , sha l es having higher cohes ion values s howed higher compress ive 

s tr engths . 

1 4 . To s imu l a t e  the ef fec t of  traf f i c  induced s tresses  on 

pavements , r epe t i t iv e  load tes t ing on s t ab i l i z ed shales  was conduc t e d . 

Cement s tab il i za t ion ( 1 4 % )  showed high er res i s t an c e  to  failure loads than 

l ime s tab il iza t ion ( 6 % )  and f lyash ( 2 5 % )  s t ab i l izat ion . Fai lure loads 

var ied f r om 1 20 to 1 6 0  lb s .  for  cement s tab il izat ion ( 1 4 % ) , 40 to 80 lb . 

for lime s t ab i li zat ion ( 6 % ) , and mo s t ly 40  lb . for f l y  ash s t abil iza t ion 

( 2 5 % ) . In general , at higher rate  o f  l oad app lica t ion (APM) the failure 

load was lower . 

1 5 . On the bas is  of a numbered s tr eng th cr i t er ia for shale 

29 , A- 6 ( 4 ) , the f o l lowing ma in s tab i l i z ing agents  and s econdary add i t ives 

are recommended : 

1 )  Cemen t 1 4 %  for secondary road s or l ight tra f f ic only 
2 )  F lyash 2 5 %  
3 )  Cement 1 0 %  + L ime 4 %  
4 )  Cemenq0% + Flyash 4 %  + Na2co

3 
0 . 5% 

5 )  L ime 6%  + NaCl 2 %  
6 )  Flyash 10% + L ime 5 %  

1 6 . For sha l e  30 , wh ic h is  a n  A- 6 ( 9 ) soil , the fol lowin g ma in 

s tabi l i z ing agen ts and s econdary add i t ives a re r ecommended : 

��Qj 
1 )  Cemen t 14%  for secondary roads o r  l ight tra f f ic on ly 
2) Flyash 25% 
3)  Cemen t 10% + Flyash 4 %  

\/ � 4 )  Flyash 10% + L ime 5% + Na
2

co
3 

0 . 5 % 

1 7 . For sha l e  31 , predominantly mon tmor i l loni t i c , A- 7-5 ( 1 3 ) , 

the f o llowing stab i l i z ing agents and secondary add i t ives are recommend ed : 

1 )  Cemen t 1 4 %  
2 )  Cemen t 1 0 %  + Flyash 4 %  
3 )  Cemen t 8% + L ime 2 %  + Flyash 4 %  
4 )  Lime 6 %  + NaCl 2 %  
5 )  Flyash 1 0 %  + L ime 5% 



18 . For clayey shale  32 , A- 7-5 ( 2 0 ) , the f o llowing 

s t ab i l i z ing agents and s econdary add i tives are reconnnend ed : 

. Vs ' r'°' l )  Cemen t 10% + L lme 4 %  � d' \6 2 )  Cemen t 10% + Flyash 4%  
3 )  Cemen t 8 %  + F lyash 4 %  + Lime 2 %  

r� 4 )  Flyash 10% + L ime 5% 

1 9 . For shal e 33 , A- 6 ( 3 ) , the following s tab i l iz ing agen ts 

and s econdary add it ives are reconnnended : 

1 )  C emen t 1 4 %  
2 )  Flyash 2 5 %  
3 )  Cemen t 10% + L ime 4 %  
4 )  L ime 6%  + NaC l  2 %  
5 )  Flyash 4% + Cement 10% 
6)  Flyash 10% + L ime 5%  

20 . Sha l e  34 , A- 6 ( 9 ) , the following ma in s t abi l i z ing  agen t s  

and s econdary add i tives ar e reconnnended : 

1 )  Cemen t 1 4 %  
2 )  Cemen t 10%  + Lime 4 %  
3 )  Lime 6%  + NaC l 2 %  
4 )  L ime 5%  + Flyash 10% + Na

2
co

3 
0 . 5 % 

2 1 .  Fo r s hale 35 , A-4 ( 2 ) , predominan tly i l l i t i c , the f o llowing 

main s t ab il i zing  agen t s  am s econdary addi t ives are r ecommend ed : 

1 )  Cemen t 1 4 %  
2 )  L ime 6%  
3 )  F lyash 25% 
4 )  Cement 10% + Flyash 4 %  
5 )  C emen t 10% + L ime 4 %  
6 )  Flyash 10%  + L ime 5%  + Na2

co
3 

0 . 5% 

22 . Fo r s hale 36 , A- 7-6 ( 1 1 ) , the fol lowing s tab i l i z ing agen t s  

and s econdary · add i t ives are recommend ed : 

1 )  Cemen t 1 4 %  
2 )  Flyash 2 5 %  

. 3 ) Flyash 10%  + Lime 5% + CaCl 0 . 5 % 
4 )  Flyash 10 % + L ime 5 %  + Na2 co

3 
0 . 5 % . 

2 3 .  I n  o rder t o  ass e s s  t he inf luence of  delay ed compa c t io n  

o n  d ens i ty prope r t i es a s t udy o f  1-hour , 2-hour , and 4 -hour delayed 

compac t ion was under taken . As a r es ul t of 1-hour , 2-hour , and 4-hour 

d e layed compact ion , the maximum dry dens i ty and o p timum mo is ture conten t s  
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of  l ime s tab ili zed ( 6 % )  and c ement s tab il ized ( 14 % )  shal e s  a r e  s igni f icant ly 

reduced . For f lyash s tabil izat ion ( 2 5 % ) , the maximum dry dens ity and 

o p timum mo is ture con ten t do not  show any cons is t ent pa t t ern . 

24 . Th e  1 - , 2- , and 4-hour delayed c ompac t i.dn s tudi es show 

that  they are b en e f i c ia l  f o r  f lyash stab i l i za t ion only . Dry and immer s ed 

compress ive s t r engths  of  flyash s t abil i z ed ( 2 5 % )  shales ar e slight ly 

increa s ed with delay ed compac t ion . 

25 . X-ray d if frac t ion analy s is shows wel l-de fined p eaks of  

id entif  icab l e  c lay minerals f o r  l ime s t ab il izat ion and leas t def ined 

p eaks for c emen t s tabil izat ion . While  i t  serves as an interpretat ive tool , 

X-ray d i ffrac t ion canno t be  u s ed as  a pr edi c t ive method o f  det ermining 

the quant i ty or rate  of s t reng th developmen t which takes place dur ing 

the cur ing phase of s t abil i za t ion . The poor c rys tallini t y  of the reac t ion 

products  appar ently impedes i t . 

2 6 .  The void cross-s ec t io nal ar ea is  invers ely proport ional 

to  the compres s ive s tr ength.  There the s tab i l i zed shal es wh ich had 

h igher compress ive s tr eng ths than raw shal es displayed smal ler road cross- · 

s e c t ional ar eas . An approxima t e  r el a tionship be tween unconf ined compres s iv e  

s tr ength and void cross-sect ional  area o f  raw shales may be  expres s ed as : 

UCS (ps i )  5 3 . 4 - 0 . 29 v ( % )  

2 7 . Wh ile  cur ing p er iods longer than 2 8  days increa s e  the 

compress ive st r ength of c emen t s t ab i l i z ed ( 14 % )  shales , the measur emen t 

of the vo id cro s s- s ec t ional area fails  t o  pred i c t  or reflec t this inc rease 

primarily b ecaus e s trength increase is due to  the effect  o f  the  c emen t 

so il mix . The 2 8-day s t r ength o f  cemen t s tab i l i zed shales  may be  b e t ter 

expressed in te rms o f  the larges t po re inter c ep t , � for  va lues o f  P grea t er 
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than zero . The equat ion is : 

UCS (ps i ) = 1950 - 5 x 104 P (mm) 

2 8 .  For f lyash s tab ilization ( 2 5 % )  void c ro s s- sectional 

areas are decreas ed but it  was not poss ible to ob serve any pattern 

conducive to a mathematical rela tions.hip . 

29 . L in e  s tab i l ized ( 6 % )  sha les showed lower void cross-

sectional ar eas for curing periods longer than 28  days . This indicated 

the s low rate of s trength gain associated wit h  l ime s tab il iza t ion 

react ion . An approximate relat ionship between compres s ive s trength and 

void cross-sect ional areas , for 90-day cured samples may be expres sed 

as : 

UCS (p s i ) • -4 5 . 7 + 12 . 5  V ( % ) 

where V is in exces s of 16% . 



CHAPTER VI I I  

RECOMMENDATIONS 

The extensive laboratory investigations pursued and the data collec

ted in this study of stabilization of Oklahoma. shales lead to reconunenda

tions which fall into two broad categories .  The first i s  further studies 

and the second is field implementation ; they are presented herein . 

1 .  Response of shales to the cyclic loading tests and the relation

ships established between their void domain characteristic s and strength 

are promising as predictive tools with regard to the engineering behavior 

of shales . However, more detailed studies in these two areas will be 

helpful in providing these tests with greater dependability . 

2 .  The information on shale stabilization has reached a level that 

permits the initiation of  field implementation ; in fact , it is deemed 

necessary . Lime stabilization is already in use in Oklahoma ; and , within 

the limit s of the conclusions of this study , cement and flyash could be 

used , too . Especially , the utilization of f lyash b ecomes mandatory becau se 

of the energy and environmental concerns expressed recently . 

3 .  Field impl ementation is expected to yield observations tha t , 

in all likelihood , will deviate from laboratory b ehavior . The deviations 

will accrue ,  for example , when No . 4 material is used instead of No . 10 

or when delayed compaction in the field assumes dimensions different than 

those in the laboratory . The assessment of these deviations is essential 

for purposes of formulating design procedures and specifications .  

4 . Laboratory studies are performed under well controlled conditions . 

Differences in stabilization effec tiveness may also result , primarily in 

162  
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terms of strength and durability , from less strict requirements employed 

in the field . Accordingly , a p rogram o f  assessing the degree o f  field � 

quality control and a ssurance should be initiated so that such statistical 

parameters as variability tolerances could be evaluated and service re

lated to the performance of stabilized shale pavement s . 

5 .  Associated with field implement ation there should be improvised 

a program leading to the development of a pavement design . Accordingly , 

the design should have the element s  of  a t ime continuous method wherein 

changing prop ert ies o f  the stabilized material below the highway pavement 

could be taken into account .  Starting from the time o f  opening the high

way to traffic , samples from the highway construction proj ects should be 

obtained at periodic intervals to study the effects o f  weathering and 

traf fic stresses on the durability and o ther predictive characteristics 

of the stabilized shale materials . The data obtained from the present 

study could then be correlated with and/or modified according to the field 

data.  
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APPENDIX A 

GRAIN SIZE ANALYS IS OF STABILI ZED SHALES 



1 75 

· Table A . l :  

AGGREGATION INDEX (AI ) FOR SHALES STABitIZED 
WITH LIME ( 3% )  AND CURED FOR 2 8  DAYS 

Shale 
Number 

29 
30 
31 
3 2  
33  
34  
35  
36  

Table A . 2 :  

Curing Temperature 

70°F 110°F 

0 . 8 7 
0 . 04 
0 . 89 
0 . 7 3  
1 . 5 2 
o .  72  
1 . 60 
0 . 73 

0 . 56 
0 . 10 
1 .  7 2  
1 . 06 
1 .  7 3  
0 . 72  
1 .  7 8  
0 . 7 3  

AGGREGATION INDEX (AI ) FOR SHALES STABILIZED 
WITH LIME ( 0% )  AND CURED FOR 2 8  DAYS 

Sh.A.le 
Number 

29 
30 
31 
32 
33 
34 
35 
36 

Curing Temperature 

70°F 110°F 

1 . 06 
0 . 36 
1 .  65 
2 . 53 
2 . 94 
1 . 44 
2 . 39 
1 .  66  

1 . 06 
0 . 5 6 
1 . 82 
1 . 60 
3 . 46 
1 . 86 
2 . 30 
1 . 46 
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Table A . 3 :  

AGGREGATE INDEX (AI ) FOR SHALES STABILIZED 
WITH LIME (9%)  AND CURED FOR 28 DAYS 

Shale Curing TemEerature 
Number 70°F 110°F 

29  1 . 15 1 . 09 

30 0 . 91 0 . 52 

31  1 .  7 5  1 . 82 

3 2  4 . 7 3 4 . 86 

3 3  4 . 00 3 . 68 

3 4  1 . 82 1 .  68 

3 5  2 . 82 2 . 65 

3 6  2 . 00 1 . 83 
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Table A . 4 :  

AGGREGATE INDEX (AI ) FOR SHALES STABILIZED 
WITH 10% CEMENT AND CURED FOR 28 DAYS 

Curing Temperature 
Shale Number 

70°F 110°F 

29  2 . 96 2 . 90 

30 1 . 9 7 1 . 91 

31 5 . 31 5 , . 8 7  

32  6 . 2 5 5 . 50 

33 4 . 15 4 . 5 2 

34 3 . 2 7 3 . 10 

35  4 . 13 3 . 10 

36  3 . 25 3 . 25 

Tab le A . 5 :  

AGGREGATE INDEX (AI ) FOR SHALES STABILIZED 
WITH 14% CEMENT AND CURED FOR 2 8  DAYS 

Curing Temperature 
Shale Number 

7 0°F 110°F 

29 2 . 96 2 . 9 2 

30 1 . 95 1 . 87 

31  6 . 25 6 . 25 

32  5 . 92 6 . 42 

33  5 . 10 5 . 0  

34 3 . 2 7 3 . 1 3 

35  f.t . •  34 4 . 34 

36  2 . 85 2 . 95 
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Table A . 6 :  

AGGREGATE Il\TDEX (AI ) *  FOR SHALES STABILIZED. 
WITH CEMENT ( 15%)  AND CURED FOR 28 DAY S  

Shale 
Curing TemEerature 

Number 70°F 110°F 

29  2 . 80 3 . 22 

30  1 .  70  2 . 06 

31  5 . 81 6 . 25 

32 6 . 5 7 6 . 50 

3 3  5 . 21 4 . 5 7  

34  3 . 24 3 . 48 

35  4 . 34 4 . 2 1 

3 6  2 . 85 2 . 9 5 
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Tab le A .  7 :  

AGGREGATE INDEX (AI ) FOR , FLY-ASH ( 2 5 % )  
STABILI ZED SHALES CURED FOR 2 8  DAYS 

AI* 

Shale Number 70°F 

29 2 . 3 5 

30 2 . 12 

31  3 . 68 

32 4 . 5 7 

3 3  3 . 21 

34 2 . 7 5 

35 2 . 86 

36  2 . 31 · 

110°F 

2 . 54 

1 .  71 

3 . 68 

4 . 5 7 

5 . 0  

2 . 79 

2 . 43 

2 . 68 

* All results are based on gradat ion charac teris tics 
of one hour ultrasonic treated samples . 

AI = % of nonclay material of s tabilized shale 
% of nonclay material of raw shale 
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APPENDIX B 

PLASTIC PROPERTIES OF STABILIZED SHALES 



Shale 
Number 

29 

30 

31 

32  

33  

34  

35  

36  

18 1 

Table B . l :  

PLASTIC PROPERTIES OF LIME STABILI ZED 
SHALES CURED FOR 28 DAYS AT 70?F 

Lime Content , Liquid Pla s t ic 
% Limit Limit 

3 3 2  2 7  
6 36  30 
9 3 7  32  
3 33  27  
6 36 31  
9 35 30 
3 38 35 
6 36  NP 
9 NP NP 
3 62  39  
6 53  50  
9 49  45  
3 34 25 
6 38  NP 
9 39  36  
3 3 3  29  
6 36 33 
9 38 NP 
3 35  31  
6 NP NP 
9 NP NP 
3 36 30 
6 35 31 
9 39  35 

P last icity 
Index 

5 
6 
5 
6 
5 
5 
3 
NP 
NP 
2 3  
3 
4 
9 
NP 
2 
4 
3 
NP 
4 
NP 
NP 
6 
4 
5 



Shale 
Number 

29 

30 

31 

32 

33 

34 

35 

36 
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Table B . 2 :  

PLASTIC PROPERTIES OF LIME STABILIZED 
SHALES CURED FOR 28 DAYS AT 1 18°F 

Lime Content L iquid Plas tic 
% Limit Limit 

3 32  27  
6 38 33 
9 39 35 
3 34 2 7  
6 35 26  
9 36 32  
3 38 33 
6 35 NP 
9 NP NP 
3 5 7  4 1  
6 51  51  
9 53  51  
3 3 7  3 0  
6 38 36 
9 40 36  
3 35  28  
6 36  NP 
9 40 NP 
3 3 3  NP 
6 NP NP 
9 NP NP 
3 34 30 
6 40 36 
9 40 NP 

Plas ticity 
Index 

5 
5 
4 
7 
9 
4 
5 
NP 
NP 
16 
0 
2 
7 
2 
4 
7 
NP 
NP 
NP 
NP 
NP 
4 
4 
NP 



Shale 
Number 

29 

30 

31 

32 

33 

34 

35 

36 

Table B . 3 :  
INDEX PROPERTIES OF CEMENT STABILIZED SHALES CURED FOR 2 8  DAYS 

70°F 
Cement Content , - Liquid P las tic 

% Limit Linli t  

10 3 6  33  
14 34 -
18 31 

10 31 -
14 32 -

18 

10 37  -

14 36  -

18 36 

10 48  33  
14 - -

18 41 -

10 39  34 
14 - -
18 - -

10 - -

14 
18 34 31 

10 
14 
18 

10 
14 32 32 
18 

- No t poss ible . 

Curing TemEerature 

Plas t ic i ty 
Limit 

3 :, 
- . 

-

-

-

-

15 
-

-

5 
-
':::' 

-

3 

1 

Liquid 
Limit 

36 
33 

32 
33 

38 
37  

44  
41  
40  

3 5  
3 4  

3 2  

110°F 
P las tic 

Limit 

35 

28 
32 

-

31  

Plasticity 
Limit 

1 

4 
1 

...... - 00 
w 

1 
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Table B . 4 :  

INDEX PROPERTIES OF FLYASH ( 25%)  STABILIZED 
SHALES CURED ROR 28 DAYS 

Curing TemEerature 

Shale 70°F 110°F 
Number LL PL PI LL PL 

2 9  3 7  3 3  2 5  

3 0  3 1  2 7  4 32  26  

3 1  3 9  36  3 36 32 

32 5 2  41 11 50 40 

33 33 27 6 

34  36  31  5 33  29  

35  3 1  35  3 3  

3 6  35  39 6 36 32  

PI 

8 

6 

4 

10 

4 

2 

4 
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APPENDIX C 

OPTIMUM MOISTURE CONTENT AND DRY DENS ITY 

FOR RAW AND o: tSTABILIZED SHALES 
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Table C . l :  

EFFECT OF LIME ADDITION ON MOISTURE-DENSITY RELATIONSHIPS 

Shale Lime Dry Densi ty, Op t imum Mois ture 
Number Content , % pcf Content , % 

2 9  0 112 . 3  16 . 5  
3 103 . 5  20 . 0  
6 101 . 9  20 . 6  
9 100 . 6  18 . 4  

30 0 119 . 1  14 . 3  
3 112 . 4  16 . 1  
6 111 . 3  16 . 9  
9 109 . 2  16 . 2  

31  0 106 . 5  20 . 0  
3 100 . 8  2 3 . 3  
6 99 . 0  2 3 . 2  
9 98 . 5  2 2 . 8  

3 2  0 95 . 9  2 6 . 4  
3 86 . 2  30 . 9  
6 86 . 0  2 9 . 5  
9 81 . 4  31 . 6 

33  0 113 . 3  16 . 0  
3 104 . 2  20 . 5  
6 102 . 9  2 1 . 0  
9 101 . 8  2 1 . 1  

34  0 113 . 0  16 . 9  
3 104 . 0  20 . 5  
6 103 . 4  2 1 . 0  
9 100 . 7 21 . 1  

3 5  0 107 . 2  20 . 2  
3 9 7 . 4  2 5 . 1  
6 99 . 6  2 3 . 5  
9 9 7 . 0  2 4 . 6  

36  0 112 . 0  16 . 8  
3 104 . 2  20 . 0  
6 102 . 3  20 . 3  
9 101 . 3  20 . 2  



Shale . 
Number 

2 9  

30 

31 

32 

33 

34 

35 

36 

18 7 

Tab le C . 2 :  

EFFECT OF CEMENT ADDITION ON MOISTURE 
DENS ITY RELATIONSHIP 

Opt imum Mo is ture 
Cement Content , Dry Dens i ty , Content , 

% pcf % 

0 112 . 3  16 . 5  
10 107 . 0  1 7 . 8  
14 107 . 9  17 . 5  
18  109 . 1  18 . 5  

0 119 . 1  14 . 3  
10 115 . 6  1 7 . 2  
14 116 . 0  16 . 2  
18 116 . 2 15 . 7  

0 106 . 5 20 . 0  
10 99 . 2  21 . 0  
14 100 . 0  2 2 . 2  
18 99 . 6  20 . 2  

0 95 . 9  26 . 4  
10 9 1 . 0  29 . 8  
14 90 . 3  2 7 . 0  
18  93 . 5  2 7 . 6  

0 113 . 3  16 . 0  
10 106 . 8 18 . 2  
14 106 . 4  19 . 8  
18 107 . 8  18 . 4  

0 113 . 0  16 . 9  
10 106 . 5 18 . 5  
14 107 . 1  1 7 . 8  
18 107 . 8  17 . 8  

0 10 7 . 2  20 . 2  
10 104 . 50 20 . 0  
14 105 . 1  19 . 4  
18 104 . 7 19 . 8  

0 112 . 0  16 ; 8  
10 108 . 5  19 . 0  
14 107 . 8  19 . 0  
18 109 . 0  18 . 3  



188 

Table C . 3 :  

MOISTURE CONTENT Atm DRY DENS ITY RELATIONSHIP 
OF FLY-ASH STABILI ZED SHALES 

Shale Opt imum Mo is ture Maximum Dry 
Number Content , % Dens i ty , pcf 

29 1 7 . 2  110 . 0  

30 18 . 0  1 10 . 0  

31  2 6 . 1  84 . 85 

3 2  26 . 20 87 . 64 

33  16 . 7  9 2 . 6  

34 19 . 4  90 . 7 1  

3 5  20 . 6  86 . 40 

36  1 6 . 0  94 . 1  



1 89 

APPENDIX D 

DRY AND IMMERSED STRENGTHS OF SHALES TREATED WITH 

VARIOUS STABILIZING AGENTS 
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Table D . l :  

UNCONFINED COMPRESS IVE STRENGTH , P S I , OF LIME STABILI ZED 
SHALES CURED FOR 28 DAYS 

Lime Content , Curing TemEerature 

Shale Number % 70°F 110°F 

2'9 3 36 . 8  5 3 . 8  
6 51 . 7 73 . 2  
9 7 9 . 5  9 7 . 9  

30 3 47 . 9  96 . 4  
6 6 2 . 6  120 . 3 
9 59 . 6  7 2 . 6 

31  3 158 . 7  207 . 3  
6 63 . 0  337 . 8  
9 9 3 . 0  515 . 5  

3 2  3 155 . 5  143 . 7 
6 113 . 8  248 . 4  
9 154 . 6  403 . 5  

33 3 16 . 1  7 2 . 7  
6 29 . 0  87 . 8  
9 20 . 3  88 . 9  

34 3 17 . 0  1 7 7 . 7 
6 46 . 0  161 . 2 
9 44 . 8  148 . 6  

35 3 2 34 . 0  325 . 1  
6 311 . 4  659 . 0  
9 2 2 3 . 0  4 7 7 . 7 

36 3 61 . 7 120 . 9  
6 4 3 . 9  145 . 1  
9 46 . 5  2 3 7 . 5  
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Table D . 2 :  

UHCONFINED COMPRES�IVE STRENGTH , PSI , OF LIME STABILIZED 
SHALES CURED FOR 90 DAYS 

Lime Content , Curing TemEerature 

Shale Number % 70°F 110°F 

2 9' 3 51 . 4  85 . 1  
6 58 . 4  131 . 4  
9 68 . 4  204 . 8  

ld. 3 66 . 8  123 . 5  
6 96 . 3  2 38 . 5  
9 58 . 4  159 . 6  

3.1 3 208 . 5 197 . 9  
6 142 . 2  360 . 7 
9 181 . 3  633 . 5  

32 3 1 3 7 . 0  119 . 9  
6 2 28 . 8  2 58 . 8 

... 
9 2 50 . 3 404 . 4  

33 3 42 . 5  193 . 3  
6 4 7 . 8  309 . 6  
9 30 . 0  301 . 6  

34 3 54 . 0  341 . 6  
6 7 1 . 7 370 . 2 
9 68 . 0  422 . 0  

35  3 285 . 7  316 . 6  
6 4 55 . 9  698 . 0  
9 334 . 2  666 . 2  

36 3 6 6 . 0  293 . 4  
6 63 . 8  369 . 6  
9 7 3 . 6  366 . 7 

. • . ·  
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Tab le D . 3 :  

IMMERSED STRENGTH , P S I , OF LIME STABILI ZED 
SHALES CURED FOR 28 DA"Y;S · i  

Lime Content , Curing TemEerature 

Shale Number % 70°F 110°F 

29 3 8 . 1 
6 4 7 . 5  
9 35 . 9  9 2 . 0  

30 3 
6 
9 21 . 4  

31 3 120 . 7 215 . 9  
6 85 . 6  210 . 1  
9 2 7 . 7  152 . 0  

32 3 29 . 7  66 . 6  
6 19 . 8  5 7 . 6  
9 9 7 . 3  

33  3 12 . 1  1 7 . 4  
6 48 . 0  1 3 . 8  
9 87 . 2  19 . 0  

34 3 47 . 0  1 7 8 . 9  
6 41 . 2 144 . 9  
9 21 . 1  152 . 0  

35 3 256 . 1  234 . 0  
6 3 32 . 3  4 2 7 . 4  
9 215 . 7  5 69 . 8  

36 3 20 . 8  84 . 2  
6 5 5 . 4  
9 48 . 5  

- Not pos_s ible . 
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Table D . 4 :  

IMMERSED STRENGTH , PSI , OF LIME STABILIZED 
SHALES CURED FOR 90 DAYS 

Lime Conten t , Curing TemEerature 

Shale Number % 70°F 110°F 

29 3 1 3 . 9  6 . 9  
6 14 . 0  164 . 7  
9 13 . 6  9 7 . 2  

30 3 116 . 7 
6 34 . 4  41 . 2  
9 29 . l  5 8 . 7  

31 3 136 . 8  7 9 . 1  
6 131 . 5  164 . 5  
9 2 7 8 . 0  409 . 5  

32 3 3 . 4  2 7 . 5  
6 23 . 1  144 . 5  
9 11 . 3  137 . 7  

3 3  3 6 . 94 1 3 . 8  
6 85 . 9  66 . 5  
9 6 . 93 4 1 . 8  

34 3 121 . 7 245 . 2  
6 59 . 5  349 . 7 
9 110 . 3 17 8 . 6  

35 3 27 0 . 7 123 . 01 
6 157 . 4  260 . 0  
9 2 22 . 8  357 . 5  

3 6  3 14 . 0  7 7 . 9 
6 14 . 0  149 . 6  
9 34 . 7  115 . 6  

- Samp le broke on immers ion in water . 
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Table D . 5 :  

UNCONFINED COMPRESS IVE STRENGTH , PSI , OF CEMENT 
STABILI ZED SHALES CURED FOR 28 DAYS 

Cement Content Curing TemEerature 

Shale Number % 70°F 110°F 

29  10 332 . 8  500 . 8 
14 515 . 5  902 . 5  
18 69 3 . 7 1156 . 6  

30 10 7 58 . 5  9 19 . 0  
14 895 . 4  1094 . 7  
18 1122 . 0  1194 . 0  

31 10 150 . 3  202 . 8  
14 88 . 7  499 . 0  
18 215 . 9  439 . 9  

32 10 25 6 . 2  544 . 1  
14 386 . 6 556 . 7  
18 4 74 . 6  839 . 7  

33 10 451 . 0  634 . 6  
14 568 . 3  887 . 5  
18 634 . 5  9 52 . 3  

34 10 484 . 3  884 . 2  
14 7 68 . 5  805 . 7 
18 916 . 0  981 . 5  

35 10 7 59 . 5  107 7 . 6 
14 7 7 2 .  7 1451 . 5  
18 1058 . 8  1514 . 7 

36 10 508 . 5 764 . 9  
14 507 . 2  7 7 7  . o  
18 7 59 . 3 1061 . 1  
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Tab le D . 6 :  

UNCONFINED COMPRESS IVE STRENGTH , PSI , OF CEMENT 
STABILIZED SHALES CURED FOR 90 DAYS 

Cement Content , Curing Tem2erature 

Shale Number % 70°F 110°F 

29 10 420 . 8 7 60 . 0  
14 615 . 0  1438 . 1  
18 852 . 8  1532 . 3  

3€> 10 9 3 5 . 1  2 7 5 . 8  
14 1052 . 9  1204 . 1  
18 1299 . 2  1566 . 0  

31 10 201 . 1 2 28 . 9  
14 2 7 2 . 3  4 7 7  . 5  
18 3 18 . 3 423 . 8  

32 10 288 . 9  4 36 . 4  
14 619 . 2  611 . 9 
18  643 . 9  7 65 . 3  

33  10 444 . 2  610 . 6 
14 5 31 . 0  9 38 . 8  
18 79 2 . 6  1278 . 3  

34 10 5 7 9 . 2  99 9 . 7 
14 809 . 8  941 . 3  
18 1095 . 8  19 7 4 . 1  

35 10 991 . 5 1318 . 7 
14 824 . 8  1238 . 7 
18 9 9 1 . 4  1443 . 1  

36 10 5 9 7 . 1  1085 . 5  
14 612 . 4  1286 . 7  
18 9 74 . 4  1161 . 5  
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Table D . 7 :  

IMMERSED STRENGTH , P S I , OF CEMENT STABILIZED 
SHALES CURED FOR 2 8  DAYS 

Cement Content , Cur ing TemEerature 

Shale Number % 70°F 110°F 

29  10 210 . 5 3 34 . 6  
14 27 8 . 1  404 . 3  
18 2 62 . 3  856 . 3  

30 10 49 5 . 8  498 . 3  
14 52 6 . 7  6 61 . 4 
18 5 62 . 6  7 35 . 5  

31 10 206 . 1  597 . 4  
14 167 . 7  7 78 . 0  
18 3 5 . 4  3 7 2 . 0  

32 10 143 . 9  398 . 7  
14 91 . 8  2 50 . 3 
18 144 . 9  449 . 9  

33 10 3 10 . 3 655 . 5  
14 69 3 . 4  424 . 5  
18 628 . 1  67 0 . 4  

34 10 406 . 4  7 45 . 7  
14 309 . 7  43 3 . 2 
18 4 5 3 . 2  714 . 1  

35  10 565 . 1  802 . 0  
14 646 . 2  1438 . 0  
18 503 . 0  14 7 7 . 5 

36 10 285 . 0  42 8 . 8 
14 438 . 1 5 30 . 7 
18 480 . 3 720 . 3 
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Tab le D . 8 :  

IMMERSED STRENGTH , PSI , OF CEMENT S TABILIZED 
SHALES CURED FOR 90 DAYS 

Curing TemEerature 

Shale Number Cement Content 70°F 110°F 

29 10 32 9 . 4  674 . 7 
14 3 2 2 . 8  689 . 8  
18 440 . 0  819 . 3  

30 10 716 . 7 5 548 . 8  
14  5 2 2 . 4  467 . 6  
18  645 . 0  701 . 8  

31 10 391 . 3 306 . 0  
14 548 . 0  354 . 7 
18 1090 . 1  845 . 8  

32 10 144 . 7 401 . 1 
14 118 . 8  2 7 6 . 8 
18 33 1 . 9  431 . 7 

33 10 4 99 . 0  701 . 3 
14 552 . 1  8 7 3 . 9  
18  565 . 0  804 . 0  

34 10 3 36 . 0  954 . 1 
14 359 . 5  89 7 . 3  
18  455 . 1  925 . 1  

35 10 7 2 7  . 0  717 . 5 
14 493 . 0  609 . 0  
18 514 . 0  1301 . 0  

36 10 305 . 6  582 . 7 
14 388 . 7 569 . 2  
18 311 . 8  687 . 0  
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Tab le D . 9 :  

UNCONFINED COMPRESS IVE STRENGTH , P S I , OF CLAPAK 
STABILI ZED SHALES CURED FOR 28  DAYS 

Shale Plastic i ty Curing TemEerature 

Number Ind ex Clapak* 70°F 110°F 

29 11 2 5  57 . 85 7 5 . 6  

30 13 2 5  39 . 1  49 . 3  

31 25  3 5  63 . 9  50 . 1  

3 2  4 0  5 0  49 . 8  4 7 . 4  

3 3  12  25  42 . 6  5 6 . 5  

34 12 25 42 . 9  4 7 . 5  

35  5 20 7 8 . 1  7 7 . 2 

36  18  2 5  5 5 . 9  70 . 9  



Shale 
Number 

29 

30 

31 

32 

33 

34  

3 5  

36  
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Tab le D . 10 :  

DRY AND IMMERSED STRENGTH , PSI , OF CLAPAK 
STABILIZED .SHALES CURED FOR 90 DAYS 

Cur ing TemEerature 

70°F 
Dry Immersed Dry 

27 . 2  51 . 8  

24 . 0  49 . 0  

2 7 . 3  2 7 . 4  

20 . 4  24 . 2  

32 . 7  32 . 8  

32 . 7  41 . 5  

2 2 . 6  64 . 0  

17 . 2  9 3 . 0  

--- Sample broke on immers ion in water . 

110°F 
Immersed 
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Table D . 11 :  

DRY AND IMMERSED STRENGTH , P S I , OF CHEMICAL (CLAPAK - CLASET) 
STABILIZED SHALES CURED FOR 28 DAYS 

Curing Tem:eerature 

Shale 70°F uo°F 
Number Dry Inunersed Dry Immers ed 

29  27 . 4  106 . 6  

30 24 . 0  2 7 . 3  

31  22 . 5  33 . 8  

32  24 . 2  85 . 9  

3 3  46 . 6  61 . 8  

3 4  17 . 3  32 . 7  

3 5  78 . 1  7 7 .  2 

36 20 . 8  41 . 4  

- All samples broke on immers ion in water . 
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Tab le D . 12 :  

DRY AND IMMERSED STRENGTH , P S I , OF CLAPAK AND CLASET 
STABILIZED SHALES CURED FOR 90 DAYS 

Curing Temperature 

Shale 70°F 110°F 
Number Dry Inunersed Dry Immersed 

29 13 . 7  72 . 5 

30 17 . 3  121 . 1 

31 28 . 9  100 . 1 

32  20 . 7  144 . 3 

33  51 . 5  101 . 7 

34 31 . 0  101 . 8  

35  + + 

36 46 . 5  98 . 0  

+ S trength almo s t  negligible 

S ample broke on immers ion in water 



Shale 
Number 

If tolt1 29 

L ,�,llc 30 

(f �1 ,� 31 

f "') �.,V\� ·�2 

'j\) 3 3  

i��-\ 34 

�wf' 3 5  

') Q&l1 rl' 3 6 
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Table D . 13 :  

DRY AND IMMERSED STRENGTH , P,SI , OF FLY-ASH 
STABILI ZED SHALES eURED FOR 2 8  DAYS 

Curing TemEerature 

70°F 110°F 
Dry Irmnersed Dry 

325 . 5  159 . 6  305 . 9  

109 . 3  17 4 . 4  360 . 9  

96 . 6  51 . 4 104 . 4  

126 . 1  186 . 8  

110 . 0 9 3 . 8  141 . 0  

65 . 0  5 2 . 1  89 . 6  

149 . 5  120 . 7 2 38 . 7 

107 . 5  9 6 . 6  147 . 7  

--- Sample broke on innners ion in water . 

Immersed 

2 2 1 . 0  

139 . 4  

6 2 . 7  

7 2 . 0  

83 . 2  

5 5 . 4  

108 . 7 

103 . 8  



A� o r� 
Shale 

Number 

29 

30 

31 

32 

3 3  

34 

35 

36 

2 0 3  

Table D . 14 :  

DRY AND IMMERSED STRENGTH , PSI , OF FLY-ASH 
STABILIZED SHALES CURED FOR 90 DAYS 

Cur ing Tempera ture 

70°F 110°F 
Dry Immersed Dry 

367 . 8  221 . 7 569 . 0  

2 7 8 . 1  159 . 4  381 . 6  

124 . 9  62 . 1  117 . 9  

1 78 . 0  216 . 5  

102 . 2  7 2 . 8  130 . 2  

7 7 . 8 44 . 9  94 . 8  

26 5 . 6  142 . 2  2 73 . 7 

183 . 5  124 . 5  204 . 7 

----- Samp le broke on immers ion in water . 

Immersed 

500 . 6  

361 . 3 

106 . 9  

96 . 4  

7 6 . 2  

82 . 8  

1 7 9 . 4  

180 . 7 
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APPENDIX E 

WEATHERABILITY TEST DATA 



Shale Number 

29  

30  

31  

32  

33  

34 

35  

36  
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Table E . l :  

UNCONFINED COMPRESS IVE. STRENGTH , PSI , 
OF LIME STABILIZED (16%)  SHALES 

AFTER WET-DRY CYCLES 

28-Day Cured 90-Day Cured 

Wet-Dry Cycles Wet-Dry Cycles 

0 5 15  0 5 

73 . 2  58 . 9  131 . 4  98 . 3  

120 . 3 463 . 7 380 2 38 . 5  4 32 . 6 

3 3 7 . 8  1 7 5 . 0  360 . 7 15 3 . 7  

248 . 4  258 . 5  

8 7 . 8  2 7 5 . 3  249 309 . 6  42 1 . 6  

161 . 3  2 36 . 9  192  3 70 . 2 3 2 7 . 3  

659 . 0  402 . 3  194 698 . 0  3 99 . 5  

145 . 1  122 . 7  195 396 . 6  2 78 . 3 

-- Sample dispersed while subj ec ted to wet-dry cycles . 

15  

434.·0 

210. 'O 

513. 0 

180. 0 

438, 0  



/ 

Shale Number 

29 

30 

3 1  

32  

3 3  

34 

35 

36 

206 

Table E . 2 :  

UNCONFINED COMPRESS IVE. STRENGTH , P S I , 
OF CEMENT STABILIZED ( 14%) SHALES 

AFTER WET-DRY CYCLES 

28-Day Cured 90-Day Cured 

Wet-Dry Cycles Wet-Dry Cycles 

0 5 15 0 5 15  

902 . 5  486 . 4  761 . 0  1438 . 1  513 . 2 861 � 6  

1094 . 7  329 . 1  1005 1204 . 1  711 . 4  990/0 

499 . 0  4 22 . 6  586 477 . 5  3 7 7 . 8 6 7 3 t0 

5 56 . 7  159 . 4  201 . 5  611 . 9  60 

887 . 5  428 . 4  863 . 5  938 . 8  444 . 0  7 2 2 � 0  

981 . 5 748 . 7 711 941 . 3  606 . 9  1042 .. P 

1451 . 5  67 8 . 8 89 2 1238 . 7  627 . 0  816 .. '0" 

7 7 7  . 0  327 . 0  641 . 5  1287 . 7  454 . 5  1149 • . q· 

-- Sample dispersed while subj ec ted to wet-dry cycles . 



Shale Number 

29  

30  

31  

32  

33 

34 

35 

36 
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Table E . 3 :  

UNCONFINED COMPRES$IVE STRENGTH , PSI  
QF FLY ASH STABILIZED ( 25%)  SHALES 

AFTER WET-DRY CYCLES 

28-Day Cured 90-Day Cured 

Wet-Dry Cycles Wet-Dry Cycles 

0 5 15  0 . · s 

305 . 9  2 23 . 5 158 • . 0 569 . 0  19 1 . 0  

360 . 9 220 � 0 1 72 . 0 381 . 6  216 . 0 

104 . 4  105 . 5  13 7 . 0 117 . 9  110 . 0  

186 . 8  210 . 5  

141 . 0  263· 0 225. 0 130 . 2 2 2 9 . o  

86 . 9  313 . 5  496;6 94 . 8  3 7 0. o 

2 38 . 7 2 9 2 . 5  409.- 0 2 73 . 7  422. 0 

14 7 . 7  203 • 0· 2 75'1 0 · 204 . 7  238. 0 

15 

164 . o 

192 '1 0 

100 .. 0 

236 . o 

333. 0  

336. 0  

203. 0 

Sample Dispersed while subj ec ted to freeze-thaw cycles . 



Shale Number 

29  

30 

31  

32  

3 3  

3 4  

35  

36 
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Table E . 4 :  

UNCONFINED COMPRESSIVE " STRENGTH , PSI  
OF  LIME STABILIZED ( 6% )  SHALES 

AFTER FREEZE-THAW CYCLE S 

28-Day Cured 90-Day Cured 

Freeze-Thaw Cycles Freeze-Thaw Cycles 

0 5 15 0 5 15 

7 3 . 2  131 . 4  

120 . 3  238 . 2  1 7 6 . 6  2 38 . 5  2 58 . 7  193 . 6  

3 3 7 . 8  463 . 4  194 . 5  360 . 7  200 . 5  283 . 4  

348 . 4  258 . 5  209 . 0  

87 . 8  184 . 4  209 . 9  309 . 6  409 . 7  216 . 1  

161 . 2  50 . 7 32 . 1  3 7 0 . 2  585 . 8  248 . 3 

659 . 0  90 . 2  168 . 4  698 . 0  622 . 7  14 7 . 0 

145 . 1  369 . 6  508 . 7 

-- Sample d ispersed while subj ected to freeze-thaw cycles . 



Shale Number 

29  

30 

31 

32  

33  

34  

35  

36  
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Table E . 5 :  

UNCONFINED COMPRESS IVE STRENGTH , PSI  
OF  CEMENT STABILIZED ( 14% ) SHALES 

AFTER FREEZE-THAW CYCLES 

28-Day Cured 90-Day Cured 

Freeze-Thaw Cyc les Freeze-Thaw Cycles 

0 5 15 0 5 15 

902 . 5  486 . 4  556 . 0  1438 . 1  456 . 5 418 . 1  

1094 . 7  329 . 1  444 . 6  1204 . 1  5 39 . 1  427 . 4  

4 99 . 0  4 2 2 . 6  482 . 3  4 7 7  . 5  506 . 5  304 . 8  

5 56 . 7 159 . 4  2 12 . 5  611 . 9  210 . 4  89 . 8  

887 . 5  428 . 4  565 . 0  938 . 8  9 23 . 5  944 . 4  

981 . 5  787 . 4  583 . 5  941 . 3  601 . 8  887 . 8  

1451 . 5  678 . 8  364 . 8  1238 . 7 631 . 4  588 . 7 

7 7 7 . 0 3 2 7 . 0  2 33 . 8  1287 . 7  675 . 9  648 . 1  

-- Sample dispersed while subj ec ted to freeze-thaw cycles . 



Shale Number 

29 

30 

31 

32 

3 3  

3 4  

35  

36  

210 � 1  

, \ 
I 

Table E . 6 :  

UNCONFINED COMPRESSIVE srRENGTH , P S I  
O F  FLY ASH STABILIZED (2 5%)  SHALES 

AFTER FREEZE-THAW CYCLES 

28-Day Cured 90-Day Cured 

Freeze-Thaw Cycles Freeze-Thaw Cyc les 

0 5 15 0 5 15  

305 . 9  569 . 0  

360 . 9  381 . 6  136 . 2  

104 . 4  117 . 9  

186 . 8  216 . 5  

141 . 0  1 30 . 2 65 . 2  

86 . 9  9 4 . 8  127 . 5  

2 38 . 7  2 7 3 . 7 136 . 7  

14 7 . 7 204 . 7 

-- Sample d ispersed while subj ected to freeze- thaw cyc les . 
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APPPENDIX F 

EFFECT OF DELAYED COMPACTION 

ON 

S TABILI ZED SHALES 



Shale Number 

29  

30  

31  

32 

33 

34 

35  

36 

· Table F . 1 :  

OPTIMUM MOISTURE CONTENT AND MAXIMUM DRY DENSITY OF LIME 
STABILIZED ( 6% )  SHALES AFTER DELAYED COMPACTION 

Optimum Moi s ture Content , % Maximum Dry Dens i ty ,  pcf 
--

Delay T ime , hr Delay Time ,  hr 

0 1 2 4 0 1 2 4 

20 . 6  2 2 . 4  20 . 2  1 9 . 5  101 . 9  9 7 . 6  101 . 8  101 .· 0 

16 . 9  15 . 6  15 . 6  15 . 6  111 . 3 112 . 6  111 . 7  111 . 0  

23 . 2  2 2 . 7  2 2 . 7  2 2 . 7  9 9 . 0  100 . 0 9 9 . 0  98 . 8  

29 . 5  21  2 2 . 7  2 3 . 0  86 . 0  86 . 9  9 1 . 2  85 -, 0  

21 . 0  18 . 8  18 .8 18 . 8  102 . 9  106 . 4  105 . 8  105 . 4  

20 . 0  24 . 8  17 . 4  14 . 0  103 . 4  102 . 3  105 . 8  105 ,'() 

23 . 5  2 2 . 0  22 . 0  2 2 . 0  99 . 6  102 . 0  100 . 6 100 . 4  

20 . 3  1 7 . 7  17 . 7  1 7 . 7  102 . 3  108 . 7 108 . 4  108 . 0  

N 
,..... 
N 



Table F . 2 :  

UNCONFIHED COMPRES S IVE STRENGTH , PSI , OF LIME 
STABILIZED SHALES (6%) AFTER DELAYED COMPACTION 

28-Day Cured 90-Day Cured 

Shale Numl;)er Delay T ime , hr Delay Time , hr 

0 1 2 4 0 1 2 4 

29  51 . 7 41 . 7 45 . 0  48 . 2  58 . 4  6 3 . 9  8 1 . 2  7 5 . 7  

N 
30 62 . 6  62 . 2  86 . 3  7 4 . 4  9 6 . 3  9 9 . 8  84 . 3  106 . 2  � 

w 

31 63 . 0  113 . 1  143 . 9  137 . 3  142 . 2  204 . 7  2 09 . 1  2 31 . 9  

32  1 13 . 8  117 . 5  1 30 . 8  113 . 3 328 . 8  162 . 0  1 68 . 9  159 . 3  

33 29 . 0  2 7 . 7  2 2 . 3  31 . 1  37 . 8  2 9 . 1  4 4 . 8  50 . 3  

34 46 . 0  48 . 3  50 . 0  46 . 8  7 1 . 7 9 1 . 6  9 4 . 8  84 . 7  

35 311 . 4  2 64 . 6  2 73 . 4  152 . 0  455 . 9  433 . 1  349 . 3  305 . 5  

36  43 . 9  43 . 2  38 . 2  46 . 8  63 . 8  43 . 2  44 . 7  56 . 4  



Shale Number 

0 

29  --

30 --

31 85 . 6  

32  1 9 . 8  

33  4 8 . 0  

34 4 1 . 2  

35 3 32 . 3 

36 --

Table F . 3 :  

IMMERSED STRENGTH , P S I , OF LIME STABILIZED 
SHALES AFTER DELAYED COMPACTION 

2 8-Day Curing 90-Day Curing 

Delay Time , hr Delay T ime , hr 

1 2 4 0 1 2 

24 . 2  2 6 . 0  24 . 2  14 . 0  2 6 . 4  41 . 4  

1 3 . 7 20 . 6 20 . 7  34 . 4  4 4 . 9  39 . 7  

9 3 . 5  1 56 . 5  116 . 2  1 31 . 5  1 9 7 . 7  259 . 7  

12 . 8  16 . 1  14 . 4  2 3 . 1  1 8 . 9  2 7 . 6  

6 . 9  8 . 7 1 7 . 1  85 . 9  3 1 . 1  4 1 . 5  

34 . 5  3 4 . 7  41 . 5  5 9 . 5  9 8 . 3  9 1 . 6  

310 . 9 2 51 . 1  180 . 6 157 . 4  2 76 . 6 287 . 6  

3 7 . 8  2 7 . 5  20 . 7  14 . 0  24 . 2  2 7 . 7  

-- Sample dispersed after immers ion in water . 

4 

4 3 . 1  

34 . 6  N 
� 
.i;:... 

199 . 7  

2 0 . 7  

2 2 . 5  

64 . 0  

2 78 . 7  

2 6 . 1  



Shale Number 

2 9  

30 

31 

32 

33 

34 

35 

36 

Table F . 4 :  

OPTIMUM MOISTURE CONTENT AND MAXIMUM DRY DENSITY OF FLY ASH 
STABILI ZED ( 25%)  SHALES AFTER DELAYED COMPACTION 

Opt imum Mois ture Content , % Maximum D ry Densi ty ,  pcf 

Delay T ime , hr Delay Time , hr 

0 1 2 4 0 1 2 4 

1 7 . 2  2 3 . 5  15 . 3  16 . 5  110 . 0  94 . 1  106 . 8  95  

18 . 0  14 . 6  19 . 6  20 . 7  110 . 0  9 7 . 5  9 3 . 5  94 . 2  

2 6 . 1  22 . 2  1 6 . 2  16 . 0  84 . 8  9 1 . 1  97 . 2  86 

2 6 . 2  25 . 4  2 7 . 7  25 . 6  87 . 6  85 . 5  90 . 6  85 . 4  

16 . 7  25 . 0  19 . 0  21 . 9  92 . 6  9 1 . 5  91 . 2  8'9 . 3  

1 9 . 4  17 . 8  13 . 3  12 . 5  90 . 7  9 4 . 2  9 5 . 2  94 . 0  

20 . 6  25 . 5  21 . 5  23 . 5  86 . 4  9 3 . 6  9 7 . 5  83 . 5  

16 . 0  20 . 0 13 . 2  15 - 0  94 . 1  9 1 . 9  99 . 3  94 , 0 

N 
� 
V1 



Shale Number 

0 

29  325 . 5  

30 190 . 3  

31 96 . 6  

32  126 . 1  

33  110 . 1 

34 65 . 0  

35 149 . 5  

3 6  107 . 5  

Table F . 5 :  

UNCONFINED COMPRESS IVE STRENGTH , P S I , OF FLY ASH 
STABILIZED SHALES ( 25%)  AFTER DELAYED COMPACTION 

2 8-Day Cured 90-Day Cured 

Delay Time , hr Delay Time , hr 

1 2 4 0 1 2 

232 . 0  2 1 3 .,0 165 . 0 367 . 8  184 . 0  2 3 1.. 0· 

130 . 0  303 . 5  31 3 . 0  2 78 . 1 262·. 0  3 42 . 0  

164 .· 0  182 . 0 156 . 0  1 24 . 9  208 � ·0 200 .'0 

175 . 5  1 9 5 . D  164 . 0  1 78 . 0 2 60 .. 0 2 3 5 � ()  

121 . 5  108. 0  130 . 5  102 . 2  -- 116 � 0 

224. 0  185. 0  158 . 0 7 7  . 8  306. 0 306 . 0 

138. 0  148. 0  139 . 0  2 65 . 6  177 .· 0 184.'0 

1 78 . 5  1 7 7 . 0  199 . 0  183 . 5  2 20. 0 2 3 3. 0 

4 

219 �· 0  

317 . 0  N 
� 
"' 

19 3 ; 0  

204 . 0 

125 . 0 

2 6 7 . 0 

1 75 . 0 

255 . 0 



Table F . 6 :  

IMMERSED STRENGTHS , PSI , OF FLY ASH STABILIZED 
SHALES (25%)  AFTER DELAYED COMPACTION 

28-Day Cured 90-Day Cured 

Shale Numb er Delay Time , hr Delay Time , hr 

0 1 2 4 0 1 2 4 

29  159 . 6  7 3  103 ... 0' 116 . 0  2 2 1 . 7 284 . 0, 283 . 0 265 . 0  
N 

30 174 . 4  1 23 . 5 184 . 5  164 . 0  159 . 4  340 . 0  358 . 0  437 . 0  1--l 
....... 

31 51 . 4  104 . 5  145 . 0  92 . 0  62 . 1  204 .. i; 0 216 . 0  221 . 0  

32  -- 16 .,o -- -- -- 184 . 0  1 7 7  . 0  169 . U  

33 93 . 8  5 2 . 0  51 . 0  56 . 5  7 2 . 8  -- 217-. 0 2 25 . 0  

34 52 . 1  2 00 . 0  218 . (J  193 . 0  4 4 . 9  1 7 7 ,.10 154 '. 0  191 . 0  

35 120 . 7 7 4 . 0  103 .. 0 72  . o  142 . 2  121.- 0 128  ._ O 106 � 0  

36  96 . 6  103 . 0  116 .·O 12 7 . 5  124 . 5  124 . 0  154 . 0  195 . 0  

-- Sample dispersed af ter immersion in water . 



Table F . 7 :  

OPTIMUM MOISTURE CONTENT AND MAXIMUM DRY DENSITY OF 
CEMENT STABILIZED SHALES (14%)  AFTER DELAYED COMPACTION 

--

Optimum Moisture Content , % Maximum Dry Dens ity , pcf 

Shale Number Delay Time , hr Delay T ime , hr 

0 1 2 4 0 1 2 4 

29 17 . 5  1 7 . 0  15 . 6  15 . 0  107 . 9  108 . 0  105 . 1  100 . 0  

30 16 . 2  2 2 . 1  13 . 6  20 . 7  116 . 0  106 . 1  110 . 2 9 8. 0 N 
� 
00 

31 2 2 . 2  2 0  17 . 6  13 . 5  100 . 05 9 3. 0  9 6 . 5  9 2 . 0 

3 2  2 7 . 0  2 5 . 4  2 1 . 4 18 . 8  9 0 . 3  9 5 . 1  9 2 . 0  9 0 . 4  

33 19 . 8  18 . 6 17 . 4  15 . 4  106 . 4  109 . 7  106 . 3 - 101 . 5 

34  17 . 8  15 . 0  1 3 . 4  11 . 0  107 . 1  109 . 8  106 . 7 104 . 0  

35 19 . 4  23 . 2  14 . 2  14 . 5  105 . 1  88 . 9  9 6 . 0  9 3. 0  

36 19 . 0  16 . 4  11 . 9  11 . 8  107 . 8  110 . 4 107 . 4  104 . 1 



Shale Number 

29  

30 

31 

32 

33 

34  

35  

36  

Table F . 8 :  

UNCONFINED COMPRESSIVE STRENGTHS , PSI , OF CEMENT 
STABILIZED (14%) SHALES AFTER DELAYED COMPACTION 

28-Day Cured 9 0-Day Cured 

Delay T ime , hr Delay T ime , hr 

0 1 2 4 0 1 2 

5 15 . 5  390 . 4  365 . 6  195 . 8 615 . 0  385 . 2  418 . ,{t 

8 9 5 . 4  305 . 3  389 . 0  383 . 1 1050 . 9  4 12 . 6  4 5 5 . 2  

88 . 7  36 . 9  3 16 . 7  347 . 6  2 72 . 3  3 70 . 0 3 23 . 5  

3 86 . 6  133 . 8  193 . 5  187 . 3  619 . 2  1 7 4 . 8  346 . 5  
I 

5 68 . 6 147 . o  386 . ()  343 . 0  5 31 . 0  434 . 0  4 5 8 : 0  

7 68 . 5 526 · 0 496 . 0  393 . 0  809 . 8  5 4 1  . .  0 4 7 2  . 0  

7 7 2 . 7 621 . 0  566 . 0  588 . 0  824 . 8  600 . 0  882 . 0 

507 . 2  446 . 0  2 7 3  • . o 300 . 0  612 . 4  4 1 3 . 0  345  . -0· 

4 

2 44 . 5  
N 

389 . 7 t-' 
\() 

405 . 9  

2 7 7  . o  

415 . 0  

3 2 6 .t() 

650 . 0  

307 . 0  



Shale Number 

0 

29  2 78 . 1  

30 526 . 7 

3 1  167 . 7  

3 2  91 . 8  

3 3  693 . 4  

34 309 . 7  

3 5  646 . 2 

3 6  438 . 1  

Table F . 9 :  

IMMERSED STRENGTHS , P S I , OF CEMENJ STABILIZED 
( 14% ) SHALES AFTER DELAYED ,'COMPACTION 

28-Day Cured 90-Day Cured 

Delay Time , hr Delay Time , hr 

1 2 4 0 1 2 

2 97 . 9  303 . 3 155 . 9  322 . 8  2 84 . 5  353  

2 65 . 0 2 80 . 6 2 61 . 1 5 22 . 4  2 78 . 8  3 36 . 9  

353 . 2 3 33 . 5 2 80 . 8  548 . 0 4 31 . 3  3 75 . 9  

55 . 0  7 2 . 1  7 6 . 2 118 . 8 60 . 1  83 . 4  

153 . 0  349 . 0  3 7 2  . 0  552 . 1  448 . 0  316 .. 0 

310 . 0  3 2 1 . 0  2 7 2  . 0 359 . 5  426 . 0  3 7 3 . 0  

614 . 0  5 7 6 . 0  501 . 0 493 . 0  7 5 6 . 0  549 . 0  

462 . 0  3 6 7 . 0  309 . 0  388 . 7 347 . 0  2 84 . 0  

4 

1 90 . 6 

3 43 . 5  N 
N 
0 

4 5 2 . 6  

9 3 . 0  

3 5 1 . 0  

386 . 0  

4 2 8 .- 0 

2 2 8 . 0  



2 2 1  

APPENDIX G 

STABILIZATION WITH ADMIXTURE S 
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Tab le G . l :  

DRY AND IMMERSED STRENGTH OF SHALES STABILIZED 
WITH LIME ( 6%)  AND NaCl (2%)  

AND CURED HOR 28 DAYS 

ucs , ps i 
Shale Number 

Dry Immersed 

29
+ 

15 3 . 9  115 . 4  
( 1 . 10) * (-)  

30  5 3 . 7  343 . 0  
(0 . 5 5 )  (-) 

31+ 
2 55 . 2  233  .. 0 
( 3 . 05 )  ( 1 .  7 2 )  

3 2  111 . 0  58 . 8  
(-0 . 55 )  ( 1 .  9 4 )  

3 3+ 
148 . 6 103 . 1  
( 4 . 10) (1 . 14 )  

34
+ 

158 . 6  105 . 8  
( 2 . 43)  (1 .  56)  

35 3 2 7 . 6  287 . 0  
(+0 . 05 )  (-0 . 13 )  

3 6  4 7 . 0  31 . 3 
(+ . 09 )  (- ) 

b - a * S trength Benef icia t ion Index (SB!)  = -a 
a = compres s ive s trength of lime treated 6% shale 
b = compres s ive s treng th lime ( 6% )  + NaCl (2%)  

treated shale 

For lime s tab ilized cas e ,  there was no s trength at  all . 
+ Lime + NaCl , Comb inat ion mo re benef icial than 

l ime alone . 
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Table G . 2 :  

UNCONFINED COMPRESSIVE STRENGTH OF SOME SELECTED 
SHALES STABILIZED WITH LIME ( 6%)  
AND NaCl ( 2% )  AND CURED FOR �o 

DAYS 

UCS , psi 
Shale Number 

Dry Immersed 

29 83 . 1  58 . 9  
( . 42) * ( 3 . 20) 

31  2 98 . 5  2 74 . 4  
( 1 . 09)  (1 . 09) 

32 143 . 5  50 . 5  
(-0 . 34)  ( 1 . 18) 

33 107 . 0  76 . 1  
( 1 .  2 7 )  (-0 . 11) 

34 200 . 4  165 . 1  
( 1 . 80) ( 1 .  7 7 )  

*S trength Beneficiation Index 

b - a (S B! )  = 

a 

b • compressive s treng th of lime 6% + NaCL 
2% s tab ilized shales . 

a • compressive s trength of lime s tabilized 
shales . 

+ Lime 6% + NaCl 2% comb ination is more benef icial 
than lime alone . 
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Table G . 3 :  

DRY AND IMMERSED STRENGTH OF CEMENT (10% ) AND 
FLYASH (4% ) STABILI ZED SHALES 

Shale Number 
Dry Immersed 

29 2 7 8 . 2 1 78 . 2 
(-0 . 46 ) * (-0 . 35)  

30  66 3 . 1 545 . 7  
(-0 . 25 )  (+0 . 036)  

3 1+ 54 3 . 6  502 . 9  
(S  . 17 )  ( 2 . 0) 

32  3 31 . 7 76 . 6  
(-0 . 14 )  (-0 . 16)  

33  356 . 8  305 . 5  
(-0 . 3 7 )  (-0 . 55 )  

34 49 6 . 1  359 . 3  
(-0 . 35 )  (0 . 16)  

35  655 . 0  520 . 6  
(-0 . 15 )  (-0 . 19 )  

36 19 6 . 7  149 . 4  
(-0 . 61)  (-0 . 65 )  

*S treng th Benef ic iation Index (SB! )  -
b - a 

a 

b = compress ive s trength of cement 10% + f lyash 4% 
treated shales . 

a = compres s ive s trength of cement ( 14% ) treated 
shales . 

+Cement and f lyash comb inat ion is bet ter than cement alone . 
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Table G . 4 :  

DRY AND IMMERSED STRENGTH OF CEMENT ( 10% ) 
FLYASH ( 4% )  AND Na2C 03 (0 . 5%)  STABILIZED 

SHALES CURED FOR 28 DAYS 

Shale Number 
Dry 

29  250  
(-0 . 5 1 )  

3 0  596 . 6 
(-0 . 33 )  

31
+ 325 . 8  

( 2 . 69 )  

3 2  285 . 5  
(-0 . 2 6 )  

3 3  364 . 0  
(-0 . 3 5 )  

34  383 . 5  
(-0 . 50) 

35 4 28 . 6 
(-0 . 44)  

36 451 . 1 
(-0 . 11)  

*Streng th Benef iciation Index (SBI)  • 

ucs , psi  

b - a 
a 

Inunersed 

2 14 . 5  
(-0 . 22 )  

390 . 2  
(-0 . 25 )  

345 . 1  
( 1 . 06) 

7 3 . 3  
( 0 . 19)  

291 . 1 
(-0 . 58)  

201 . 5  
(-0 . 32 )  

354 . 7  
(-0 . 45 )  

315 . 7  
(-0 . 28) 

b • compress ive s trength of cement 10% + flyash 4% + 
NazC0 3 0 . 5% treated shales . 

a � compress ive s trength of cement ( 14% ) treated 
shale alone . 

+ Cement , f lyash and Na2co 3 Comb inat ion is bet ter than cement 
trea tment a lone . 
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Table G . 5 :  

DRY AND IMMERSED STRENGTH OF CEMENT ( 8% ) , 
LIME (2%)  AND FLYASH ( 4% )  STABILIZED 

SHALES CURED FOR 28  DAYS 

UC S , p s i  
Shale Number 

Dry Innnersed 

29  249 . 6  166 . 7 
(-0 . 51)  (-0 . 40)  

30  5 26 . 9  362 . 0  
(-0 . 41)  (-0 . 31) 

413 . 5  413 . 2 
( 3 . 69 ) *  ( 1 . 4 7 )  

5 24 . 6 132 . 6  
(0 . 3 5 )  (0 . 45)  

33  349 . 2 281 . 5 
(-0 . 38)  (-0 . 59 )  

34 410 . 7 309 . 1  
(-0 . 46)  (0)  

35  65 6 . 7 494 . 1  
(-0 . 15 )  (-0 . 23) 

36 245 . 5  1 2 7 . 5  
{-0 . 51)  {-0 . 71)  

*S trength Benef iciat ion Index {S B! )  - b - a 
a 

+ 

b = compressive s trength of  cement 10% + lime 2% 
+ f lyash 4% . 

a = compres s ive s trength of cement ( 14% ) trea ted 
shales alone . 

Comb ina t ion of cement ,  lime and f lyash ( 8% , 2% , 4% ) is bet ter than 
cement ( 14% ) alone . 
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Table G . 6 :  

DRY AND IMMERSED STRENGTH OF LIME (5%)  AND 
FLYASH (10% ) STABILIZED SHALES 

Shale Number 

2 9  

36  

CURED FOR ' 28  DAYS 

Dry 

280 
(-0 . 13)  

283 . 7 
( 0 . 48)  

UCS ,  ps i 

247 . 2  
( 1 . 5 7 ) *  

2 31 . 4 
(0 . 83)  

165 . 9  
(0 . 5 ) 

200 . 6 
( 2 . 0 7 )  

383 . 3 
( 1 . 5 5 )  

96 . 5  
(-0 . 10) 

Immer:sed 

215 
( 0 . 35 )  

19 1 . 3  
(0 . 09 )  

23 3 . 2  
( 3 . 56 )  

86 . 8  
(-)  

132 . 3 
(O . 3 7 )  

1 31 . 2  
( 2 . 52)  

285 . 2 
( 1 .  3 7 )  

45 . 2  
(-0 . 53)  

*Strength Benef icia t ion Index (SB!)  - b - a 
a 

+ 

b • compress ive s trength of flyash 10% + lime 5% treated 
shales . 

a • compress ive s trength of flyash treated sha le alone 
( 25% ) . 

Flyash and lime comb inat ion is bet ter than flyash alone . 
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Table G . 7 :  

DRY AND IMMERSED STRENGTH OF LIME (5%) , FLYASH (10% ) 
AND CaCl2 (0 . 5%)  STABILIZED SHALE 

CURED FOR 28 DAYS 

Shale Number 
ucs , ps i 

Dry Immersed 

29 249 . 3  168 . 5  
(-0 . 23 )  ( 0 . 05)  

30
+ 

361 . 9 202 . 8  
( . 9 ) (O . 16)' 

31
+ 

2 74 . 5  201 . 0  
(1 . 83)  * ( 2 . 94) 

32 207 . 9  12 . 4  
(0 . 64)  (- ) 

33
+ 

232 . 1  12 6 . 7 
(1 . 10)  ( 0 . 34)  

34
+ 

444 . 4  212 . 2  
(5 . 83)  ( 3 . 07)  

35+ 
5 55 . 8  321 . 6  
( 2 . 7 )  ( 1 . 6 7 )  

36+ 
242 . 2  193 . 9  
(1 . 26)  ( 1 . 01)  

*S trength Beneficiat ion Index (SBA) b - a -
a 

b = compres s ive s treng th of lime 5% + f lyash 10% + 
CaC12 0 . 5% .  

a = compres s ive s trength of f lyash (25%) treated shales . 

+ Lime , Flyash and Cac12 comb ination is better than f lyash 
treatment alone . 
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Table G . 8 :  

DRY AND IMMERSED STRENGTH OF LIME , {5%) , FLYASH ( 10% ) 
AND NaoH (0 . 5%)  STABILIZED SHALES 

CURED FOR 28 DAYS 

ucs , p s i  
Shale Number 

Dry Immers ed 

29 2 2 7 . 1  130 . 1 
(-0 . 30)  (-0 . 16)  

30+ 
414 . 1  1 7 2 . 2  
(1 . 1 7') * ( O . O) 

31+ 308 . 8  163 . 6  
( 2 . 20) ( 2 . 19)  

32+ 410 . 0  40 . 0  
( 2 . 2 5 )  ( - )  

3 3  168 . 1 5 5 . 4  
( 0 . 5 2 )  (-0 . 4)  

34+ 27 9 . 8  185 . 8  
( 3 . 2 9 )  ( 2 . 55)  

35+ 543 . 1  302 . 5  
( 2 . 6 2 )  ( 1 . 5 1 )  

36 201 . 8  90 . 1  
( 0 . 8 7 )  (-0 . 00) 

*S treng th Benef iciation Index (S B! ) - b - a 
a 

b • compres sive s trength of lime 5% + f lyash 10% + 
NaoH 0 . 5% treated shales . 

a • compressive s trength of flyash ( 2 5%)  treated shales . 

+ 
Lime , flyash and NaoH comb inat ion is bet ter than f lyash 
treatment alone . 
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Table G . 9 :  

DRY AND IMMERSED STRENGTH OF LIME , FLY.ASH 
AND SODIUM CARBONATE (5% , 10% , and 0 . 5% )  

STABILIZED SHALES CURED FOR 28 DAYS 

UCS , p s i. 
Shale Number 

Dry 

29  236 . 1  
(-0 . 2 7 )  

30+ 434 . 4  
(1 . 28)  * 

31+ 219 . 5  
( 1 . 19)  

3 2  235 . 0  
( 0 . 86)  

33+ 160 . 1 
( 0 . 4 5 )  

34+ 235  
( 2 . 61 )  

35+ 581 
( 2 .  6 7)  

36
+ 158 . 9  

( 0 . 4 7 )  

*S treng th Beneficia t ion Index ( SB! ) = 

Immersed 

b - a 
a 

22 8 . 2  
( 0 . 43)  

295 . 0  
(0 . 69)  

208 . 4  
( 3 .  07 ) 

46 . 5  
( - ) 

120 . 2 
( 0 . 2 7 )  

2 2 1 . 7  
( 3 . 2 5 )  

410 . 5  
( 2 . 41) 

149 . 8  
( 0 . 5 6 )  

b = compressive s trength of lime 1 0 %  + f lyash 10% + 
sodium carbonate 0 . 5% treated shales . 

a • compressive streng th of flyash ( 25% ) trea ted shales . 

+ 
Lime , flyash and sodium carbonate comb inat ion is bet ter than 
f lyash alone . 
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APPENDIX H 

ELECTRON MICROS COPY OF RAW AND STABILIZED SHALES 



Shale 
Number 

29 

30 

31 

32 

33 

34  

35 

36 

2 32 

Table H . 1 :  

ELECTRON MICROSCOP IC STUDY OF RAW SHALES 

Unconf ined Compres s ive Void Larges t 
S trength , Cro ss-S ec tional Pore Intercep t , 

ps i Area , % 

35 . 4  39 . 68 

2 7 . 3  56 . 54 

36 . 9  29 . 06 

40 . 2  64 . 48 

32 . 8  2 7 . 7 7  

36 . 3  36 . 70 

24 . 7  9 2 . 2 6 

29 . 5  7 2 . 4 2  

-4 2 Total Sample Cross-S ect ional Area = 6 . 7  x 10 mm 

Magnificat ion 3000 t imes 

-5 Sample dried by evaporation 7 x 10 mm Hg vacuum 

mm 

. 018 

. 015 

. 02 2  

. 020 

. 011 

. 011 

. 019 

. 024 



Shale 
Number 

29  

30  

31  

32  

3 3  

34  

35  

36 

2 3 3  

Table H . 2 :  

�LECTRON MI CROSCOPIC STUDY OF LIME ( 6% )  STABILIZED 
SHALES CURED FOR 28 DAY S AT 110°F 

Unconf ined Compress ive Void Larges t 
S trength, Cros s-Sec t ional Pore Intercep t, 

psi  Area , % 

7 3 . 2  32 . 7 3  

120 . 3 32 . 7 3 

337 . 8  43 . 65  

248 . 4  36 . 7 8 

87 . 8  42 . 65 

161 . 2 69 . 94 

659 . 0  60 . 01 

145 . 1  59 . 52 

-4 2 To tal sample cros s sect ional area m 6 . 7  x 10 mm 

Magnif icat ion 3000 t imes 

- 5  Samp le dried b y  evaporat ion at 7 x 10 mm H g  vacuum 

mm 

. 015 

. 011 

. 014 

. 017  

. 012  

. 028  

. 014 

. 013  



Shale 
Number 

29 

30 

3 1  

3 2  

3 3  

34  

35  

36  

2 34 

Table H . 3 :  

ELECTRON MICROSCOPIC STUDY OF LIME ( 6%)  STABILIZED 
SHALES CURED FOR 90 DAYS AT 110°F 

Unconf ined Compres s ive Void Larges t 
S trength , Cros s-Sectional Pore Intercep t, 

p s i  Area , % 

131 . 4  2 5 . 90 

2 38 . 5  29 . 10 

3 60 . 7 31 . 40 

258 . 8  26 . 90 

309 . 8  31 . 10 

37 0 . 2 36 . 80 

698 . 0  49 . 80 

369 . 6  16 . 50 

-4 2 
Total sample cros s sect ional area = 6 . 7  x 10 mm 

Magnificat ion 3000 t imes 

-5 
Samp le dried by evaporation at  7 x 10 mm Hg vacuum 

mm 

. 010 

. 011 

. 012 

. 010 

. 012 

. 015 

. 011 

. 009 



Shale 
Number 

29  

30  

31 

32  

33  

34  

35  

3 6  

-2 3 5  

Table  H . 4 :  

ELECTRON MICROSCOPIC STUDY OF CSMINT ( 14%) STABILIZED 
SHALES CURED FOR 28 DAYS AT 110°F 

Unconf ined Compress ive Void Larges t 
S trength > Cros s-Sec tional Pore Intercep t ,  

p s i  Area , % 

902 . 5  29 � 00 

1094 . 7  42 . 9 0 

499 . 0  20 . 7 0 

5 56 . 7 32 . 10 

887 . 5  18 . 60 

805 . 7  30 . 30 

145 1 . 5 15 . 90 

7 7 7 . 0 2 7 . 'XJ  

-4 2 Total S ample Cros s-Sect ional Area a 6 . 7 x 10 mm 

Magnif ica t ion 3000 t imes 

Sample dried by evapora t ion 7 x 10-5  Hg vacuum 

mm 

. 014 

. 013  

. 025  

. 018 

. 008 

. 02 1  

. 012  

. 016 



Shale 
Number 

2 9  

30 

31 

3 2  

3 2  

3 4  

35  

3 6  

2 36 

Table H . 5 :  

ELECTRON MICROSCOPIC STUDY OF FLYASH (25%) STABILIZED 
SHALES CURED FOR 90 DAYS AT l lOOF 

Unconf ined Compress ive Void Larges t 
S trength , Cross-Sectional Pore Intercep t ,  

p s i  Area , % mm 

1438 . 1  24 . ],0 , 0115 

1204 . 1  2 2 . 00 . 012 

477 . 5  2 0 . 5 0 . 014 

611 . 9  19 . 00 . 008 

9 38 . 8  33 . 00 . 018 

941 . 3  2 8 . 00 . 013 

1238 . 7  2 8 . 50 . 012  

1286 . 7  18 . ()Q  . 016  

T 1 S 1 C S i 1 A -- 6 . 7  x l0-4mm2 ota amp e roe s- ect ona rea 

Magnif icat ion 3000 times 

-5 Samp le dried by evapora tion at 7 x 10 mm Hg vacuum 



Shale 
Number 

29 

30 

31 

32 

33 

34 

35 

36  

!37  

Table H . 6 :  

ELECTRON MICROSCOPIC STUDY OF FLYASH ( 2 5%)  STABILIZED 
SHALES CURED FOR 28  DAYS AT 110°F 

Unco�f ined Compres s ive Void Larges t 
S treng th ., Cros s-S ectional Pore Intercep t , 

p s i  Area , % 

305 . 9  34 . 90 

360 . 9  2 1 . 20 

104 . 4  35 . 10 

186 . 8  38 . 00 

141 . 0  35 . 60 

89 . 6  30 . 40 

2 38 . 7 2 1 . 10 

147 . 7  39 . 10 

-4 2 
To tal Sample Cross-Sec tional Area = 6 . 7  x 10 mm 

Magnif ica tion 3000 t imes 

-5 
Sample dried by evaporat ion at  7 x 10 mm Hg vacuum 

mm 

. 012  

. 010 

. 020 

. 016 

. 013 

. 014 

. 009 

. 016 



Shale 
Number 

29 

30 

31 

32 

33  

3 4  

35  

36 

2 38 

Table H .  7 :  

ELECTRON MI CROSCOP IC STUDY OF FLYASH (25%)  STABILIZED 
SHALES CURED FOR 90 DAYS AT 110°F 

Unconf ined Compre s s ive Vo id Large s t  
S trength , Cross-Se c t ional Pore Intercep t ,, 

p s i  Area , % 

569 . 0  26 . 80 

381 . 6 34 . 40 

117 . 9 4 3 . 90 
/ 

2 16 . 5  29 . 40 

130 . 2 31 . 90 

94 . 8  2 2 . 70 

2 7 3 . 7 25 . 20 

204 . 7  2 7 . 30 

-4 2 
To tal Sample Cross S ec tional Area = 6 . 7 x 10 mm 

Magnif icat ion 3000 t imes 

-5 Sample dried by evaporat ion at  7 x 10 mm Hg vacuum 

mm 

. 015 

. 015 

. 019 

. 015 

. 012  

. 012  

. 011 

. 011 
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APPENDIX I 

WEATHER CYCLES OF OKLAHOMA 



240 

Tab l e  I .1 :  

EXPLANAT ION OF LOCATION 

Symbol Locat ion 

A Ada 
B Al tus 
c Anadarko 
D Antler s  
E Ardmore 
F Great Salt Plains 
G Guymon 
H Kingf isher 
I McAles ter 
J Muskogee 
K Pawhuska 
L Perry 
M Po teau 
N S eminole 
0 Talooga 
p V in i ta 



Table 1 .-2 : 

WET-DRY CYCLES 

LOCATIONa 

YEAR A B c D E F G H I J K L M N 0 p 

1958 38 3 3  31 39 39 35  30 37  44 4 5  34 39 40 4 3  31 47 

1960 42 36 41 44 42 34 26 40 3 9  39  39  38 45  43  37  38  

1961 41 29 33 40 35  28  2 6  2 9  36  42  36  33  4 3  3 7  3 4  4 6  

1962 35  28  3 5  4 1  3 2  3 7  2 9  3 2  34  38  37 36 44 40 30 37 

1963 2 5  2 3  29 28 22 33  16 27 28  30 23  37  30 26  30 2 6  

1964 28 23  29 32  27  2 7  18 2 6  34 34 42 36 27 33  2 5  38 

1965 36 31 31 35 38 2 8  31 33 33  32  33  30  38 34  28  34 

1966 31 23 30 37 30 2 3  27  28  3 5  37  27  27  37  3 5  2 7  27  N 
1967 29  2 0  29  39  36  32 23 31 37  40 40 36  38  35  32 45 

� 
........ 

1968 43 31 37 49  40 35  25  35 46 41 40 36  42  38 36 39 

Third 
Highes t  41 31 35  41 39 35 29 35 39 41 40 37 4 3  4 0  34 45 

Mean 34 . 8  2 7 . 7  3 2 . 5  38 . 4  34 . 1  31 . 2  2 6 . 1  18 . 8  36 . 6  37 . 8  35 . 1  34 . 8  38 . 4  3 6 . 4  31 . 0  3 7 . 7  

S tandard 
Devia tion 

6 . 0 5 . 0  3 . 9  5 . 8 6 . 1 4 . 2  4 . 7  4 . 3  5 . 1  4 . 5  5 . 8  3 . 7  5 . 7  4 . 9  3 . 6  5 . 3  

a
See Table No . J -1 for Identif icat ion of location . 



Tab le I . 3 : 

FREEZE-THAW CYCLES 

LOCATIONa 

YEAR A B c D E F G H I J K L M N 0 p 

59-60 8 7 7 7 6 9 14 7 10 9 7 9 9 9 7 10 

60-61 5 4 6 3 3 7 1 1  5 5 5 7 8 4 5 7 9 

61-62 8 7 7 7 6 8 1 1  9 12  9 1 1  9 1 0  7 9 1 1  

62-63 7 7 7 6 6 7 9 8 8 9 8 9 7 7 7 1 1  
N 

63-64 5 3 5 4 3 7 1 5  7 5 5 7 7 5 6 7 11  � 
N 

64-65 10 9 10 6 8 1 5  1 8  14 1 2  12  1 3  1 2  9 12  1 3  1 4  

65-66 4 2 2 2 4 6 8 4 4 4 4 4 3 4 4 6 

66-67 8 7 8 6 4 10 10 8 9 12 12 10 8 7 11  14  

67-68 8 8 10 6 5 9 12 7 10 7 7 7 7 8 8 10  

68-69 7 7 7 5 4 1 1  1 1  9 8 9 12 8 7 7 12  11  

Third 
Highes t  8 7 8 6 6 10 14 9 10  9 12 9 9 8 1 1  1 1  

Mean 7 6 . 1 6 . 8  5 . 2  4 . 9  8 . 9  11 . 9  7 . 8  8 . 3  8 . 1 8 . 8  8 . 3  6 . 9 7 . 2  8 . 5  10 . 7  

S tandard 
Deviat ion 

2 . 7 2 . 2  2 . 3  1 . 6  1 . 5  2 . 5  2 . 8 2 . 6  2 . 7  2 . 5  2 . 8  2 . 0  2 . 2  2 . 1  2 . 6  2 . 2  

aS ee Table No . I-1 f or Iden t if icat ion of locat ion . 
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APPENDIX J 

ENGINEERING PROPERTIES OF  RAW 

AND STABILI ZED SHALES 
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F igure J-1 : Aggregation index and clay content relationsh ip  
for l ime stabi l ized shales. 
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Figure J-2 : Aggregation index and clay contant relationsh ip  
for l ime stabi l ized shales. 
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Figure J-3 : Aggregation index and clay content relationsh i p  
for l ime stabi l ized shales. 
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Figure J-1 8 :  · Comparison of strength characteristics for shale 33. 
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Figure J- 1 9 :  Comparison of strength characteristics for shale 34. 
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Figure J-20 : Comparison of strength characteristics for shale 35. 
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Figure J"2 1 : Comparison of strength characteristics for shale 36. 
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