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A large nmber of soils of widely d i f f e r i n g geographical 
o r i g i n , fineness and mineraloglcal composition have been 
tested to determine t h e i r response to s t a b i l i z a t i o n by 
Portland cement In the presence and absence of a selected 
group of a l k a l i metal compounds at low concentration. 
The tests showed that, with v i r t u a l l y a l l s o i l s studied, 
cement-stablllzatlon (as measured by soaked compressive 
strength a f t e r varying periods of humid cure) can be 
substantially improved (2- to lO-fold) by the Incorpora­
t i o n of r e l a t i v e l y small quantities of sodium compounds 
which form insoluble compounds with calcium. The most 
beneficia l additives are caustic soda, soda ash, sodlm 
s u l f i t e , sodium sulfate, sodium metaslllcate, and sodium 
alumlnate. Lithium and potassium compounds act s i m i l a r l y 
but less e f f e c t i v e l y . Optimum additive concentration Is 
found to correspond very nearly t o a sodium Ion concen­
t r a t i o n i n the molding water of 1.0 N; that I s , between 
0.5 and 2.5 percent by weight, depending on s o i l and ad­
d i t i v e . 

Caustic soda Is found to be the most ben e f i c i a l ad­
d i t i v e I n heavy clay s o i l s , sodlim metaslllcate I n clean 
sands, and sodium alumlnate and sodium sulfate i n s i l t s . 
Sodium sulfate appears to be uniquely effective i n or­
ganic sands. Use of these additives not only permits 
more economical s t a b i l i z a t i o n of soils responsive to 
cement, but also allows successful s t a b i l i z a t i o n of soils 
which normally cannot be sta b i l i z e d with cement at eco­
nomic levels. 

An hypothesis to explain the action of these addi­
tives Is proposed. Although the formulations developed 
must await extensive d u r a b i l i t y tests t o establish t h e i r 
f i e l d s e r v i c e a b i l i t y , current results indicate that chem­
i c a l l y modified soil-cement offers considerable promise 
as a low-cost s o i l s t a b i l i z a t i o n method. 

#DURING THE past few years, the M.I.T. So i l S t a b i l i z a t i o n Laboratory has 
been conducting research on improving the properties of soil-cement by 
the use of chemical additives. An e a r l i e r paper (Lambe and Moh, 1957) 
described the i n i t i a l phases of the research. The primary objectives of 
the Investigation are: 

1. To Increase the effectiveness of portland cement as a s o i l sta­
b i l i z e r , so as to reduce the quantity of cement required to t r e a t respon­
sive s o i l s . 
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2. To f i n d trace additives which w i l l enhance the effectiveness of 
cement as a s t a b i l i z e r of problem s o i l s which cannot be st a b i l i z e d with 
cement alone at economic levels. 

3. To elucidate the mechanisms by which chemical additives a l t e r 
the soil-cement reaction. 

In the i n i t i a l study, some kO chemicals were f i r s t screened as addi­
tives to three s i l t y s o i l s ; that i s . New Hampshire s i l t , Massachusetts 
clayey s i l t , and Vicksburg loess. Significant improvements i n the com­
pressive strength of soil-cement were obtained from the addition of se­
lected chemicals at low concentrations (0.5 t o 1.0 percent on dry s o i l 
weight). The most effective additives were a group of sodium compounds; 
s p e c i f i c a l l y , the hydroxide, carbonate, s u l f i t e , and metasillcate. 

The apparently imique effectiveness of a l k a l i metal compounds pro­
vided a useful point of departure f o r the selection of additives of even 
greater effectiveness. This paper describes the most recent laboratory 
studies of the ef f e c t of a selected group of a l k a l i metal compounds on 
cement s t a b i l i z a t i o n of a number of s o i l s . Compressive strengths were 
used as c r i t e r i a f o r evaluation. Investigation of the ef f e c t of additives 
on the diurabllity of soil-cement i s vmder way with the cooperation of the 
Soil-Cement Bureau of Portland Cement Association. 

MATERIALS AND PROCEDURE 
Materials 

Soils.—Eleven s o i l s , varying from sands to heavy clays, some of them 
having a s i g n i f i c a n t amount of organic matter, were employed i n t h i s i n ­
vestigation. 

Three s o i l s , a well-graded clayey s i l t from Massachusetts (MCS), a 
uniform loess from Vicksbiirg, Mississippi (VL), and a uniform s i l t from 
New Hampshire (UHS) were used i n screening tests. New Hampshire s i l t was 
then adopted as the primary s o i l i n t h i s paxt of the study, i n view of i t s 
less complex composition and i t s established marked response to cement 
treatment. 

Three s o i l s , designated as I l l i n o i s clay ( IO55) , Wisconsin sand 1 
(1056) and Wisconsin sand 2 (1057), provided by the Portland Cement As­
sociation, were included i n the study. I l l i n o i s clay was from Champaign 
County, 111. , a B horizon material of I l l i n o i s S o i l Series No. 1126. The 
two Wisconsin sands were A and B horizon materials of the P l a i n f i e l d Ser­
ies, Racine County, Wis. About I 5 percent or more of cement i s o r d i n a r i l y 
required f o r adequate s t a b i l i z a t i o n of these s o i l s . The two heavy-textured 
so i l s studied were from the Gulf Coast of Texas, Texas clay 1 and 2 (MIT 
1058 and 1059), an<i contain a r e l a t i v e l y high concentration of organic mat­
t e r (about 3 percent). 

In addition, three soils r i c h i n carbonate content were also studied. 
These s o i l s , designated as Ir a q clay 1 ( i r C l ) , I r a q clay 2 (lrC2), and 
Ira q s i l t y clay (irSC) (MIT I O 5 2 , I O 6 7 , and I O 6 8 , respectively), were pro­
vided by the government of I r a q f o r study of the f e a s i b i l i t y of using s o i l 
s t a b i l i z e r s i n i t s road construction program. 

The characteristics of a l l 11 soils are summarized i n Table 1. Figure 
1 shows the grain size d i s t r i b u t i o n curves. 

Cement.—Type I portland cement was used; Table 2 simmarizes i t s prop-
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TABI£ 1 

FROPEItTIES OF SOII£ INVESTIGATED 

Nev MBSB. Vicks- Wis. Wis. l U i - Texas Texas Ira q Iraq Iraq 
Hamp. Clayey burg Sand Sand nois Clay Clay Clay Clay S i l t y 

Properties s a t S l i t Loess 1 2 Clay 1 2 1 2 Clay Properties NHS MOS VL VSl WS2 IC TCI TC2 I r C l IrC2 IrSC 
NHS M21 VL 1.056 1,057 1.055 1,058 1,059 1.052 1,067 1,068 

Textiiral canposltion*,^ "by vt 
Sand 0.06 mm to 2 im 3 6 82 85 12 5 3 0 17 13 
S i l t 0.002 mn to O.06 nm 90 73 IB 15 52 1*5 28 1*2 1*6 62 
Clay<0.002 mn 7 11 21 0 0 36 50 69 58 37 25 

Physical properties 
62 61 Liq,uid l i m i t , 28 20 in — — 51 62 71 61 39 31 

Plastic l i m i t , <f> 20 111 26 — — 23 28 1*2 28 20 20 
P l a s t i c i t y index, 8 6 15 N.P. N.P. 28 31* 29 33 19 11 
Specific gravity. 

2.69 2.76 2.80 20 C/20 C 2.72 2.77 2.67 2.6I( 2.61* 2.67 2.69 2.71 2.76 2.72 2.80 
Max dry density^, pcf 
Opt water content^, jt 

99-5 122.3 lOli.S 102 103 100 98 91. 97.6 106.3 110.5 Max dry density^, pcf 
Opt water content^, jt 19.9 13.3 18.5 lit.2 12.5 20.9 23.0 25.8 2l*.0 19.5 16.6 

C l a s s i f i c a t i o n 
Unified HL ML ML-CL SI SH CH CH CH CH CL CL 
BPR S i l t y loam Loam S i l t y clay 

loam 
Sand Sand Clay Clay Clay Clay Clay S i l t y clay 

HKS A-lt(8) A-lt(U) A -7-6(lO) A-2-k A-2-l> A-7-6 A-7-6 A-7-5 A-7-6(20) A-6(12) A-6(9) 
Chemical properties'^: 

O.lf 
(17) (20) (20) 

Organic matter, j( by vt O.lf — 1.8 1.9 0.2 1-3 3 1 2.9 1.0 0.9 1-3 
PH I1.6 6.7 6.2 6.1> 7.1. 7-3 7.5 7.5 7.2 
Carbonates, ^ by vt —. — — — — — — 25 27 50 
Total soluble s a l t s . 
m eq̂  NaCl/lOO gm — — 0.2 0.1 0.1 0.2 0.6 1.6 15.3 1.7 73.0 

Soluble sulfates, m eq. 
NaCl/lOO ga — — — — — — — — 3.9 0.1* 3.0 

Cation exchange capacity 
16 m eg/100 011 3 16 16 10 30 — 27 23 20 16 

Glycol retention, mg/gm 6 22 33 32 2k 70 69 93 62 1*5 88 
Mlneralogical ccmposition 

Clay ccmposition, ̂  by vt 10 30 35 0 0 1*5 d 65 60 1*5 30 
I l l i t e : montmorlllonold: 

Clay chlorite 1:0:0 l-O'O 1-1:0 — — 1:2.5:1 — 3:2.5:1 1.1:1 l - l - l 1-2:1 
Chlorite, nonclE^, ̂  
Calclte, i 

— — — — — — — — 10 15 15 Chlorite, nonclE^, ̂  
Calclte, i — — — — — — — — 25 30 50 
Free Iron oxide, iiFe^-^ 1.0 2.9 1.6 • — 1.7 — 2.0 1.6 1.0 1.3 
Gypsum, 6̂ 0 — — — — — — — 0.6 0.1 0.5 

^ . I . T . C l a s s i f i c a t i o n System. 
^Harvard Miniature Compaction, Uo lb tamper, 3 layers, 25 blows per layer, 
"^or -0.07!* mm fractions. 
Mlneralogical composition of S o i l Texas Clay 1 i s similar to that of Texas Clay 2 . 

MIT 
CLASSIFICATION 

SAND CLAY 
coarse medium fine medium fine coarse I medium fine coarse 

Note: 1068 curve oMalned Krith salt removed 

><1UI067 

0.1 0.01 
DIAMETER IN MM 

0.001 0.0001 

Figure 1. Grain size d i s t r i b u t i o n . 
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e r t l e s . I n order t o obtain f u l l benefit of the additives, a r e l a t i v e l y 
low cement concentration (5 percent on dry s o i l weight) was used f o r most 
of the experiments. 

TABLE 2 
COMPOSITIONa OF CEMENT USED 

Composition 5̂  by Weight 

S i l i c a , SIO2 
Aluminvmi oxide, AI2O2 
Ferric oxide, Fe202 
Calcium oxide, CaO 
Magnesium oxide, MgO 
Sulfuric anhydride, SO3 
Sodium oxide Na20 
Potassium Oxide, K2O 
Manganese oxide, Mh203 
Insoluble residue 
Loss on i g n i t i o n 
Specific surface (Blaine) 

19.78 

3 A 5 
62.59 

3-90 
2.25 
0.25 
0.71 
0.07 
1.30 
0.08 

3,270 sq cm/gm 

aAnalyzed by Analytical Laboratories, Portland Cement Association. 

Additives.—Table 3 l i s t s the a l k a l i metal compounds investigated. 
Selection was based on the observation from e a r l i e r studies that a l k a l i 
metal compounds benefici a l to cement s t a b i l i z a t i o n were those forming i n ­
soluble salts with calcium. Additive concentrations are expressed either 
as normally of the a l k a l i ion i n the molding water, or as the percent by 
dry s o i l weight. 

TABLE 3 
CHEMICAL ADDITIVES TESTED 

Material Fomula Source 

Sodium hydroxide 
Sodium carbonate 
Sodiijm metasilicate 
Sodl\mi sulfate 
Sodium alumlnate 
Sodium f l u o s i l i c a t e 
Sodium fl u o r i d e 
Sodium fluoborate 
Sodium tetraborate 
Potassium hydroxide 
L i t h i m hydroxide 

NaOH 
Na2C03 
Na2S1039H20 
Na2SOl4. 
NaA102 
NagSlFg 
NaF 
NaBFlj. 
Na2Bl4.0Y.10H20 
KOH 
LiOH 

Reagent 
Reagent 
Reagent 
Reagent 
Reagent 
Reagent 
Reagent 
Reagent 
Reagent 
Reagent 
Reagent 

grade 
grade 
grade 
grade 
grade 
grade 
grade 
grade 
grade 
grade 
grade 

Procedure 
Preparation of S o i l , Cement and Additive M i x t u r e . — A l l soils were 

piilverlzed (at the water content as received i n the laboratory f o r soils 
I r C l , IrC2, and IrSC, and a i r dried f o r a l l other s o i l s ) through a U. S. 
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standard No. 10 sieve. Each batch of s o i l was hand-mixed with enoiagh wa­
t e r t o bring the moisture content t o about one-half of the desired water 
content, and then equilibrated f o r 2k hr before adding the s t a b i l i z e r s . 
(This e q u i l i b r a t i o n step was omitted f o r the two Wisconsin sands.) Ce­
ment was then mixed Into the equilibrated s o i l , the remaining portion of 
water added, and mixing completed I n a finger-blade mechanical mixer. 
(Mixing time was 7 f o ^ the three I r a q s o i l s , and 5 mln f o r a l l others.) 
Chemical additives were dissolved i n the second portion of water except 
fo r sodiim f l u o s i l l c a t e , sodlimi f l u o r i d e , sodiim fluoborate and sodl\mi 
tetraborate, which were added as water s l u r r i e s . 

The molding water contents were those giving maximum density f o r com­
paction of unmodified soil-cement f o r a l l but the Ir a q s o i l s ; f o r the l a t ­
t e r , optimum water contents f o r compaction of the s o i l alone were used. 
A l l optimum water contents, and densities, were determined using the Har­
vard miniature compaction procedures; that i s , ij-O-lb tamper, 3 layers, 25 
blows per layer. 

Molding.—All samples were compacted from both ends i n a Harvard min­
iature size mold (1.313 i n . i n diameter and 2 .8 l6 i n . high) by s t a t i c com­
pression with a hydraulic Jack immediately a f t e r mixing. I n order t o elim­
inate the effect of density variations on the strength, each soll-cement-
additive mixture was compacted t o a density roughly equal t o the maximum 
density of the untreated soil-cement or s o i l . 

Curing.—After the specimens were molded, they were cured f o r various 
periods of time under approximate 100 percent r e l a t i v e humidity at room 
temperature. I n addition t o t h i s moist-curing, a kS percent r e l a t i v e 
humidity (samples over saturated potasslm carbonate solution) cure was 
provided f o r the three I r a q s o i l samples. 

T e s t i n g . — A l l c\ired specimens were Immersed i n water f o r one day at 
room temperature p r i o r to being f a i l e d i n unconfined compression. Weights 
and volumes of the specimens were recorded both af t e r cure and after im­
mersion. 

RESULTS AMD DISCUSSION 
Influence of S o i l Composition on Response to Alkaline Additives 

Because the o r i g i n a l tests showed the response of a s o i l t o cement 
plus additive treatment depended on the composition oi the s o i l i n ques­
t i o n , the results are presented and discussed under s o i l type, and then 
the influence of s o i l type considered. 

S i l t y S o i l ( S o i l MS).—Table k summarizes some of the results ob­
tained with the three s i l t y s o i l s ; s p e c i f i c a l l y , NHS, MCS, and VL, used 
i n the screening t e s t s . 

A study of the effect of type and concentration of additive on the 
strength (both magnitude and rate of Increase with time), was made on NHS 
treated with nine sodium compounds, l i s t e d as Nos. 1 t o 9 i n Table 3. 
Table 5 and Figures 2 t o 7 summarize the t e s t r e s i i l t s . 

Effect of Additive Type on Strength. Only six of the nine additives 
tested appear to be benefici a l i n increasing the strength of cement-New 
Hampshire s i l t . Sodium siilfate and sodium alumlnate proved to be the best, 
giving strengths higher than those with 10 percent cement (no additive) at 
a l l curing times, and at a l l three additive concentrations studied. Sodium 
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TABLE k 

SUMMARY RESULTS OF EFFECT OF SODIUM COMPOUNDS ON THE COMPRESSIVE 
STRENGTH OF THREE CEMENT-SIIffY SOIIS 

Cement Content = 5 Percent by Dry S o i l Wt 

Additive 

Additive 
Cone. ̂  
by Dry Curing Wet Compressive Strength, psi 

Additive S o i l Wt Days NHS MCS VL 
Control — 7 110 300 180 

28 180 375 260 
Sodium 0.5 7 165 805 3^5 

hydroxide 28 2k0 1,370 390 
1.0 7 260 ai5 3^0 

28 360 1,185 1+65 
Sodium 0.5 7 575 260 

carbonate 28 500 800 290 
1.0 7 370 095 310 

28 375 1,125 335 
Sodium 0.5 7 325 320 330 

s u l f i t e 28 kio 500 300 
1.0 7 260 685 305 

28 hk3 1,030 3̂ +5 
Sodium 1.0 7 359 — 3̂ +5 

metasillcate 28 — — — 

Sodium 0.5 7 260 — 275 
sulfate 28 koo — 

1.0 7 — 590 — 

metasillcate proved to be the t h i r d most effective additive, giving 
strengths comparable to those with 10 percent cement. The hydroxide and 
carbonate are less e f f e c t i v e , but s t i l l provide s i g n i f i c a n t strength im­
provement over the control. Soditmi fluoborate i s the l a s t beneficial ad­
d i t i v e , increasing the strength only s l i g h t l y ; the other three sodium com-
poimds (that i s , f l u o s i l l c a t e , f l uoride and tetraborate) proved to be 
detrimental. 

Effect of Additive Concentration on Strength. The effect of concen­
t r a t i o n of each of the six beneficial additives on the strength of cement-
sta b i l i z e d New Hampshire s i l t i s shown i n Table 5 and Flgiore 2 . 

The f i r s t observation t o be made from t h i s figure i s that there i s 
an optimum concentration f o r each additive. The optimum f o r a l l chemicals 
appears to be i n the neighborhood of one normal (at a l l curing ages), ex­
cept f o r sodium alvuninate, which shows peak strength at 0.5 normal con­
centration . 

I t i s s i g n i f i c a n t that the dependence of strength on additive con­
centration ( i n the 0.5 - 2.0 N ranges) becomes less marked with increas­
ing cure-time, although the strength-Improvements produced by the additives 
become more marked with time. This implies that the ultimate increase i n 
cementation caused by the additives i s not very sensitive t o additive con-
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Figure 2 . Effect of type and concentration of additives on the strength 
of New Hampshire s i l t s t a b i l i z e d with 5 percent cement. 

centration above a certain minimum l e v e l , although the rate of strength 
build-up i s quite concentration dependent. 

Effect of Additive Type on Curing Rate. Figure 3 i l l u s t r a t e s the 
effect of additives (at 1.0 normal i n molding water) on the curing rate. 
The curvature of the lines between zero and one day cure i s i n doubt be­
cause no specific data w i t h i n t h i s time I n t e r v a l are available. However, 
Figiire 7 shows the general trend i n the f i r s t 2l+ hr of cure. 

Most of the ultimate strength (the 28-day strength i s considered as 
ultimate strength i n t h i s study) of untreated cement-NHS develops i n a 
very short period of time (about 5 t o 6 h r ) . Addition of sodium metasil­
icate or alimiinate increased the early strength and accelerated the rate 
of curing. Sodium carbonate has a similar e f f e c t , but t o a lesser degree. 
Considerable delay of strength development occxn-red with sodium s u l f i t e 
and hydroxide, as indicated by the disintegration i n water of specimens 
treated with these two additives after 5 hr of curing. The longest delay 



TABLS 5 
EETECT OF SODIUM COMPOUNDS ON THE PROPERTIES OP CIMENT STABILIZED 

NEW HAMPSHIRE S I M 
Cement Content =5.0 P e r c e n t on Dry S o i l Wt 

Co n c e n t r a t i o n At Molding 
Moistu r e Dry Den-
Content,^ s l t y , p c f 

CuringC 
Days 

A f t e r C u r i n g At T e s t i n g 
M o i s t u r e Dry Den- Moisture Dry Den-
Content,jt s l t y , p o f Content,)t s l t y , p c f 

Wet Com­
p r e s s i v e 
S t r e n g t h , 

p s l 

C o n t r o l 

Sodium 0.5 O.ltS 
hydroxide 

1.0 0.88 

2.0 1.77 

Sodium 0.5 0.56 
carbonate 

1.0 1.15 

2.0 2.26 

Sodium 0.5 0.60 
m e t a s i l l c a t e 

1.0 1.33 

2.0 2.70 

Sodium 0.5 0.76 
s u l f a t e 

1.0 1.52 

2.0 2.96 

Sodium 0.5 0.91 
alumlnate 

1.0 1.71 

19.8 
19.8 
19.8 
19.8 

21.5 
21.5 
21.5 
21.5 
20.9 
20.9 
20.9 
20.9 
21.0 
21.0 
21.0 
21.0 
20.0 
20.0 
20.0 
20.0 
20.6 
20.6 
20.6 
20.6 
20.2 
20.2 
20.2 
20.2 
21.2 
21.2 
21.2 
21.2 
20.8 
20.8 
20.8 
20.8 

19.5 
19.5 
19.5 
19.5 
20.4 
20.If 
20.lt 
ao.it 
20.2 
20.2 
20.2 
20.2 
19.8 
19.8 
19.8 
19.8 
21.2 
21.2 
21.2 
21.2 
19.8 
19.8 
19.8 
19.8 

99.li 
98.5 
98.2 
98.5 
98.2 
98.5 
99.3 
98.8 
98.1 
98.6 
98.8 
98.1 
100.0 
99.lt 
99-0 
99.3 
98.6 
99.1 
99.2 
98.6 

98.7 
98.9 
98.7 
100.2 

99.5 
99.6 
98.8 
99.1 
99.5 
98.8 
98.5 
99.0 
98.2 
98.5 
98.U 
100.5 
98.8 
98.0 
98.5 
99.1 
99.6 
99.6 
99.5 
98.8 
101.0 
100.0 
100.5 
100.8 
101.0 
101.0 
102.lt 
102.0 

99.5 
98.7 
99.5 
98.9 
100.3 
100.3 
99.9 
100.6 

1 
It 

28 
1 
It 
7 
28 
1 
It 
7 
28 

1 
It 
7 
28 
1 
It 
7 
28 

1 
It 

2? 
1 
It 
7 
28 
1 
1, 
7 
28 
1 
It 
7 
28 

1 
It 
7 
28 
1 
It 
7 
28 
1 
k 
7 
28 

1 
It 
7 
28 
1 
It 
7 
28 

1 
It 
7 
28 

19.0 
19.1 
18.U 
15.7 
20.2 
19.2 
20.0 
17.8 

19-3 
20.6 
20.5 
19.8 

19.5 
21.1 
23.1 
2lt.8 
18.9 
18.3 
18.1 
18.8 
19.8 
20.3 
20.5 
21.0 

J.9-7 
20.7 
21.3 
2lt.7 
20.6 
20.3 
20.3 
18.5 
19.8 
19.5 
19.2 
16.5 
18.9 
19.9 
19.3 
21.9 
18.9 
19.6 
l8.lt 
16.9 
i9.lt 
19.0 
19.1 
19.0 
19.6 
20.1 
20.1 
23.3 
20.1 
19.8 
la.o 
18.0 

I9.lt 
19.3 
18.9 
18.6 

98.9 
97.8 
97 
97 
96 
96 
97 
99.0 
98.5 
98.3 
98.3 
98.1 

100.0 
99.0 
98.1 
98.7 
98.3 
98.3 
98.5 
97.6 

98.6 
97.8 
99.3 
9fc.3 
98.8 
97.9 
98.3 
98.7 
98.0 
97.5 
97.lt 
97.3 
98.1 
97.9 
101.0 

98.3 
97.8 
98.0 
98.1 

99.1 
98.8 
9G.1t 
97.5 
99-5 
99.2 
99.8 
99.2 
98.8 
99.6 
100.7 
99.6 
98.0 
97.8 
98.0 
98.0 

99.1 
99.2 
99.0 
98.7 

23.2 
2lt.O 
23.9 
23.7 
23.3 
23.5 
23.2 
23.8 
2lt.l 
23.2 
23.3 
22.9 
22.U 
23.3 
2U.1 
25.lt 
23.lt 
23.3 
23.2 
23.3 
23-3 
23.6 
23.lt 
22.8 

23.0 
23.7 
2lt.3 
2lt.8 

23.5 
23.lt 
2lt.l 
2lt.2 

23.9 
2U.lt 
2lt.3 
23.2 
2lt.2 
2lt.5 
2lt.6 
2U.0 
22.6 
23.1 
23.7 
23.3 
22.8 
23.0 
21.7 
22.2 

23.3 
23.1 
22.9 
23.6 
22.8 
23.7 
23.3 
23.lt 
22.5 
22.lt 
22.5 
22.0 

98.7 
97.8 
97.3 
97.9 
96.8 
97.0 
97.8 
98.8 

97-1 
98.3 
98.1 
98.1 

99.5 
98.6 
98.3 
99.2 
98.0 
98.5 
96.5 
97.8 
98.3 
98.3 
98.0 
98.7 
96.lt 
98.6 
98.0 
98.7 
98.0 
- i S . l 
97.6 
97.2 

97.5 
97.5 
98.2 
99.8 
98.3 
97.8 
97.8 
99.0 

99.3 
96.8 
96.1 
98.0 
98.6 
99.2 
99-7 
99-9 
98.2 
99.6 
100.3 
59.0 
98.6 
97.3 
9£.l 
98.1 
98.6 
98.8 
99-5 
99.3 

80+0 
goto 
95tO 

I25t5 

iioio 

135̂ 15 

150+0 
Ilt5t5 
217t7 
235t0 
28otl5 
110+0 
138tl2 
157tl8 
258+22 
108t2 
l66+lt 
215+0 
250tl5 
lUo+0 
188+2 
220+20 
2e5t35 

105±10 
15015 
158+13 
233+2 
130+5 
l>3^7 
202+6 
305t35 
135il5 
198tl2 
Sietj 
3ltlttlt5 
135t2 
195to 
235+5 
337+23 
202+28 
285+15 
263+2 
395i25 
228i7 
275±15 
325125 
lt35±35 
130+30 
273+10 
308+27 
lt35+15 
2 3 0 i l O 
282+8 
330t35 
lt25+5 
190i30 
260+20 
26oll5 
ltlO+20 
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TABLE 5 (Continued) 
EFFECT OF SODIUM COMPOUMDS ON THE PROPERTIES OF CEMEKT STABILIZED 

HEW HAMPSHIRE SIKT 
Cement Content = 5.0 Percent on Dry Soil Wt 

Concentration At Molding Curing^ 
Days 

After Curing At Testing 
Wet Com­
pressive 
Strength, 

psi Additive Moisture 
Content,^ 

Dry Den-
1 sity,pcf 

Curing^ 
Days Moisture Dry Den-

Content,^ sity,pcf 
Moisture 
Content,^ 

Dry Don-
1 sity,pcf 

Wet Com­
pressive 
Strength, 

psi 

2.0 3-35 19.5 100.5 1 18.7 98.7 22.8 97.8 l£8ilO 
19-5 101.5 k 18.9 100.3 21.7 100.3 258+22 
19.5 101.6 7 19.8 100.0 21.1 100.1 255120 
19.5 102.0 28 23.0 99.8 23.0 101.0 1*05±5 

Sodium 0.5 1.06 21.5 96.1 1 19.8 98.U tA Dd 0 
fluoslllcate 21.5 97.5 1* 20.2 98.3 D D 0 

21.5 98.0 7 20.3 97.5 D D 0 
21.5 97-3 28 21.2 97.5 D D 0 

1.0 2.08 21.0 98.3 1 19.6 99-3 D D 0 
21.0 9S.2 1* 19.1 98.5 D D 0 
21.0 98.2 7 19.6 97.9 D D 0 
21.0 98.0 28 20.2 98.2 D D 0 

2.0 k.ok 20.U 98.9 1 19.1* 98.8 D D 0 
20.lt 99.0 1* 18.8 97.5 21*.0 97-5 1*0+0 
20.1* 98.U 7 18.7 97.8 21*.1 97.0 50±0 
20.1* 98.8 2b 11*.5 97.2 25.0 97.7 l*5i5 

Sodium 0.5 0.1-5 20.8 99.'̂  1 20.0 99.2 Dd Tfi 0 
fluoride 20.8 99.0 1* 20.2 98.3 D D 0 

20.8 99.7 7 19.5 98.5 22.8 98.8 160+10 
20.8 99.5 28 16.6 98.5 23.5 97.8 300+0 

1.0 0.90 20.3 99.2 1 20.2 99.0 D D 0 
20.3 99."* 1* 19.7 98.9 D D 0 
20.3 99-5 7 20.2 99.2 D D 0 
20.3 99.6 28 18.1* 99-3 D D 0 

a.o 1.93 21.8 99.1 1 21.3 98.9 D D 0 
21.8 98.9 1* 21.8 98.5 D D 0 
21.8 99.1 7 21.7 98.8 D D 0 
21.8 98.8 28 22.3 98.8 D D 0 

Sodium 0.5 l . lG 20.5 99.2 1 20.0 99.3 23.0 99.1 6i*ii* 
fluoborate 20.5 99.2 1* 19.9 98.1* 23.8 98.1* 98tl2 

20.5 99-2 7 19.8 98.0 23.6 97.7 iiioio 
20.5 98.8 28 18.3 98.5 23.7 98.1* 19StlS 

1.0 2.11-0 20.8 99-5 1 20.0 98.7 D̂  D* 0 
20.8 99.1* 1* 21.2 98.5 23.5 98.6 ii8i2 
20.8 100.0 7 20.8 99.0 23.0 99-0 168+2 
20.8 99-7 28 19.0 99.2 22.1* 98.7 208+7 

2.0 k.ka 19.5 100.7 1 20.0 101.0 D D 0 
19.5 100.9 k 20.3 100.5 20.7 100.5 1*0+0 
19.5 100.9 7 21.0 100.0 21.7 100.0 103+2 
19.5 100.1* 28 19.8 99.7 22.8 99.7 210+30 

Sodium 0.5 1.12 21.2 100.0 1 21.2 99.5 Tfl lA 0 
tetraborate 21.2 99.0 1* 20.1* 97-6 D D 0 

21.P 99.0 7 19.5 98.6 D D 0 
21.2 99-3 28 17.1* 98.1* D D 0 

1.0 2.26 21.1* 99.8 1 21.1* 99-3 D D 0 
21.1* 98.8 1* 19.5 97.8 D D 0 
21.1* 99.0 7 20.2 99-0 D D 0 
21.1* 98.8 28 19.1 98.2 D D 0 

2.0 21.3 99.0 1 21.3 99.0 D D 0 
21.3 08.6 1* 21.3 98.3 D D 0 
21.3 98.2 7 21.2 97.5 D D 0 
21.3 98.2 28 22.0 91*.5 D D 0 

formality on molding vater content. 
^Percent on dry soil voight. 
^Curmĵ  under 100 percent relative humldî y and room tempi;rature. 
•Specimen disintegrated upon Immersion. 
Note: Wet compressive strengths for untreated soil witn 10 percent cement were 128, 208, 283, and 360 psi 

for 1, hj 7 and 26 days curing, respectively. 
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Figure 3. Effect of type of additive (at optimum concentration) on ciar-
ing rate of New Heimpshire s i l t s t a b i l i z e d with 5 percent cement. 
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Figure 1)-. Effect of concentration of sodium hydroxide on strength devel­
opment of New Hampshire s i l t s t a b i l i z e d with 5 percent cement. 
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Figure 5. Effect of concentration of sodi\m metasilicate on strength de­
velopment of New Hampshire s i l t s t a b i l i z e d with 5 percent cement. 

i n setting i s with the most alkaline compovmd; that i s , the hydroxide. 
Sodium sulfate not only increases the f i n a l strength, but greatly enhances 
cure rate. The results are p a r t i c u l a r l y surprising. Because several i n ­
vestigators (Mehra and others 1955^ Sherwood 1957) have claimed that sul ­
fates are generally detrimental to soil-cement. 

Effect of Additive Concentration on Curing Rate. Figures \, 5 anii 
6 i l l u s t r a t e the relationships between strength, curing time and concen­
t r a t i o n of three b e n e f i c i a l additives. A curve f o r s o i l plus 10 percent 
cement (without additive) i s also included f o r comparison. 

In a l l cases (except with sodium metasilicate) a 2.0 normal additive 
concentration gives a lower strength than does a 1.0 normal concentration 
at early cure (say, one day) but the strengths at 28 days are about the 
same. Furthemore, the 0.5 normal concentration generally gives as high 
early strength as does 1.0 normal, but shows lower strength a f t e r longer 
c\ire, probably because the f i i l l benefit of the additive i s not u t i l i z e d . 

Moreover, the curves i n Figure 2 cleaxly indicate that the slopes of 
the CTirves i n the 0 t o 0.5 normal range become steeper with time. These 
observations indicate that high additive concentrations tend t o delay 
strength development. The optlmiiTn concentration f o r sodium metasilicate 
i s much less well-defined at a l l cure times studied. 

These observations lead to two conclusions: (a) the strength devel­
opment of soil-cement w i l l be delayed by the presence of a high concen­
t r a t i o n of additive, but the f u l l b e n e f i c i a l effect ( d i f f e r e n t f o r each 
additive) w i l l be achieved af t e r a longer time of curej and (b) the op-
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Figure 6, Effect of concentration of sodium sulfate on strength develop­
ment of New Hampshire s i l t s t a b i l i z e d with 5 percent cement. 
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Figure 7- Effect of sodium compounds on the strength development of ce­
ment sta b i l i z e d New Hampshire s i l t . 
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timum additive concentration observed at eaxly cvire times (say, one day) 
represents the minimum concentration req.uired t o obtain the maximum ef­
fect of the additive. 

Sandy Soil ( S o i l WS2).—Wisconsin sand 2 responds s a t i s f a c t o r i l y to 
cement and additives as shown i n Figure 8. Sodium metasiiicate accelerates 

450 

1.0% Sodium Metasiiicate 

1.0% Sodium Carbonate 

0.5% Sodium Sulfate 

0.6% Calcium Chloride 

^^0 .5% Sodium Hydroxide 

Control 

2 3 4 
CURING TIME.doy* 

Figiire 8. Effect of additives on rate of strength development of s o i l 
1057 s t a b i l i z e d with 10 percent cement (Wisconsin sand 2 ) . 
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c\ire and increases the T-day strength more than any other additive tested. 
Strength-development with sodium hydroxide was slower than with other ad­
d i t i v e s . Sodium metaslllcate thus appears to be more effective than hy­
droxide i n improving the 7-day strength with sandy s o i l s , while the con­
verse i s true with s i l t s . 

Calciian chloride i s often recommended as an additive to sand-cement. 
The PGA has reported that t h i s WS2 required either 13 percent of cement 
by volume or 10 percent plus 0.6 percent of calcium chloride by weight f o r 
adequate s t a b i l i z a t i o n . The curve shown i n Figure 8 indicates that cal­
cium chloride merely serves t o accelerate cure, and that the actual de­
gree of improvement was much less than with sodium metaslllcate. 

Clayey Soils (Soils IC, TCI and Tg2).— 
I l l i n o i s Clay (IC). The results of tests on the I l l i n o i s clay t r e a t ­

ed with cement and additives are summarized i n Figure 9' Only sodium 
hydroxide Improved strength, and the degree of effectiveness was much less 
than that obtained with the three soils studied e a r l i e r (Lambe and Moh 
1957, MIT 1955, 1956). However, the 7-day strength of samples with 5 per­
cent cement and 1 percent sodium hydroxide was considerably higher than 
the strength of samples with 10 percent cement as reported by PCA. The 
two salts of weak acids (that i s , sodium s u l f i t e and carbonate) at 1 per­
cent concentration had an adverse effect on strength development. 

Texas Clays 1 and 2 (TCI and TC2). The two Texas clays have about 
the same composition; both are highly montmorlllonitic soils with TC2 
s l i g h t l y less pl a s t i c than TCI. Test results with sodium hydroxide, sul­
f i t e , sulfate, and caxbonate indicate that only the hydroxide Increased 
s i g n i f i c a n t l y the strength of these clay-cement mixtures. A l l the other 
salts had adverse eff e c t s , as was true with the I l l i n o i s clay. 

I t was observed that s i g n i f i c a n t volumetric changes occurred during 
curing and subsequent immersion f o r samples of s o i l TC2-cement treated 
with sodium salts, more than that of the control samples. However, only 
s l i g h t volume changes occurred after immersion f o r samples treated with 
1 percent sodiim hydroxide as shown i n Table 6. The observed physical 
changes of the samples after Immersion were much more apparent than i s i n ­
dicated by the density variations reported i n the table. Excessive ex­
pansion of the samples caused numerous cracks i n the samples and thereby 
decreased strength. The amount of sample expansion (that i s , density de­
crease) was dependent on the curing time: the shorter the curing time, 
the more the expansion. 

I t i s believed that the observed expansion on immersion, and attendant 
deterioration, of samples containing sodium carbonate and s u l f i t e results 
primarily from p a r t i a l conversion of the montmorillonoid component of the 
s o i l i n t o the highly swelling sodiimi form; t h i s occurs as a consequence of 
the extremely high r a t i o of sodium to calcium ion I n the pore f l u i d when 
these salts are present. This swelling tendency i s , of course, opposed 
by the cementation of particles resulting from s i l i c a t e gel formation. 
I f cementation develops r e l a t i v e l y rapidly, then both volume increase and 
strength loss on immersion even aft e r short cure may be small; t h i s i s 
evidently the sit u a t i o n with caustic soda present as the data of Table 6 
indicate. 

I f t h i s analysis i s correct, i t would then be expected t h a t , i f the 
montmorillonolds could be retained i n a low-swelling ionic form, the ben-
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Fig;ire 9. Effect of three sodlimi compounds on wet compressive strength 
and rate of curing of s o i l 1055 st a b i l i z e d with 5 percent cement 

( I l l i n o i s c l a y ) . 

eflclaJL effects of caustic soda on t h i s soil-cement composition could be 
enhanced. Barium chloride was selected as a secondary Eiddltlve f o r t h i s 
piirpose. Although no si g n i f i c a n t difference I n volume change was observed, 
samples containing 0.1 percent baritmi chloride did show higher strength 
af t e r 'J-da.y curing, as shown i n Figure 10. 

Calcareous Soils (Soils I r C l and IrC2).—The two Iraq, clays contained 
f a i r l y large amoimts of carbonates (about 25 percent by weight, mostly 
c a l c i t e ) . The pH values indicated, however, that they were only s l i g h t l y 
alkaline, about the same as the two Texas clays. 
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TABLE 6 
EFFECT OF AIKAIJ: SODIUM CQMPOUKDS ON DENSITY AND STRENGTH OF 

CEMENT STABILIZED SOIL TC2 (IO59) 
Cement Content =5.0 Percent on Dry Soi l Wt 

Additive Molding Dry Density Wet Com­
Concentra­ Dry After Im­ pressive 
t i o n ^ on Density, Curing mersion, Strength, 

Additive Dry S o i l Wt pcf Days pcf psi 

Control 91̂  1 92 55 
h 95 

95 7 95 150 

Sodium 1.0 95 1 92 50 
carbonate 9̂ ^ h 9^ 85 

95 7 93 95 
Sodium 1.0 9^ 1 91 h5 

s u l f i t e 95 h 9^ 105 
95 7 93 105 

Sodium 1.0 96 1 95 160 
hydroxide 95 k 96a 185 

9h 7 9h 185 
Sodium 1.0 97 1 96 115 

hydroxide 97 h 97 195 
and barium 0 . 1 97 7 98a 230 
chloride 

Sample shrank during curing. 

I n general a l l three sodium additives tested (that i s , hydroxide, 
carbonate, and metasilicate) improved the strengths of both s o i l s as shown 
i n Figures 11 and 12. Sodium hydroxide once again was the most effective 
additive f o r increasing strength at both 5 and 10 percent cement levels. 
A treatment of 5 percent cement plus 1.0 percent sodiimi hydroxide was a-
bout equivalent t o 10 percent cement alone. However, none of the addi­
tives (at the concentrations tested) improved a 10 percent cement mix­
ture as much as an additional 5 percent cement. 

Iraq clay 2 i s a f a i r l y w e l l graded s o i l and less p l a s t i c than Iraq 
clay 1, but i t s t i l l contains about 35 percent clay-size p a r t i c l e s . The 
strength values of s o i l IrC2 were much higher than that of s o i l I r C l at 
the same cement content, and the additives were also s l i g h t l y more ef­
fective f o r the former. 

I t can then be concluded that the two Iraq soils with f a i r l y high 
carbonate content responded t o additive treatment i n the same order of 
magnitude as other s o i l s with predominantly clay minerals. 

Influence of S o i l Type and Additive Concentration on Strength Im­
provement .—Because some of the additives retard the cure of a soil-cement 
mixture, the ultimate effectiveness of the additives can be better shown by 
examining the r a t i o of 7-<iay strengths of the treated t o the control sam-
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Figure 10. Effect of additives on rate of strength development of s o i l 
1059 s t a b i l i z e d with 5 percent cement (Texas clay 2 ) . 

pies. Figiure 13 shows the strength r a t i o vs i n i t i a l sodium hydroxide con­
centration i n the molding water (expressed as Normality) f o r various s o i l s . 

From t h i s p l o t , i t i s observed that: (a) the optimm concentration 
of hydroxide (expressed as Normality) i s about the same f o r aJ.1 f i n e ­
grained s o i l s , and (b) the degree of effectiveness of t h i s additive de­
creases with increasing s o i l p l a s t i c i t y and/or organic matter content. 
S o i l TC2 departed from these trends s l i g h t l y , possibly due to i t s con­
siderably greater t o t a l surface area. 
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Effect of Sodim Additives on Problem Soils 
Soils which cannot be st a b i l i z e d with cement alone at an economical 

l e v e l (say about 15 percent), are termed herein "problem s o i l s . " This 
section describes the use of additives to enhance the effectiveness of 
cement as a primary s t a b i l i z e r with such problem s o i l s . Two soils were 
studied; one contained a f a i r l y high amount of soluble s a l t s , and the oth­
er, a sand, contained organic matter. 

So i l High i n Soluble Salt Content ( i r S C ) . — I n addition t o i t s high 
carbonate content (about 50 percent by weight), the Iraq s i l t y clay con­
tained about 5 percent of water-soluble s a l t , mostly sodium chloride. Be­
cause sodium chloride reduces the vapor pressure of the water i n the s o i l 
pores, i t increases the equilibrium water content f o r any given h m i d l t y . 
Samples of IrSC with cement and additives showed considerable water ab­
sorption and swelling dxiring the humid cure, as shown by the water content 
and density changes i n Figure ik. Furthermore, a l l samples s\iffered a 
decrease i n dry weight on immersion due to the removal of salts by leach­
ing. Therefore the reduction i n dry density af t e r immersion was due part­
l y to the leaching of sal t and p a r t l y to swelling of the sample. 

The use of up t o 10 percent cement, as shown i n Figure ik, was inef­
fective with t h i s s o i l . Sodium hydroxide (at 1.0 percent) greatly i n ­
creased the strength and reduced the swelling of IrSC plus 10 percent ce­
ment. The results were even more favorable than those with 15 percent 
cement. Sodium carbonate and metasilicate were, on the other hand, only 
s l i g h t l y b e n e f i c i a l . 

The poor response of t h i s s o i l to cement s t a b i l i z a t i o n was believed 
to be caused primarily by the s a l t present. I n order to confinn t h i s , a 
series of experiments was conducted by leaching the s o i l with d i s t i l l e d 
water to reduce the s a l t content of the s o i l , without a l t e r i n g other prop­
e r t i e s . 

Table 7 sni. Figure ik confirm the fact that the high s a l t content i s 
the only factor responsible f o r the adverse res u l t s . On the leached s o i l 
much higher strengths were obtained with 10 percent cement both alone and 
with 1 percent sodium hydroxide. No absorption of water during moist-cur­
ing and no reduction of dry weight af t e r Immersion were observed. Only 
very s l i g h t swelling occurred during the immersion period. I t i s i n t e r ­
esting t o note that the absolute strength increase ( i n psi) due to the ad­
d i t i o n of 1 percent sodium hydroxide i s about the same f o r t h i s s o i l 
whether the s a l t i s removed or notj that i s , about 100 p s i f o r 2-day moist 
cure and I70 psi f o r 'J-d.a.y moist cure. 

So i l Containing Organic Matter (WSl).—Wisconsin sand 1 was a very 
uniform sand of A horizon material of the same p r o f i l e as Wisconsin sand 
2, which was from the B horizon. The properties of these two sands were 
very similar except that WSl had higher organic matter content. However, 
the responses of these two soils t o cement and chemical treatments were 
e n t i r e l y d i f f e r e n t . 

Sodium hydroxide, carbonate, and metasilicate were t o t a l l y ineffec­
t i v e i n cement-WSl, but exceptionally good results were obtained with 
sodium sulfate. The only apparent reason which could account f o r t h i s 
discrepancy was the higher organic matter content I n s o i l WSl. 

The f a c t that organic matter i s harmful t o soil-cement has long been 
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TABLE 7 
EFFECT OF HIGH SAJIS CONTEHT IN THE SOIL OK THE STRENGTH OF 

CEMENT STABILIZED SOIL IO68 (irSC) 
Cement Content = 10 Percent on Dry S o i l Wt 

Curinga S o i l Additive 
Days Type None 1.0^ Sodium Hydroxide 

2 Natural 5 I06 
Leached'b 505 6l2 

7 Natural 56 223 
Leachedti 53I 7IO 

Samples cured under 100 percent r e l a t i v e humidity and subjected t o 2h hr 
immersion p r i o r t o being tested. 

^ S o i l leached with d i s t i l l e d water, the t o t a l soluble s a l t content re­
duced to O.h m eq NaCl/lOO gm. 

recognized. Clare and Sherwood (195^) found that the retaxdation of the 
setting of organic soil-cement i s due t o the absorption of calcium ion by 
replacing hydrogen ions dissociated from the phenolic or carboxyllc con­
stituents of organic matter, thus reducing the calcium ion concentration 
below that required f o r s i l i c a t e p r e c i p i t a t i o n . This dissociation w i l l 
occur only at high pH values. The addition of a l k a l i t o the mixture w i l l 
raise the pH and therefore encourage more dissociation and hence more ab­
sorption of calcium ions. This means less calcium i s available f o r proper 
setting of the cement. On the other hand, i n the presence of sulfate, the 
pH i s lowered i n i t i a l l y , dissociation of acid bodies may not occur so that 
the organic matter remains inactive, or Is less active; therefore the us­
ual benefits of the sodim ion can then be axihieved. The results obtained 
with O.5N sodium sulfate are comparable to that of WS2, which i s of v i r t u a l ­
l y the same composition, but contains p r a c t i c a l l y no organic matter. More­
over, i t was observed t h a t , during the experiments, the color of the im­
mersion water became deep yellow f o r samples treated with caustic, of me-
diimi color f o r the control, but only s l i g h t l y colored when siilfate-treated 
samples were present. These observations suggest that the s o l u b i l i t y of 
the organic matter i s suppressed by sodium sulfate and enhanced by caustic. 

In order to v e r i f y that organic matter was responsible f o r the inef­
fectiveness of cement and additive s t a b i l i z a t i o n of WSl, a series of tests 
was performed on WSl by separating the organic matter from the s o i l . The 
s o i l was f i r s t suspended i n d i s t i l l e d water and the sand separated from 
the organic matter by sedimentation. The s o l i d portion of organic matter 
was preserved by the water soluble part was leached out. 

Table 8 compares the results obtained with the sajid before and ajfter 
washing. I t i s interesting t o note that a marked Increase i n strength 
( p a r t l c i i l a r l y 28-day) was obtained by the removal of organic matter, when 
sta b i l i z e d either with cement alone, or with cement and sodim metasll­
lcate. The delay of strength development of the sand-cement r e l a t i v e t o 
the lower-horizon s o i l (WS2) and the ineffectiveness of sodim hydroxide 
may be at t r i b u t e d t o the incomplete removal of organic matter. The 
strength of sulfate-treated s o i l was only s l i g h t l y changed by the wash-
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TABLE 8 
EFFECT OF ORGANIC MATTER ON THE STRENGTH OF ADDITIVE TREATED 

SOIL 1056 (WSl)—CEMENT 
Cement Content = 10 Percent of Dry S o i l Wt 

Wet Compressive Strength, psi 

Additive Concentration, N^ 
Curing 
Days 

NaturaJ. 
Soil 

Water 
- Washed'̂  

Organic 
Re-added=^^ 

Control 7 19 65 22 
28 23 170 55 

Sodium 1.0 7 10 0 0 
hydroxide 28 7 0 0 

Sodium 1.0 7 3^2 — 

s\ilfate 28 i+25 380 — 

Sodium 1.0 7 0 200 11̂ 8 
metasiiicate 28 0 300 170 

The 
^ I n normality of molding water. 
^ S o l l suspended i n d i s t i l l e d water. Solid organic matter preserved, 
organic matter content reduced to 0 .6 percent. 

^The preserved organic matter re-added to the washed s o i l (water soluble 
organic matter leached o f f ) . The organic matter content was I.5 percent. 

^The 7-day and 28-day compressive strength of s o i l WS2 (IO57) with 10 per­
cent cement was reduced from 230 and 37O psi to 80 and 188 p s i , respec­
t i v e l y , by adding 1.0 percent of organic matter separated from s o i l SWl. 

ing process. Moreover, by recombinlng the s o l i d organic matter with the 
sand and cement, s i g n i f i c a n t decreases i n strength were obtained as given 
i n Table 8. Furthermore, by adding 1 percent of the organic matter t o 
the organic-free sand WS2, considerable strength reduction occurred. These 
results confirm that (a) poor response of s o i l WSl to cement i s attributable 
solely to i t s organic matter content, and (b) sodlimi sulfate v i r t u a l l y elim­
inates the undesirable effect of the organic matter on cement s t a b i l i z a t i o n . 

Effect of Curing Conditions on Strength Development 
Effect of Curing Time.—The effects of cioring time, up to 100 days, 

on the strength of soil-cement are shown i n Figure I 5 . The continuous i n ­
crease i n strength of chemically treated soil-cement with time strongly 
sioggests that the Improvement of the soil-cement strength with additives 
i s permanent. 

Effect of Curing Method.—It has been known f o r a long time that humid 
conditions are necessary f o r proper strength development i n concrete and 
soil-cement. However, i t would be Important i n practice to know whether 
chemical additives w i l l also improve properties of soil-cement under un­
favorable curing conditions. Because air-drying always presents a major 
problem i n a r i d or semi-arid regions, the three Ir a q soils ( i r C l , IrC2, 
and IrSC) were therefore selected f o r a study of response to cement-ad­
d i t i v e treatment under drying conditions. 
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Figiore 15. E f f e c t o f c u r i n g time on the compressive s t r e n g t h of cement 
s t a b i l i z e d New Hampshire s i l t w i t h d i f f e r e n t a d d i t i v e s . 

One set of specimens was humid-cured f o r one day then removed t o a 
percent humidity chamber f o r the r e s t o f the c u r i n g p e r i o d . Strength, 

moisture content, and d e n s i t y v a r i a t i o n s are presented i n Figures 11, 12 
and Ih i n comparison w i t h humid-ciared data. 

Under "both a i r - d r y and humid-cure c o n d i t i o n s , the s t r e n g t h o f s o i l -
cement increases w i t h cement content, though not i n d i r e c t p r o p o r t i o n . 
The most s i g n i f i c a n t advantage o f using a higher cement content i s shown 
i n the behavior o f the a i r - d r i e d samples. For example, samples o f I r C l 
d i s i n t e g r a t e d upon immersion when only 10 percent cement was used but r e ­
t a i n e d a 2-day s t r e n g t h o f \hQ p s l w i t h 15 percent cement. To o b t a i n ad­
equate s t r e n g t h under poor cviring, t h e r e f o r e , r e q u i r e s a v e r y h i g h s t a b i l ­
i z e r c o n c e n t r a t i o n . 

I n general, the e f f e c t o f a d d i t i v e s under a i r - d r y cure was comparable 
t o t h a t observed w i t h moist-cure; t h a t i s , sodium hydroxide was the most 
e f f e c t i v e a d d i t i v e i n i n c r e a s i n g s t r e n g t h , reducing water pickup and v o l ­
umetric changes d u r i n g both c u r i n g and immersion. 

One Important observation I s t h a t , i n a l l cases, w i t h or w i t h o u t ad­
d i t i v e s , specimens d i s i n t e g r a t e d i n water i f the d e n s i t y increase d u r i n g 
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cvire was more than 5 p c f , corresponding t o about 5 percent shrinkage. I t 
should be emphasized a t t h i s p o i n t t h a t t he b e n e f i c i a l a d d i t i v e s g e n e r a l l y 
reduce v o l u m e t r i c changes dur i n g b o th c u r i n g and immersion f o r h i g h l y p l a s ­
t i c s o i l s . 

E f f e c t o f Cement Content on Strength Improvement v i t h A d d i t i v e s 
Table 9 compares the i n f l u e n c e o f a d d i t i v e s on the s t r e n g t h o f MS 

s t a b i l i z e d v l t h 5 and 10 percent cement. The absolute increase i n the 7-
day s t r e n g t h ( i n p s i ) produced by the a d d i t i v e s may be considered as a 
q u a n t i t a t i v e measure o f a d d i t i v e e f f e c t i v e n e s s . Analyzed i n these terms, 
w i t h a s i l t y s o i l such as KHS, the a d d i t i v e s are l e s s e f f e c t i v e a t 10 per­
cent cement c o n c e n t r a t i o n them a t 5. 

TABLE 9 
CCMPARISON OF MAGNITUDE OF STREMJTH INCREASE DUE TO ADDITION OF 

ADDITIVES TO HEW HAMPSHIRE SILT STABILIZED WITH 5 AND 10 
PERCENT CEMENT 

A d d i t i v e 

A d d i t i v e 
Concen­
t r a t i o n s ' 

Increase i n Compressive Strength 
over Ifa t r e a t e d Soil-Cement, p s i 

1-Day Cured 7-Day Cured 
S o i l w i t h 
55̂  cement 

S o i l w i t h 
10^ cement 

S o i l w i t h 
5^ cement 

S o i l w i t h 
10^ cement 

Sodivmi 
hydroxide l.ON 

Sodium 
s u l f a t e l.ON 

Sodium 
hydroxidel3 l.O'f) 

Sodlxan. 
carbonatet" 1.0^ 

Sodium 
m e t a s i l i c a t e l.cyfi 

65 

188 

109 

126 

6k 

209 

132 

180 

265 

iko 

230 

178 

268 

252 

79 

87 

150 

180 

200 

^ A d d i t i v e c o n c e n t r a t i o n expressed e i t h e r i n n o r m a l i t y o f molding water or 
i n percent on dry weight o f s o i l . 

^Specimens were compacted under constant pressure i n s t e a d of constant 
d e n s i t y ; d e n s i t i e s o f a d d i t i v e t r e a t e d specimens i n general were few 
poimds higher than those o f unt r e a t e d . 

ECONOMICS OF ADDITIVE TREATMENT 
The t e s t r e s u l t s presented i n t h i s paper i n d i c a t e t h a t a very l a r g e 

increase i n the s t r e n g t h o f soil-cement can be obtained w i t h l o w - l e v e l 
chemical treatment. A c o n s i d e r a t i o n o f the economics o f r e p l a c i n g cement 
alone w i t h a mixtxire o f cement plus a d d i t i v e f o r s o i l s t a b i l i z a t i o n was, 
t h e r e f o r e , made. 

Table 10 compares the cost o f cement alone w i t h t h a t o f cement plus 
a d d i t i v e . As a basis o f comparison, the treatment l e v e l of each combina­
t i o n r e q u i r e d t o give a s t r e n g t h o f 3OO p s i ( a f t e r 7 days o f cure) was 
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determined from the t e s t data f o r each s o i l type t e s t e d . The t o t a l cost 
i n d o l l a r s f o r s t a t i l i z e r per cubic y a r d o f t r e a t e d s o i l was then computed. 

TABLE 10 
COST^ COMPARISON OF STABILIZED S0II5 WITH CEMEHT ALONE AND WITH 
CEMENT PLUS ADDITIVE FOR A REQUIRED 7-DAY STRENGTH OF 300 PSI 

s t a b i l i z e r Percent 
A d d i t i v e and Addi­ Saving i n 

Cement Concen­ t i v e Cost'b M a t e r i a l Cost 
Content t r a t i o n per Cu Yd by Using o f 
i hy Dry ^ by Dry S t a b i l i z e d A d d i t i v e over 

S o i l S o i l Wt A d d i t i v e S o i l Wt S o i l Cement Alone 

New Hamp­ 11.0 _ _ $3.21 _ 
s h i r e 7-5 NaOH 0.9 3.18 1 
s i l t 6.5 Na2C03 1.0 2.60 19 

5.0 Na^SOij. 0.8 1.86 k2 

Wisconsin 13-0 — — 3.89 — 
sand 2 7.0 Na2Si03 1.0 3.73 
(WS2) 10.5^ CaClg 0.6 3.̂ +7 10 

9.0 NaOH 0.5 3.3̂ ^ l i ; 
9-5 NagSOî . 0.5 3.13 19 

Iraq, c l a y 1 18.5 — — 5.00 — 
( i r C l ) 12.0 Na2C03 1.0 19 

I r a q s i l t y 18.5 — — 5.i^3 — 
c l a y 13.0 NaOH 1.0 5.19 
(irSC) 

Wisconsin 20.0 _ 5.62 — 
sand 1 16.0= CaCl2 0.6 12 
(WSl) 12.5 Na2SOl4. 0.5 3.96 30 

9.0 Na2S0lj. 1.1 3.27 k2 

^ o s t s o f chemical a d d i t i v e s are obtained from 0:1, Paint and Drug Re­
p o r t e r Weekly, Oct. 27, I958. Cement p r i c e based on b u l k t r u c k l o a d 
p r i c e i n Massachusetts, November I958. 

^The cost estimates of cement and a d d i t i v e are f o r 1 cu yd o f com­
pacted s t a b i l i z e d s o i l w i t h compacted d r y d e n s i t y o f 100 p c f f o r NHS, 
I r C l , 105 pcf f o r WSl, WS2 and 110 pcf f o r IrSC. 

^Compositions recommended by PCA based on d u r a b i l i t y t e s t s . 

Table 10 c l e a r l y shows t h a t considerable f i n a n c i a l saving can be 
r e a l i z e d by the use o f a d d i t i v e s . I n a d d i t i o n t o the lower m a t e r i a l cost 
r e s u l t i n g from the use o f small q u a n t i t i e s o f a d d i t i v e s , t h e r e w i l l also 
be savings on m a t e r i a l handling and processing. 

A f u r t h e r advantage of the use of a d d i t i v e s i s t h a t considerable con­
s t r u c t i o n and ciore time can be saved because a number o f the chemicals ac­
ce l e r a t e the r a t e o f s t r e n g t h development o f soil-cement. 

Moreover, i t should be noted t h a t the cement-additive concentrations 
r e q u i r e d t o produce a 3OO p s i s t r e n g t h are estimated on the basis of 
st r e n g t h data obtained w i t h constant d e n s i t y compaction. I t has been i n -



9h 

d i c a t e d p r e v i o u s l y (Lambe and Moh, 1957) t h a t the a d d i t i o n of a small a-
mount o f sodium a d d i t i v e , i n general, s l i g h t l y increases the compacted 
d e n s i t y of soil-cement. A s l i g h t increase i n d e n s i t y w i l l o f t e n cause a 
s i g n i f i c a n t Improvement i n s t r e n g t h . Hence, the estimated savings r e a l ­
i z e d i n p r a c t i c e can even be gre a t e r than those i n d i c a t e d i n Table 10. 

THE MECHANISM OF ADDITIVE ACTION IN SOIL-CEMENT 
Analysis o f the experimental r e s i i l t s o f t h i s i n v e s t i g a t i o n , aiogmented 

by a few co n f i r m a t o r y t e s t s o u t l i n e d below, reveals a p a t t e r n o f behavior 
o f a l k a l i metal compoimds I n soil-cement from which an hypothesis of the 
mechanism o f a d d i t i v e - a c t i o n can be developed. Nine s a l i e n t f a c t s which 
bear on such an hypothesis are: 

1. I n c o r p o r a t i o n o f the hydroxides and a l a r g e number of s a l t s of 
a l k a l i n e metals (sodium, potassium and l i t h i u m ) i n concentrations of 1.0 
t o h.O percent by weight g r e a t l y Increases the compressive s t r e n g t h of 
ceme n t - s t a b i l i z e d s o i l s ( F i g . l 8 ) . 

2. A l l the sodiiam compoimds found t o be b e n e f i c i a l t o soil-cement 
are those forming r a t h e r i n s o l u b l e s a l t s w i t h calcium; s p e c i f i c a l l y , so-
d i i m hydroxide, carbonate, s u l f i t e , s u l f a t e , m e t a s l l l c a t e and alumlnate. 

3. The e f f e c t i v e n e s s of sodiim compounds on soil-cement v a r i e s w i t h 
s o i l t y p e , decreasing w i t h i n c r e a s i n g s o i l p l a s t i c i t y and/or organic mat­
t e r content. 

k. I n d i v i d u a l s o i l s vary w i d e l y I n t h e i r response t o sodium com­
pounds : 

(a) Sodium hydroxide i s e f f e c t i v e w i t h a l l s o i l s w i t h low t o mod­
erate organic matter content. 

(b) Sodium m e t a s l l l c a t e i s most e f f e c t i v e on clean sandy s o i l s . 
( c) Sodl\m s u l f a t e i s uniquely e f f e c t i v e i n sandy s o i l s c o n t a i n i n g 

organic matter. 
(d) Sodium s a l t s o f weak acids are not e f f e c t i v e i n heavy c l a y s . 
(e) I n s l l t y s o i l s the e f f e c t i v e n e s s o f sodium compounds decreases 

i n the order of s i i l f a t e > a l u m i n a t e > m e t a s i l l c a t e > carbonate> 
hydroxide > s u l f i t e . 

5. The optimum c o n c e n t r a t i o n f o r sodium compoimds i n soil-cement ap­
pears i n most cases t o correspond t o an a l k a l i c o n c e n t r a t i o n of 1.0 normal 
i n the molding water. Higher a d d i t i v e concentrations t e n d t o r e t a r d the 
r a t e of s t r e n g t h development of soil-cement, but do not a l t e r u l t i m a t e 
s t r e n g t h . 

6. The degree o f response t o a d d i t i v e s o f various s o i l s increases 
w i t h the amount o f r e a c t i v e s i l i c a present i n the s o i l , as shown i n Figure 
16. 

7. Caustic e x t r a c t i o n o f a s o i l t o remove p a r t o f i t s " r e a c t i v e " 
s i l i c a has l i t t l e e f f e c t on i t s response t o cement s t a b i l i z a t i o n but 
g r e a t l y reduces the improvement i n s t r e n g t h r e s u l t i n g from the a d d i t i v e s . 
This i s given i n Table 11. 

8. Treatment o f s o i l w i t h a d d i t i v e p r i o r t o the a d d i t i o n of cement 
produces l e s s s t r e n g t h Improvement than simiiltaneous i n c o r p o r a t i o n of ad­
d i t i v e and cement. This I s shown i n Figure 17• 

9. Improvement i n u l t i m a t e ( f u l l y cured) s t r e n g t h o f cement-stabi­
l i z e d s l l t y s o i l s by a l k a l i metal a d d i t i v e s becomes l e s s marked a t higher 
cement concentrations; however, improvement I n e a r l y s t r e n g t h by a d d i t i v e 
i n c o r p o r a t i o n Increases w i t h cement content. 

To e x p l a i n these observations i n c o n s i s t e n t physicochemical terms, i t 
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Figure l 6 . E f f e c t o f e x t r a c t a b l e s i l i c a content on the Increase I n com­
pressive s t r e n g t h o f soil-cement t r e a t e d w i t h 1 percent sodlimi hydroxide. 

i s a t the outset necessary ( l ) t o define the primary chemical processes 
which are b e l i e v e d t o occur during the h y d r a t i o n of p o r t l a n d cement, (2) 
t o c i t e some important chemical p r o p e r t i e s of the a l u m i n o - s i l i c a t e com­
ponents o f s o i l s , and (3) t o p o i n t out c e r t a i n i n t e r a c t i o n s of cement w i t h 
s o i l s which f o l l o w from ( l ) and ( 2 ) . 

According t o Bogue (l955), the major h y d r a t i o n products of neat p o r t -
l a n d cement are (a) hydrated basic calcium s i l i c a t e , (b) calcium aluminate, 
and (c) hydrated l i m e . The f i r s t two products c o n s t i t u t e the major cemen-
t i t i o u s components, w h i l e the lime i s deposited as a separate c r y s t a l l i n e 
s o l i d phase. Basic calcium s i l i c a t e (Ca:Si r a t i o of 1.5:l) and aluminate 
are e v i d e n t l y s t a b l e o n l y a t a pH equal t o or gre a t e r than t h a t correspond­
i n g t o s a t i j r a t e d lime water. Reduction i n pH ( f o r example, by n e u t r a l i z a -
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TABLE 11 
COMPARISON OF COMPRESSIVE STRENGTH OF CEMENT STABILIZED NATURAL AND 

TREATED NEW HAMPSHIRE SILT WITH ADDITIVES 
Cement Content = 5 percent o f Dry S o i l Wt 

A d d i t i v e 
7-Day Compressive Strength^, p s i 

N a t u r a l S o i l Treated S o i l t i 

No 
1.0^ Sodium hydroxide 
1.09^ Sodium m e t a s i l i c a t e 

110 
285 
360 

110 
170 
250 

O b t a i n e d by unconfined compression t e s t a f t e r 7 days moist c u r i n g and 
2k hr complete immersion. 
S o i l t r e a t e d w i t h kB sodiim hydroxide s o l u t i o n and washed w i t h d i s t i l l e d 
water i m t i l pH value o f the s o i l was about f. 

1 NOTE. 1 Cement coni 
> Sodium hyc 

ent -50% 01 
roxide=IO% 

dry soil wei 
on dry soil « 

jM 
eight 

^ BLAN ( (No NoOH 

« 200 
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CURING TIME OF SOIL AND SODIUM HYDROXIDE BEFORE ADDING CEMENT-HOURS 

F l g i i r e 17. E f f e c t o f c u r i n g time o f sodium hydroxide w i t h New Hampshire 
s i l t p r i o r t o the a d d i t i o n o f cement on 7-da.y compressive s t r e n g t h . 

t i o n o f excess l i m e ) w i l l f a v o r h y d r o l y s i s o f these s a l t s , w i t h f o r m a t i o n 
o f aliamina, and of s i l i c a t e g els w i t h lower Ca:Si r a t i o s . Such pH reduc­
t i o n can e v e n t u a l l y occur i n neat cement by r e a c t i o n o f lime w i t h atmos-
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p h e r l c CO2, and i n concretes or mortars by r e a c t i o n o f lime w i t h a c i d i c 
components o f the aggregate (mainly, s i l i c a ) . 

f So( lum H; droxid ! (I.0( %) 

1 
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NOTE: I Cement content for all system = 5% on dry soil weight 
Z Additive concentrotions based on dry soil weight 
3 All specimens tested after 24 hrs complete immersion 

Figure I 8 . E f f e c t o f a l k a l i metal hydroxides on the s t r e n g t h development 
o f c e m e n t - s t a b i l i z e d New Hampshire s i l t . 

Most f i n e - g r a i n e d s o i l s c o n t a i n l a r g e q u a n t i t i e s o f c r y s t a l l i n e s i l ­
i c a , f e l d s p a r , or c o l l o i d a l c l a y m i n e r a l s , i n a h i g h degree o f s u b d i v i s i o n . 
These compounds are i n h e r e n t l y a c i d i c i n nature, and a small b u t Important 
f r a c t i o n o f the s i l i c a and a l u m i n o s i l i c a t e s present i n s o i l s i s i n a h i g h ­
l y r e a c t i v e , hydrous s t a t e on the p a r t i c l e surfaces. When exposed t o 
strong a l k a l i s , s o i l s o f t h i s type f u n c t i o n as powerful b i a f f e r s , the sur­
face s i l i c a and a l i m i n a r e a c t i n g r a p i d l y w i t h the a l k a l i t o form s i l i c a t e 
and aluminate s a l t s , and thereby reducing pH. The f i n e r the p a r t i c l e s i z e 
o f the s o i l , the g r e a t e r the p r o p o r t i o n o f r e a c t i v e s i l i c a and alumina 
a v a i l a b l e , and thus the more r a p i d and more extensive i t s b i o f f e r i n g or 
alkali-consuming c a p a c i t y . 

When cement i s admixed w i t h s o i l and water, h y d r a t i o n o f the cement 
leads i n i t i a l l y t o the f o n n a t i o n o f l i m e , calcium s i l i c a t e , and calcium 
alimiinate. However, r e a c t i o n o f the lime w i t h r e a c t i v e s i l i c a and alimi-
i n a from the s o i l leads t o f o r m a t i o n o f a d d i t i o n a l calcium s i l i c a t e and 
alimii n a t e , r e d u c t i o n o f pH, and subsequent h y d r o l y s i s o f the more basic 
calcium s i l i c a t e and E l i m i n a t e . The u l t i m a t e r e a c t i o n products o f s o i l 
and cement are surmised t o be hydrous alumina, and a calcium s i l i c a t e g e l 
o f r a t h e r low Ca:Si r a t i o . I t i s t o be noted t h a t , i n soil-cement, v i r ­
t u a l l y «-n the r e a c t i v e calcium present i n i t i a l l y i n the cement i s even-
t t i a l l y a v a i l a b l e f o r p r o d u c t i o n o f cementitious s i l i c a t e g e l ; hence, the 
q u a n t i t y o f cementitious m a t e r i a l a v a i l a b l e f o r bonding i n soil-cement i s 
i n h e r e n t l y g r e a t e r than t h a t i n neat cement. Because, however, any lime 
which r e a c t s w i t h s o i l s i l i c a ( o r alumina) i s immediately Immobilized as 
i n s o l u b l e s i l i c a t e , and because cement p a r t i c l e s are r a t h e r sparsely d i s ­
t r i b u t e d between s o i l p a r t i c l e s i n t y p i c a l soil-cement, the f o r m a t i o n o f 



98 

cementltious s i l i c a t e g e l can be expected t o be confined t o a r a t h e r t h i n 
zone around each cement p a r t i c l e . Only when the cement co n c e n t r a t i o n i s 
h i g h enoi;igh t o permit these zones of g e l f o r m a t i o n t o overlap w i l l the 
s o i l become adequately s t a b i l i z e d . 

I t has been p o i n t e d out t h a t a l l the a l k a l i metal compounds which are 
b e n e f i c i a l t o soil-cement form I n s o l u b l e compounds w i t h calcium. This 
f a c t , coupled w i t h the observation t h a t the a l k a l i metal s i l i c a t e s and 
aluminates are h i g h l y w a t e r - s o l u b l e , provides an important clue t o the 
chemistry o f a d d i t i v e a c t i o n . When a compound such as ca u s t i c soda, soda 
ash, sodium s u l f i t e , e t c . , i s added t o cement and s o i l , the calcium i o n 
c o n c e n t r a t i o n i n s o l u t i o n i s g r e a t l y depressed e i t h e r by the common i o n 
e f f e c t ( w i t h NaOH), or by the c a u s t l c i z a t l o n r e a c t i o n : 

NagX + Ca(0H)2 -»CaJ£ + 2NaOH 
At the same t i m e , the h y d r o x y l i o n c o n c e n t r a t i o n , or pH, i s s i g n i f i c a n t l y 
elevated. Suppression o f the calcium c o n c e n t r a t i o n r e t a r d s p r e c i p i t a t i o n 
of i n s o l u b l e calcium s i l i c a t e g e l , w h i l e e l e v a t i o n o f pH accelerates a t t a c k 
of s o i l s i l i c a and/or alumina and f o r m a t i o n of soluble a l k a l i s i l i c a t e and/ 
or alumlnate. Because the a l k a l i s i l i c a t e i s f r e e t o d i f f u s e through the 
pore f l u i d , t h e r e i s o p p o r t u n i t y f o r r a t h e r uniform d i s t r i b u t i o n of s i l ­
i c a t e throughout the s o i l mass. Ev e n t u a l l y , however, n e u t r a l i z a t i o n of 
the f r e e a l k a l i by r e a c t i o n w i t h the s o i l reduces the pH and permits the 
calcliMi Ion t o go i n t o s o l u t i o n . Reaction of calcium w i t h the u n i f o r m l y 
d i s t r i b u t e d a l k a l i s i l i c a t e or alumlnate i n the pore f l u i d r e s u l t s I n 
f o r m a t i o n of mixed calcium-sodium s i l i c a t e and g e l a t i o n . Formation of an 
Increased volume of w e l l - d i s t r i b u t e d , hydrous s i l i c a t e g e l can thus ac-
couat f o r the g e n e r a l l y b e n e f i c i a l I n f l u e n c e o f a l k a l i metal compounds on 
soil-cement. 

I n terms o f t h i s mechanism. I t becomes r a t h e r slnple t o e x p l a i n why 
d i f f e r e n t sodium compounds d i f f e r so wi d e l y i n t h e i r e f f e c t s on various 
s o i l s . I n coarse-grained s o i l s , such as sands, the amoimt of r e a c t i v e 
s i l i c a present i s s m a l l , and thus the amount of cementltious s i l i c a t e g e l 
which can be c o n t r i b u t e d by the s o i l i s l i m i t e d . I f gel-forming m a t e r i a l 
can be provided from an e x t e r n a l source, however, the r e a c t i v e s i l i c a de­
f i c i e n c y o f the s o i l can be compensated f o r ; hence, sodium s i l i c a t e or 
alumlnate are more e f f e c t i v e i n sands than other sodium compounds. With 
heavy c l a y s , on the other hand, there i s present a l a r g e amount of r e ­
a c t i v e s i l i c a — s o much, i n f a c t , t h a t n e u t r a l i z a t i o n o f a l k a l i by such a 
s o i l occiirs w i t h great r a p i d i t y . When the generation of f r e e c a u s t i c soda 
must r e s u l t from r e a c t i o n w i t h lime from the cement as shown above ( f o r 
example, w i t h soda ash or sodium s u l f a t e ) , the r a t e o f generation of caus­
t i c i s l i k e l y t o be no f a s t e r than i t s consumption by r e a c t i o n w i t h the 
s o i l , so t h a t the pH never becomes g r e a t l y elevated. Because of t h i s , 
t he calcl\m s o l u b i l i t y i s but l i t t l e depressed, and calcium s i l i c a t e forma­
t i o n occurs promptly; hence, uniform d i s t r i b u t i o n o f cementltious g e l w i l l 
not occur. I f c a u s t i c soda i s used as the a d d i t i v e , however, the pH i s 
immediately r a i s e d t o a high l e v e l and the calcium c o n c e n t r a t i o n corres­
pondingly reduced; r a p i d f o r m a t i o n of sodium s i l i c a t e and delayed g e l a t i o n 
by c a l c l i m w i l l thus c o n t r i b u t e t o more extensive and uniform cementation. 

The observation t h a t pretreatment of s o i l w i t h c a u s t i c soda i s l e s s 
b e n e f i c i a l t o cement s t a b i l i z a t i o n than I t s simultaneous i n c o r p o r a t i o n 
w i t h the cement i s also c o n s i s t e n t w i t h the preceding p i c t u r e . Contact of 
s o i l w i t h c a u s t i c I n the absence of cement r e s u l t s i n r a p i d f o r m a t i o n of 
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sodium s i l i c a t e ajid r a p i d r e d u c t i o n of pH. As n e u t r a l i z a t i o n o f the a l ­
k a l i by the a c i d i c s i l i c a continues, the sodium s i l i c a t e i n i t i a l l y formed 
i s r e p r e c i p i t a t e d ; consequently, the a l k a l i metal ceases t o be a v a i l a b l e 
f o r s i l i c a t e s o l u b i l i z a t i o n when cement i s added. 

With s o i l s o f Intennedlate fineness ( f o r example, s i l t s ) i t i s l i k e ­
l y t h a t the supply o f r e a c t i v e s i l i c a i s adequate, and t h a t the r a t e of 
r e a c t i o n o f the s o i l w i t h a l k a l i i s s u f f i c i e n t l y slow t h a t the r e a c t i o n 
w i t h lime can proceed v i r t u a l l y t o completion before the f r e e c a u s t i c i s 
consumed. Under these circumstances, i t i s of r e l a t i v e l y l i t t l e impor­
tance which sodium compound i s employed, a t l e a s t i n terms of u l t i m a t e 
s t r e n g t h development. Results w i t h New Hampshire s i l t appear t o bear out 
t h i s p r e d i c t i o n . 

The observation t h a t , i n a l l s o i l s s t u d i e d , a l l sodi\mi compounds (ex­
cept the aluminate) show maximum strength-improvement a t a c o n c e n t r a t i o n 
of roughly 1.0 normal i n the pore water, m e r i t s more than casual a t t e n ­
t i o n . I t can be i n f e r r e d from t h i s t h a t t h e r e i s an optimum concentra­
t i o n of sodium i o n ( i r r e s p e c t i v e of the anions which are present i n the 
pore water, although i n most Instances the most p r e v a l e n t anion i s prob­
ably h y d r o x y l ) a t which adequate prod u c t i o n of soluble s i l i c a t e s w i l l oc­
cur i n the presence o f cement h y d r a t i o n products. Any amount o f sodium 
i n excess of t h i s w i l l not c o n t r i b u t e f u r t h e r t o generation of p o t e n t i a l 
cementing m a t e r i a l , but w i l l merely reduce the c a l c i m s o l u b i l i t y f u r t h e r , 
and r e t a r d development o f cementitious ceLLcium s i l i c a t e g e l . The f u r t h e r 
observation t h a t excessive treatment w i t h sodiim compounds (up t o 2.0 N) 
does not a f f e c t u l t i m a t e s t r e n g t h , but s i g n i f i c a n t l y r e t a r d s cure i s a l s o 
c o n s i s t e n t w i t h t h i s argument. The anomalous behavior o f sodium aluminate 
i s not c l e a r , althoiJgh i t i s p o s s i b l e t h a t the alumina formed from t h i s 
compound plays a d i r e c t p a r t i n g e l - f o r m a t i o n . I t has also been observed 
t h a t the degree o f r e t a r d a t i o n of cure by sodium compounds ( p a r t i c u l a r l y 
when present i n excess) Increases as the s o l u b i l i t y o f the corresponding 
calcium s a l t decreases. This i s c o n s i s t e n t w i t h the present hypothesis, 
because the more I n s o l u b l e the calcium s a l t i s formed, the more the i n ­
i t i a l calcium i o n c o n c e n t r a t i o n i n the pore f l u i d i s depressed and the 
longer time i s r e q u i r e d f o r the conversion o f the sLLkall s i l i c a t e t o c a l ­
cium s i l i c a t e g e l . The d e t r i m e n t a l e f f e c t o f sodium f l u o r i d e and sodium 
t e t r a b o r a t e on soil-cement appears t o be a consequence of extreme suppres­
s i o n of calcium i o n concentration: calcium f l u o r i d e i s one of the most I n ­
soluble of a l l c a l c l i m i s a l t s , and t e t r a b o r a t e i o n forms w i t h calcium a 
soluble but extremely s t a b l e chelate w i t h a very low I o n i z a t i o n constant. 
Another source o f d i f f i c i o l t y w i t h f l u o r i n e - b e a r i n g a d d i t i v e s a r i s e s from 
the a b i l i t y of f l u o r i n e t o replace oxygen i n the s i l i c a t e t r a h e d r a l u n i t ; 
such replacement prevents f o r m a t i o n o f p o l y s l l l c a t e i o n s , and thus d i s ­
courages s i l i c a t e g e l f o r m a t i o n . This may account f o r the d e t r i m e n t a l 
e f f e c t of sodium f l u o s l l l c a t e . Because, however, the a f f i n i t y of boron 
f o r f l u o r i d e I o n i s g r e a t e r than t h a t o f s i l i c o n , t h e f l u o b o r a t e I o n may 
r e t a i n i t s i d e n t i t y i n the presence o f s i l i c a t e s j t h i s may e x p l a i n the 
b e n e f i c i a l a c t i o n of sodium f l u o b o r a t e r e l a t i v e t o other f l u o r i n e - b e a r i n g 
a d d i t i v e s . 

The unique a c t i o n of sodium s u l f a t e i n promoting s t r e n g t h development 
o f c e m e n t - s t a b i l i z e d , o r g a n i c - c o n t a i n i n g sand demands s p e c i a l comment. I t 
i s g e n e r a l l y b e l i e v e d t h a t the d e t r i m e n t a l e f f e c t o f organic matter on 
soil-cement r e s u l t s from the complexlng of calcium from the cement by o r ­
ganic c a r b o x y l i c acids or phenolic compounds, w i t h consequent delay i n , or 
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p r e v e n t i o n o f , the f o r m a t i o n of a continuous, coherent s i l i c a t e g e l . These 
d e l e t e r i o u s organic compounds are r e l a t i v e l y i n s o l u b l e i n water a t normal 
pH's, b u t are s o l u b i l i z e d by l i m e , c a u s t i c soda, and other a l k a l i e s . Clear­
l y , t h e i r a b i l i t y t o i n t e r f e r e w i t h cementitious g e l f o r m a t i o n w i l l depend 
on t h e degree t o which they are rendered water-soluble and d i s t r i b u t e d 
through the s o i l pore water. Observations o f the behavior of s t a b i l i z e d 
s o i l samples on water immersion i n d i c a t e t h a t , whereas c a u s t i c soda increas­
es the s o l u b i l i t y o f organic matter, s o d i m s u l f a t e reduces i t r e l a t i v e t o 
cement eilone. This suppression o f the s o l u b i l i t y o f organic matter by so-
di\im s u l f a t e i n the presence o f cement may thus be the major reason f o r the 
b e n e f i c i a l a c t i o n of t h i s s a l t . One p o s s i b l e e x p l a n a t i o n f o r suppression 
of the s o l u b i l i t y of organic matter by sodiimi s u l f a t e may be as f o l l o w s : 
immediately upon i n c o r p o r a t i o n of t h i s n e u t r a l s a l t w i t h s o i l and cement, 
the calcium i o n c o n c e n t r a t i o n i n the pore water i s depressed w i t h o u t s i g ­
n i f i c a n t e l e v a t i o n o f the pH, and the sodium and s u l f a t e i o n c o n c e n t r a t i o n 
i s h i g h . This c o n d i t i o n favors r e a c t i o n o f sodium w i t h the organic a c i d 
bodies r e l a t i v e t o calclxm, but the high t o t a l e l e c t r o l y t e c o n c e n t r a t i o n 
i n the pore water prevents s w e l l i n g and d i s s o l u t i o n o f the organic mat­
t e r by " s a l t i n g - o u t " a c t i o n . As the c a u s t i c i z a t i o n r e a c t i o n w i t h cement 
ensues, and the s u l f a t e i o n c o n c e n t r a t i o n i s reduced w i t h consequent r i s e 
i n pH, c o n d i t i o n s f o r d i s s o l u t i o n o f the organic matter become more f a v ­
orable; however, f o n n a t l o n o f sodium and calcixm s i l i c a t e i s now t a k i n g 
place simiiltaneously, and t h e r e i s o p p o r t u n i t y f o r f o r m a t i o n o f cementi­
t i o u s g e l before s i g n i f i c a n t amounts o f C6ilciimi can be complexed by the 
organic components. The uniqueness o f sodium s u l f a t e i n t h i s s i t u a t i o n 
a r i s e s from the f a c t t h a t i t i s a n e u t r a l s a l t and a good hydrotope, yet 
i s capable o f c a u s t i c i z l n g w i t h l i m e . 

I t i s p e r t i n e n t t o I n q u i r e whether t h e f o r e g o i n g hypothesis o f ad­
d i t i v e a c t i o n i n soil-cement permits any p r e d i c t i o n o f t h e long-term s t a ­
b i l i t y o f m o d i f i e d soil-cement r e l a t i v e t o t h a t o f c e m e n t - s t a b i l i z e d s o i l 
w i t h o u t a d d i t i v e s . I n unmodified soil-cement, i t i s reasonable t o expect 
t h a t i i l t i m a t e end products of h y d r a t i o n w i l l be hydrous calcium s i l i c a t e 
and eiluminaj because o f the a c i d i c character o f a l u m i n o - s i l i c a t e s o i l s , 
t h e calcium s i l i c a t e g e l produced w i l l undoubtedly be o f r a t h e r low Ca:Sl 
r a t i o — c e r t a i n l y f a r lower than t h a t found i n neat cement. I n c o r p o r a t i o n 
of a l k a l i metELL compounds can be expected t o (a) increase the q u a n t i t y o f 
s i l i c a p a r t i c i p a t i n g i n g e l - f o r m a t i o n , (b) produce a s i l i c a t e g e l c o n t a i n ­
i n g b o t h sodi\mi and c a l c i i m i , and ( c ) reduce t h e amount o f calcium a v a i l ­
able f o r s i l i c a t e f o r m a t i o n i f t h e calcium s a l t o f t h e corresponding anion 
i s l e s s soluble than the s i l i c a t e . The u l t i m a t e cementitious phase formed 
w i t h the a d d i t i v e s w i l l thus be more voluminous, b u t also somewhat more 
water-soluble (due t o i t s a l k a l i metal content) than t h a t formed w i t h ce­
ment alone. Increased water s o l u b i l i t y o f t h e g e l would be expected t o 
r e s u l t i n poorer r e s i s t a n c e t o l e a c h i n g ; f o r t u n a t e l y , however, h y d r a t i o n 
s t u d i e s o f mixed sodium-calcium s i l i c a t e s have i n d i c a t e d t h a t a s i g n i f i c a n t 
increase i n water s o l u b i l i t y does not develop u n t i l the sodium-calcium 
r a t i o i n the g e l reaches a v e r y h i g h value. Under the circumstances en­
countered i n m o d i f i e d soil-cement, t h e r e f o r e , i t would appear t h a t the 
f i n a l cementing phase should be v i r t u a l l y as durable as t h a t found w i t h 
cement alone. 

I n simmiary, the hypothesis h e r e i n proposed a t t r i b u t e s the b e n e f i c i a l 
a c t i o n o f a d d i t i v e s t o enhanced p a r t i c i p a t i o n o f s o i l - d e r i v e d s i l i c a i n 
the cement-hydratlon process. A l k a l i metal ccmpounds e x e r t t h e i r major 
i n f l u e n c e on cementation i n s o i l s a t the e a r l i e s t stages o f the cure proc-
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ess by promoting s i l i c a s o l u b i l i z a t i o n and r e t a r d i n g calcium s i l i c a t e pre­
c i p i t a t i o n , but have r e l a t i v e l y l i t t l e e f f e c t upon the composition of the 
f i n a l cementing components. Although much o f the evidence supporting t h i s 
p i c t u r e i s a d m i t t e d l y c i r c u m s t a n t i a l , the proposed mechanism a t l e a s t pro­
vides a basis f o r a more d e t a i l e d chemical analysis o f cement s t a b i l i z a ­
t i o n , which i s now i n progress. An e n t i r e l y s a t i s f a c t o r y e x p l a n a t i o n o f 
a d d i t i v e a c t i o n i n soil-cement must await these r e s u l t s . 

CONCLUSIONS 
The l a b o r a t o r y t e s t r e s u l t s presented i n t h i s paper show t h a t a very 

l a r g e increase i n the s t r e n g t h of soil-cement mixtures can be obtained by 
the a d d i t i o n of l o w - l e v e l treatments o f c e r t a i n chemicals. P r e l i m i n a r y 
analyses suggest t h a t both a considerable f i n a n c i a l saving and a success­
f u l s t a b i l i z a t i o n o f s o i l s which normally cannot be s t a b i l i z e d economical­
l y can r e s i i l t from the use of a d d i t i v e s w i t h soil-cement. 

D e t a i l e d conclusions are as f o l l o w s : 
1. The r a t e o f s t r e n g t h development of soll-cement-aUcaline sodium 

compounds depends on th e nature o f the a d d i t i v e s — m e t a s i l i c a t e , a l m i n a t e 
and s ^ l l f a t e gave the f a s t e s t ciore. 

2. Sodium hydroxide was e f f e c t i v e i n improving the s t r e n g t h o f a l l 
cement-soils (the s o i l s t e s t e d v a r i e d from n o n - p l a s t i c sands t o heavy 
clays w i t h low t o moderate organic matter c o n t e n t ) . 

3- Sodium m e t a s i l i c a t e was the most e f f e c t i v e on th e clean sandy 
s o i l s . 

k. Sodium s u l f a t e was uniquely e f f e c t i v e on sandy s o i l s w i t h o r ­
ganic matter. 

5. Sodium s a l t s o f weak acids ( t h a t i s , carbonate and s u l f i t e ) were 
not e f f e c t i v e i n heavy clays i n the c o n c e n t r a t i o n ranges s t u d i e d . 

6. The e f f e c t i v e n e s s of sodium compo\inds decreased w i t h i n c r e a s i n g 
p l a s t i c i t y and/or organic matter o f the s o i l . 

7. S o i l c o n t a i n i n g f r e e sodiimi c h l o r i d e was much l e s s responsive t o 
c e m e n t - s t a b i l i z a t i o n than was the same s o i l a f t e r s a l t removal. 

8. The e f f e c t i v e n e s s o f sodium hydroxide was i n the same order o f 
magnitude f o r s o i l c o n t a i n i n g f r e e sodium c h l o r i d e as f o r the same s o i l 
a f t e r s a l t removal. 

9. The presence o f a small amoimt of organic matter i n sandy s o i l s 
i n t e r f e r e d w i t h cement s t a b i l i z a t i o n . 

10. The treatment l e v e l o f sodium a d d i t i v e s f o r maximum s t r e n g t h o f 
the f i n e - g r a i n e d s o i l s was t h a t corresponding t o a sodium c o n c e n t r a t i o n 
i n the molding water o f roughly one normal (23 gm Na per l i t e r ) . 

11. The r a t e o f s t r e n g t h development of soil-cement was very sensi­
t i v e t o a d d i t i v e c o n c e n t r a t i o n , i n c r e a s i n g g r e a t l y i n the range o f 0 - 1.0 
normal and g e n e r a l l y decreasing i n the range o f 1.0 t o 2.0 normal (except 
aluminate. 

12. The f i n a l s t r e n g t h (28-day) of a d d i t i v e t r e a t e d soil-cement was 
v i r t u a l l y independent o f a d d i t i v e c o n c e n t r a t i o n when the l a t t e r was above 
a c e r t a i n minimim (0.5 t o 1.0 normal). 

13. The s t r e n g t h increase o f soil-cement dioe t o a d d i t i o n o f a l k a l i n e 
sodium compounds appeared t o be permanent. 

ik. With s i l t y s o i l s , the s t r e n g t h improvement produced by sodium 
a d d i t i v e s became smaller a t higher cement contents. 

15. The magnitude o f s t r e n g t h increase obtained by a d d i t i o n o f a l ­
k a l i n e sodium compoimds appeared t o Increase w i t h the amount o f r e a c t i v e 
s i l i c a (or s i l i c a t e s ) present i n a s o i l . 
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16. Pretreatment o f s l l t y s o i l s w i t h c a u s t i c soda diminished the 
b e n e f i c i a l e f f e c t s obtained by the i n c o r p o r a t i o n o f t h i s a d d i t i v e simul­
taneously w i t h the cement. 

17. Hydroxides or weak-acid s a l t s o f any a l k a l i metal or c a t i o n 
which y i e l d s s oluble s i l i c a t e s (or aluminates) are b e n e f i c i a l t o s o i l -
cement . 
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DISCUSSION 
L. T. NORLING and R. G. PACKARD, Soil-Cement Bijreau, P o r t l a n d Cement As­
s o c i a t i o n — T h i s paper presents valuable data on the use o f chemical ad­
mixtures w i t h soil-cement. The improvement I n compressive s t r e n g t h o f 
two types of "problem" s o i l s (heavy clays and p o o r l y - r e a c t i n g sands) i s 
p a r t i c u l a r l y s i g n i f i c a n t . 

As mentioned, the Po r t l a n d Cement Association's Soil-Cement Labora­
t o r y has stu d i e d the e f f e c t o f the a d d i t i v e s on d u r a b i l i t y as measured by 
the standard freeze-thaw and wet-dry t e s t s f o r soil-cement. Four s o i l s 
were s t u d i e d , using w i t h each s o i l one or two of the chemical admixtures 
t h a t produced s i g n i f i c a n t Improvement i n compressive s t r e n g t h . This d i s ­
cussion gives the r e s u l t s of these d u r a b i l i t y t e s t s . 

Further t e s t s t o evaluate the permanency of the Improvement due t o 
the a d d i t i o n of chemical admixtures are \mder way. These Include compres­
sive s t r e n g t h and outdoor weathering t e s t s . 

MATERIALS 
S o i l s 

D u r a b i l i t y t e s t s were run, using the f o l l o w i n g s o i l s : 
1. " P o o r l y - r e a c t i n g " Wisconsin sand No. 1 (No. IO56). 
2. I l l i n o i s c l a y (No. 1055). 
3. New Hampshire s i l t (No. NHS). 
k. Massachusetts clayey s i l t (No. M2l). 

The c h a r a c t e r i s t i c s of these s o i l s are summarized i n the authors' Table 1. 

Cement 
Type I P o r t l a n d cement, c o n s i s t i n g of a blend of f o u r brands purchased 

on the open market i n the Chicago area, was used. 

Chemical Admixtures 
One or two chemical admixtures (reagent grade) producing s i g n i f i c a n t 

Improvement i n compressive s t r e n g t h , based on the authors' data and sim­
i l a r t e s t s i n the PCA l a b o r a t o r y . Were used w i t h each s o i l : 

1. Sodium s u l f a t e w i t h the Wisconsin sand No. 1. 
2. Sodium hydroxide w i t h the I l l i n o i s c l a y . 
3. Sodium s u l f a t e and sodium m e t a s l l l c a t e w i t h the Massachusetts 

clayey s i l t . 
k. Sodlvan. hydroxide w i t h the New Hampshire s i l t . 

TEST METHODS 
Moisture-density r e l a t i o n s h i p s f o r the soil-cement and soll-cement-

chemlcal a d d i t i v e mixtures were determined using ASTM D558-57 or AASHO 
T13i4--57- Results of these t e s t s showed t h a t n e i t h e r the type nor concen-
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t r a t i o n (up t o 2 percent) of a d d i t i v e nor cement contents ranging from 5 
t o ik percent had any s i g n i f i c a n t e f f e c t on moisture-density r e l a t i o n ­
s hips. Average values o f maximum d e n s i t y and optimum moisture a t chem­
i c a l a d d i t i v e content o f 1.0 percent are given i n Table 12. ( i n t h i s d i s ­
cussion, chemical contents are based on percent by weight o f dry s o i l . ) 

TABLE 12 
MOISTURE-DENSITY DATA FOR SOIL-CEMENT-CHEMICAL ADDITIVE^ MIXTURES 

Cement Maximum Optimum 
Content, Density, Moisture, 

S o i l ^ by wt pcf 5̂  by wt 

Wisconsin sand (IO56) ik 101.3 17-7 
I l l i n o i s c l a y (IO55) 1^ IO7.O lk.8 
New Hampshire s i l t (NHS) 10 100.8 I 9 . I 
Massachusetts clayey s i l t (M2l) 10 123.O 10.8 

C h e m i c a l a d d i t i v e content i s 1 percent by weight o f dry s o i l . 

Test specimens were then molded a t maximum d e n s i t y and optimum mois­
t u r e content and t e s t e d using the freeze-thaw t e s t (ASTM D560 or AASHO 
TI36) and the wet-dry t e s t (ASTM D559 or AASHO T135). 

The cement requirements of the soil-cement and soll-cement-chemical 
a d d i t i v e mixtures were determined, using the usual soil-cement l o s s c r i ­
t e r i a . (Soil-cement losses d u r i n g 12 cycles o f e i t h e r the freeze-thaw or 
wet-dry t e s t s h a l l conform t o the f o l l o w i n g l i m i t s : (a) s o i l groups A-1, 
A-2-k, A-2-5 and A-3, not over ik percent; (b) s o i l groups A-2-6, A-2-7, 
k-k and A-5, not over 10 percent; and (c) s o i l groups A-6 and A-7, not 
over 7 percent.) 

A f t e r completion of the freeze-thaw and wet-dry t e s t s , and a f t e r 2-
day s a t u r a t i o n i n water, the specimens were broken i n compression. Weight 
losses and compressive strengths determined by these t e s t s are given i n 
Table I 3 . Results o f wet-dry t e s t s are omi t t e d because only a minimum 
number of specimens were molded and they showed the same t r e n d as the 
freeze-thaw t e s t r e s u l t s . The data are also p l o t t e d separately f o r each 
s o i l i n Figures 1-k. 

DISCUSSION OF RESULTS 
Wisconsin Poorly-Reacting Sand No. 1 (No. 10^6) 

Soil-cement losses i n c u r r e d d u r i n g the freeze-thaw t e s t and compres­
sive strengths of the specimens a f t e r t e s t , are given I n Figure 1. 

Specimens c o n t a i n i n g ik, 16 and 18 percent cement by weight w i t h no 
a d d i t i v e f a i l e d completely, having a l o s s o f 100 percent. When 1 percent 
sodium s u l f a t e was added, 9 percent cement was r e q u i r e d t o h o l d the weight 
l o s s down t o a maximum allowable ik percent. (When 2 percent s o d i m s u l ­
f a t e was added, the cement requirement was 10 percent.) Thus 1 percent 
sodium s v i l f a t e reduced the cement requirement o f t h i s p o o r l y - r e a c t i n g sand 
from a q u a n t i t y over 20 percent down t o 9 percent. Results of the com­
pressive s t r e n g t h t e s t s on these specimens l i k e w i s e i n d i c a t e d Improvement 
due t o the a d d i t i o n of sodium s u l f a t e . 
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RESULTS OF FREEZE-THAW TESTS 

Cement Soil-Cement L o s s — ^ Strength A f t e r T e s t — p s i 
Content, No 0.5^ 1.0% 2.0?. No 0.6^ I.05E. 2.0% 

S o i l by wt Ad d i t i v e CaCl2 Nâ SOi,. Na2S0i^. A d d i t i v e CaClg Na^SO^^ NagSOĵ ^ 

Wisconsin 8 _ 16 28 _ _ 278 112 
sand 10 - 100 11 11 - 0 3k2 382 
(1056) 12 - 35 9 6 - 298 503 485 

Ik 100 5 - - 0 397 - -16 100 - - - 0 - - -
18 100 - - - 0 - - -

No 0.556 1 .0^ No 0 . 5^ 1 . 0^ 
A d d i t i v e NaOH NaOH A d d i t i v e NaOH NaOH 

I l l i n o i s 6 _ 27 _ _ 211 
c l a y 8 - 10 23 - 352 196 
(1055) 10 6 5 1J+ 561; 550 278 

12 k - 10 652 - 387 
Ik k - - 705 - -

No 1.05& No 1.0% 
A d d i t i v e NaOH A d d i t i v e NaOH 

New Hampshire 9 _ 17 - 692 
s i l t 12 - 9 - 681; 
(NHS) 15 15 7 613 990 

18 1 - 1097 -
No 1 .0^ I.05& No 1.0% 1.056 

A d d i t i v e NapSOlt NapSi0i?9Hp0 A d d i t i v e NapSOlj. NapSi039HpO 
Massachusetts 6 32 7 7 1193 1177 

clayey 9 k 5 1161 2625 1591 
s i l t 12 3 - - 1750 - -(M-21) 15 1 - - 21+50 - -
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— W i s c onsin sand. 
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Figure 20. E f f e c t o f sodium com­
pound admixtures on resis t a n c e of 
soil-cement t o freezing-and-thawing 

— I l l i n o i s c l a y . 

Calcium c h l o r i d e i s commonly used t o reduce the cement requirement of 
p o o r l y - r e a c t i n g sands. As a basis o f comparison, r e s u l t s o f t e s t s using 
c a l c i m c h l o r i d e are also p l o t t e d i n Figure I 9 . With the a d d i t i o n of 0.6 
percent calcium c h l o r i d e , I3.5 percent cement i s r e q u i r e d . Thus, sodium 
s i i l f a t e was more e f f e c t i v e than calciiom c h l o r i d e i n improving the reac­
t i o n o f t h i s p o o r l y - r e a c t i n g sand. 

I l l i n o i s Clay (No. 1055) 

Data f o r the I l l i n o i s c l a y are p l o t t e d i n Figure 20. With no addi­
t i v e , using a maxim-urn allowable soil-cement l o s s o f 7 percent, t h i s s o i l 
r e q u i r e s somewhat l e s s than 10 percent cement. When O.5 percent sodium 
hydroxide i s added, 9.5 percent cement i s r e q u i r e d . With the a d d i t i o n o f 
1.0 percent sodium hydroxide, s l i g h t l y more than 12 percent i s r e q u i r e d . 
Thus, the a d d i t i o n o f 0.5 percent sodium hydroxide d i d not s i g n i f i c a n t l y 
improve the d u r a b i l i t y of t h i s c l a y w h i l e 1.0 percent sodixm hydroxide was 
d e t r i m e n t a l . Compressive strengths of the specimens a f t e r t e s t also show 
the same t r e n d . For example, a f t e r t e s t , the s t r e n g t h o f the specimen con­
t a i n i n g 10 percent cement w i t h no a d d i t i v e i s ̂ 6k p s i . The s t r e n g t h a t 
t h i s same cement content w i t h O.5 percent sodium hydroxide added i s s i m i l a r 
(550 p s i ) w h i l e the s t r e n g t h o f the specimen c o n t a i n i n g 1.0 percent sodiian 
hydroxide i s only 278 p s i . 
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Figure 21. Effect of sodi\mi CCJDI-
pound. admixtures on resistance of 
soil-cement to freezing-and-thawing 

—New Hampshire s i l t . 

Figure 22. Effect of sodium com-
poimd admixtures on resistance of 
soil-cement to freezing-and-thawing 

—Massachusetts clayey s i l t . 

New Hampshire S i l t (No. MHS) 
Data for the New Hampshire s i l t eire plotted i n Figure 21. Using a 

maximum allowable soil-cement weight loss of 10 percent, this s o i l re­
quires l6 percent cement with no additive. The addition of 1.0 percent 
sodiimi hydroxide reduces this cement requirement to 12 percent represent­
ing a savings of k percent cement. 

The compressive strengths after test also show that considerable ben­
e f i t is obtained by adding 1.0 percent sodium hydroxide. For example, the 
strength at 15 percent cement with no additive is 613 psi, while the 
strength at this cement content with 1.0 percent sodiim hydroxide is 980 
psi. 

Seven-day compressive strengths indicate that sodim sulfate or so­
dium metasilicate may be as effective with this s o i l as sodiim hydroxide. 
Durability tests to determine whether or not this is true are \mder way. 
Massachusetts Clayey S i l t (M21) 

Data for the Massachusetts clayey s i l t are plotted i n Figure 22. 
With no additive, using a maximimi allowable soil-cement loss of 10 

percent, this s o i l reqtiires 8.5 percent cement. Somewhat less than 6.0 
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percent cement is required when 1.0 percent sodiim sulfate or sodium meta-
silicate Eire added. The compressive strengths of the specimens after test 
also show teneflclal effects from the addition of the chemical additives. 

SUMMAHY 
The authors present data which show that the addition of certain chem­

ic a l admixtures to soil-cement may Increase the compressive strengths. The 
Portland Cement Association's Soil-Cement Lahoratory has run tests to de-
temine the effect of the chemical admixtures on durability. The results 
indicate that the effects of the admixtures on durability, as measured by 
the standard freeze-thaw and wet-dry tests, were similar to the effects on 
compressive strength. 

1. The addition of 1 percent sodim sulfate reduced the cement re­
quirement of the Wisconsin poorly-reacting sand from over 20 percent to 9 
percent. The addition of 2 percent sodium sulfate reduced the cement re­
quirement to 10 percent. Sodium sulfate was more effective than calci\mi 
chloride i n improving this poorly-reacting sand. 

2. The addition of 0.5 percent sodium hydroxide to the I l l i n o i s clay 
did not significantly reduce the cement requirement. The addition of 1.0 
percent sodium hydroxide was detrimental, because i t increased the cement 
requirement of the clayey s o i l from 10 percent to 12 percent. 

3. The addition of 1.0 percent sodium hydroxide to the New Hampshire 
s i l t reduced i t s cement requirement from l6 percent to 12 percent. 

k. The addition of 1.0 percent sodiiom sulfate or sodium metasllicate 
reduced the cement requirement of the Massachusetts clayey s i l t from 8.5 
percent to less than 6 percent. 

Further tests to evaluate the permanency of the improvement due to 
the chemical admixtures are under way. These include compressive strength 
and outdoor weathering tests. 
T. W. LAMBE, A. C. MICHAELS, AND Z. C. MOH, Closure—The authors' evalua­
tion of the beneficial effects of trace additives to portland cement as a 
so i l stabilizer was based entirely on strength tests. One may well ques­
tion whether strength tests alone constitute a f a i r measure of the poten­
t i a l effectiveness of trace additives. The discussion by Norling and Pack­
ard presents weathering data which correlate very well with the strength 
data presented by the authors. The discussers have thus contributed sig­
nificantly to the value of the paper by showing that strength tests do i n ­
deed give a good measure of the beneficial effects of the trace additives 
and that the conclusions drawn by the authors are thus valid for resistance 
to weathering as well as for strength. From both strength and weathering 
data, the additives appear most promising. The authors are Indebted to 
the discussers for their contribution. 




