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Introductory R e m a r k s by the Chairman: Modern soi l -cement i s a remarkable 
construction materia l . Aside f rom its excellent s tructural properties, it i s 
noteworthy that f rom its ear ly infancy in South Caro l ina to its present world
wide use, it was guided and supervised scientif ical ly and that more prec i se 
records have been kept on its development than on any other large - sca le con
struction mater ia l . 

But do we know as much as we should even with respect to the mechanical 
properties of this m a t e r i a l ? Have we been completely fa ir to it and studied and 
developed a l l i ts potentialities ? Or have we treated it as a dependable slave that 
can c a r r y the loads we place on it without bothering how it does i t ? 

Reinhold looks at soi l-cement as a unique construction mater ia l that i s not just 
a poor concrete or a stabil ized so i l but a mater ia l that may prove to be superior 
in certain highway and other applications than traditional mater ia ls presently 
employed for them. F r o m this point of view, Reinhold has studied the elastic 
behavior of soi l -cement as a function of cement and clay content and has given 
in his paper a prec i se account of the resul ts so f a r obtained in his important work. 

• T H E modulus of elasticity and Poisson's 
number play an important role in the 
dimensional design of homogeneous pave
ments. Questions regarding the strength 
of a pavement, its reaction to temperature 
and moisture changes, and the distance and 
type of joints to be used a r e direct ly r e 
lated to the elasticity constants. These 
constants must be determined for s o i l -
cement If we want to understand its actual 
behavior under s t r e s s e s caused by exter 
nally applied forces . F r o m a knowledge of 
their magnitudes, a better utilization of the 
properties of this new construction mate
r i a l may result a s wel l a s an expansion of 
its f ie ld of application. 

G E N E R A L R E M A R K S C O N C E R N I N G 
E L A S T I C B E H A V I O R 

F o r the purpose of defining fundamental 
concepts and of determining the type of 
experiments necessary to measure the 
e last ic behavior of soi l -cement mixtures , 
the following general considerations a r e 
presented. 

The elast ic behavior of homogeneous 
isotropic mater ia l s i s essential ly c h a r 

acter ized by two coefficients, the modulus 
of elast icity E (or its inverse a) and the 
Poisson number m (or its inverse f . = 
Poisson's Ratio). In the general case these 
coefficients are not constants. They a r e 
determined by measurements of changes 
in longitudinal and lateral dimensions in 
uniaxial tension or compression, which 
are evaluated by means of the s t r e s s -
s tra in diagram. 

S tres ses < = ^ a r e forces per unit a r e a 

that a r e caused by exctemally applied loads. 

Strains a r e defined by c = i . e . , by the 

ratio of change in a dimension to the o r i g 
inal dimension and, hence are dimension-
l e s s . Strains may be caused by c o m p r e s 
sion, tension or shear forces . 

Fundamentally, there exists no propor
tionality between s t r e s s and s tra in . The 
law established by Hooke in 1678 "Ut ten-
s io , s i c vis": 

s 
E a X s 

which for a long time had been considered 
as a natural law covering the behavior of 
a l l mater ia l s , i s s tr ic t ly true only for the 
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lower s t re s s range of steel and for a 
minority of substances, within certain 
l imi ts . A l l other mater ia ls show larger 

Since "lalculation methods normal ly 
employed in c i v i l engineering assume p r o 
portionality between s t r e s s and s tra in , the 

m < l m s I (PROPORTIONALITY) 
TIME EFFECT 

Figure 1. Graphical presentation of the 
equation « = a S •". 

or s m a l l e r deviations. SchUle, therefore, 
proposed the expression: 

m 
« = a s 

T h i s equation, which also represents 
only an approximation of the actual be 
havior of mater ia l s , already causes such 
mathematical difficulties in the pract ica l 
use of the theory of elasticity that one i s 
forced to l inearize in accordance with 
Hook's law in order to obtain mathematical 
solutions of actual problems. 

F o r the definition and calculation of the 
modulus of elasticity E f rom measured 
data, there exist two possibi l i t ies: (1) the 
elast icity modulus i s represented by the 
tangent at a chosen point of the s t r e s s 
s tra in curve 

d s 
cTT E l 

(2) the modulus of elasticity i s assumed 
to be constant for a certain s t r e s s range 

E . = i 

ARCTANE 

Figure 2 . Graphical presentation of the 
modulus of e l a s t i c i t y . 

PERFECT ELASTICITY 

Figure 3 

IMPERFECT ELASTICITY 

Perfectly and imperfectly e las
t i c material . 

modulus of elast icity i s usually determined 
according to the second method. 

Fur ther differentiation is now made b e 
tween perfect and imperfect e last ic be 
havior. T h i s renders the definition of the 
modulus of elast icity E considerably more 
complicated. In the case of perfect e l a s 
ticity there exists a definite revers ib le 
relationship between s t r e s s and s t ra in . 
More generally observed in imperfect 
elast icity in which the s tra ins are a func
tion not only of the s t r e s s but a lso of the 
type of loading, of the t ime, and of the 
repetition of load application. T h u s , a 
difference exists between the correspond
ing s tra ins and s t r e s s e s in the c a s e of 
loading and unloading, a phenomenon which 
i s known as hys teres i s . 

The deformations «p remaining after 
unloading a r e ca l led p las t ic , while the r e 
vers ib le deformations a r e cal led e l a s 
tic «g . That portion of the deformation 
which i s a function of t ime i s ca l led af ter 
effect. A measure for the degree of p e r 
fection of e last ic i ty i s : 

degree of elast icity e = £ g | | ^ / e 

CURVE 

ARCIANEc' 

Figure 4. Graphical presentation of 
and E . 
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Figure 5. Granulometric distribution. 

If e = 1, perfect elastic behavior exists; 
accordingly, this equation defines perfect 
e last ic i ty. 

Only the e las t ic s tra ins a r e express ive 
of the e last ic behavior of a mater ia l . A c 
cordingly, the r e a l modulus of e last ic i ty 
E g takes into account only the e last ic 
s tra in while E is to be considered as a 
modulus of the total s tra in . 

If «e and < a r e plotted for equal loading 
stages in one s t r e s s s tra in diagram, then 
two curves a r e obtained (Figure 4). The 
cross -hatched a r e a in F igure 4 represents 
the magnitude of the res idual s tra in cp. 

Strains obtained during the f i r s t applica -
tion of loads of increasing magnitude a r e 
cal led virginal s tra ins The s t r e s s 
s tra in curve thus obtained represents ex 
treme conditions and envelopes the s - « 
branches that a r e obtained in repeated 
loading and unloading. 

Under the influence of load repetitions, 
the s tra in l ines shift in the < direction. 
However, in most cases (for s m a l l s t r e s s 
increments e a r l i e r , and for large i n c r e 
ments later) a stable state is usually 
reached in which the s tra ins tend to a p 
proach constant c values. . 

These phenomena have been thoroughly 
investigated in the case of Portland-cement 

concrete. A s w i l l be shown later , they 
have also been observed in the case of 
soi l -cement mixtures . Accordingly, the 
same methods of investigation and p r e s 
entation of data can be employed for both 
mater ia l s . 

T h e previous statements hold true , a s 
a matter of principle , for both tension and 
compress ion, for longitudinal a s we l l a s 
la teral s tra ins («q). One must di f feren
tiate, therefore, between c q and c qe, c q 

and c q", and a lso between m= — and m . = 
« q e 

— . With respect to the exact determina
tion of the s t r e s s actually present in the 
specimen, the tension experiment i s , as a 
matter of pr inc iple , equivalent to the c o m 
press ion experiment even though the 
course of the s t r e s s - s t r a i n curve may be 
different. 

In the case of brit t le mater ia l s , i . e . , 
also in the case of soi l -cement, it i s c u s 
tomary to investigate the elast ic behavior 
under compress ive s t r e s s , s ince by this 
means more-uniform uniaxial s t re s s con
ditions may be rea l ized , and also because 
a greater s t r e s s range can be investigated 
because of the higher compress ive strength. 

With respect to its s tructure, s o i l -
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cement may be considered as quas i - i so -
tropic and homogeneous. 

P R E P A R A T I O N O F T E S T S P E C I M E N S 

Synthetic so i l s were employed for the 
manufacturing of the test specimens. The 
soi l s were made by mixing Gr ie she im 
sand, a fine noncohesive mater ia l of yellow 
color with Heppenheim c lay . T h i s c lay i s 
employed for the manufacture of roofing 
t i le , and was available in finely ground 
condition. 

Four different so i l t3rpes were prepared 
which were mixed, at their optimum m o i s 
ture contents, with three different propor
tions of Portland cement. The ratio of 
cement to so i l was taken a s 1 to 6 for an 
economically justif ied upper l imit , a s 1 to 
10 for a lower l imit , and as 1 to 8 for an 
in-between amount. 

The different so i l s a r e designated as 
follows: 

TABLE 1 

CONSISTENCY CHARACTERISTICS OF THE SOILS 

Designation Composition Designation Sand C l a y 
% % 

A 100 0 

C 75 25 

D 50 50 

F 0 100 

The cement proportions a r e indicated 
as follows: 

Designation Mixing Ratio 
Soi l /Cement 

I 1:6 

n 1:8 

m 1:10 

The granulometric composition of the 
four different so i l s i s given in Figure 5. 
The liquid l imits , plast ic l imi t s , and p l a s 
ticity indexes are presented in Table 1. 

C h e m i c a l investigation of the component 
soi ls A and F showed the absence of sub
stances that could have a detrimental i n 
fluence on the soi l -cement. The cement 
employed (PZ325) fulf i l led the German 
Standard Specifications, DIN 1164. 

Designation Liquid L i m i t Plastic L i m i t Plasticity Index 

A - - _a 

C 16.80 - _a 

D 25.00 16.07 8.93 

F 38.50 20 98 17.52 

^Because of the gianular nature of the so i l , the plasticity 
Index could not be determined. 

The test specimens were made in a c 
cordance with the "Tentative Specifications 
for the construction of soi l -cement r o a d s . " 

Since, in accordance with Siebel (1), 
the ratio of height to width of test s p e c 
imens used in s train measurements , should 
be about 3 to 1, specimens with the dimen
sions 7.07 by 7.07 by 23.21 c m . were 
manufactured. 

In order to have a uniform bas i s of 
comparison, a l l specimens were cured in 
the same manner and for the same period 
of time before they were tested. The 28-
day curing period was composed as f o l 
lows: 2 days moist a i r , 12 days water i m 
mers ion , 7 days dry a i r storage, and 7 
days water immers ion. 

E X P E R I M E N T S AND T E S T R E S U L T S 

The following equipment was used for 
the s t r e s s - s t r a i n measurements: A 500-
ton hydraulic testing machine provided 
with a 5-ton p r e s s u r e s t i rrup for exact 
loading; a Martens m i r r o r apparatus for 
the measurement of the longitudinal s tra ins; 
and a tensometer for the measurement of 
the la tera l s t ra ins . 

F o r a l l longitudinal and lateral m e a s 
urements the same arrangement was e m 
ployed. T h i s arrangement i s br ie f ly de
scr ibed in the following: 

1. M i r r o r apparatus for measurement 
of longitudinal s tra ins . The two m i r r o r 
devices were fastened on two opposite 
s ides of the p r i s m s (normal to the c o m 
paction joints) in order to obtain depend
able mean values. The gage length was 
10 centimeters in the center portion of the 
test specimens in order to obtain e x c l u 
s ive ly the mono-axial s t r e s s condition, and 
to remain outside of the fr ict ion influence 
of the shear cone. 

2. Tensometer for the measurement of 
la tera l s tra ins . A l so arranged on the two 
opposite s ides of the p r i s m (paral le l to the 
compaction joints) on the two free sides of 
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the p r i s m . The gauge length was 5 c m . ; 
the gages were fastened at the elevation of 
the center of the gages measuring the long
itudinal s t ra ins , and at a right angle to 
them. 

3. Measuring st irrup for a range of 5 
tons. P laced above the test specimen be
tween a p lane-paral le l steel plate and the 
ball-jointed pres sure head of the testing 
machine. The entire experimental a r 
rangement of the test specimens, measur 
ing appliances, and reading scales is given 
in F igure 6. 

Detai ls concerning the fastening of the 
instruments on the test specimens are 

A s examples of the graphic presentation 
of the experimental resul ts , Figure 9 
shows the e and t q curves for longitudinal 
and la tera l s t ra ins , as well as the moduli 
of e last icity, calculated therefrom, and 
the Poisson numbers for four test spec
imens made of the four soi ls types with a 
cement-to-soi l ratio of 1 to 8. AH meas 
ured values are given with reference to the 
condition of the test specimen before the 
f i r s t loading. 

E V A L U A T I O N O F E X P E R I M E N T A L 
R E S U L T S 

The s t r e s s - s t r a i n diagrams of a l l the 

Figure 6. Arrangement for s tress-s tra in measurements. 

shown in F igure 7. The s tra in determina
tions were based on the « curve , with one 
repetition of loading for measuring the 
time effect. Previous ly conducted exper i 
ments had shown that this was sufficient 
for the determination of the elastic portion 
of the s train . 

In the lower s t r e s s range, in which no 
influence of the time effect can be noted, 
the curve is identical with the v irginal 
curve envelope «°, the upper portion of 
which could also be plotted if one would 
record the quick-reading values. The un
loading usually was done to a s t ress of 5 
kg. per sq. c m . in order to avoid slipping 
of the instruments. 

different soi l -cement compositions tested 
in compression, show the following basic 
character i s t i c s : (1) The curve is always 
more or less concave with respect to the 
6 ax is . (2) In a range up to about a third 
of the fai lure s t re s s (0. 33 s^) the curve is 
almost a straight line; thus, for a l l p r a c 
t ica l purposes one can assume linearity in 
this range. The plast ic deformations in 
this range are so unimportant that one can 
consider the mater ia l as possessing a l 
most perfect elasticity; e = 1. (3) At a 
s t re s s of 0. 6 s j ) , the curvature increases 
rapidly. The curve becomes flatter and 
its tangent is often horizontal at the f a i l 
ure point. 
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1 

Figure 7. Details of experimental set-up. 

These character i s t i c s agree in p r i n 
ciple with those of portland-cement con
crete . Although soi l -cement depending on 
its composition, possesses c h a r a c t e r i s 
t ics that are speci f ical ly its own, these 
character i s t i c s a r e not alien to those 
of portland-cement concrete. T h i s , of 
course , is not unexpected. 

The s t r e s s - s t r a i n diagram for the la t 
e r a l s tra ins possesses character i s t i c s 
s i m i l a r to that for the longitudinal s tra ins , 
with the only difference that the l inearity 
is l ess developed but extends to about 
0 . 6 s j j . F r o m this point on, the lateral 
s trains increase much more rapidly than 
the longitudinal s tra ins . T h i s is reflected 
in a decrease of the Poisson numbers. 
The reason for this behavior is according 
to Ro§ (2) a certain loosening of the i n 
ternal structure (an indication of the be
ginning of fai lure as a result of fatigue). 

V e r y generally, it can be said that the 
elast ic behavior of soi l -cement is a func
tion of its strength. A l l factors that i n 
fluence the strength properties also deter

mine the elastic behavior of soi l-cement. 
Fundamentally the following holds true: 
(1) the higher the fai lure s t re s s the l e s s 
curved is the s t r e s s s tra in diagram; (2) 
the higher is the range of l inearity; and 
(3) the s m a l l e r i s the proportion of plast ic 
deformation and, therefore, the more p e r 
fect is the elasticity. 

The determinant influence of the higher 
strength begins already with the work of 
compaction, as can always be seen from 
the density of the test specimens. A c c o r d 
ingly, of two specimens of the same c o m 
position, the one with the greater density 
wi l l show s m a l l e r s trains with the same 
loading increments. 

In the following, the influence of the two 
components, cement and c lay, shal l be con
sidered in greater detail. F o r their a n a l 
y s i s , the total s tra ins and the moduli of 
elasticity E g shal l be used. The c curves 
a r e more suitable for comparison than the 
« e curves , since they cover a larger range 
(usually up to failure) and they a r e more 
differentiated. 

Influence of Cement Content 

F igure 11 shows the great influence of 
the cement content. A s the cement content 
decidedly influences the strength of s o i l -
cement compositions, the same way it in
fluences the relationship between s t r e s s 
and s tra in . The point x which is plotted in 
the graphs gives the values for the s t r e s s 
of 0.33 s Q. 

Influence of C l a y Content 

While in the case of cement it was the 
maximum content which gave the greatest 
strength and the related elast ic proper
t ies , here it is the optimum clay content 
of the soi l (about 25 percent). The c h a r 
ac ter i s t i c s are the same for a l l cement 
ratios . The different soi ls show different 

Figure 8. Presentation of «° and* curves. 
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T A B L E 2 

Soil Cement: 
Soi l 

0.33 s D 

kg/cm* 

E e 

kg/cm* 

mg 

A 
1:6 
1:8 
1:10 

29.8 
19.7 
14.2 

138 500 
112 250 
91 000 

8.35 
7.25 
7.05 

C 
1:6 
1:8 
1:10 

40.0 
26.7 
19.2 

143 000 
114 000 
93 000 

8.00 
7.50 
7.35 

D 
1:6 
1:8 
1:10 

24.2 
16.7 
13.5 

93 000 
83 500 
66 500 

9.00 
7.75 

10. 56 

F 
1:6 
1:8 
1:10 

17.85 
13.00 
10. 00 

46 000 
38 500 
29 650 

11.1 
14.3 
18.75 

angles of the l inear portion of the s t r e s s -
s tra in diagram with the s train ax is . While 
the curve for the sandy so i l s tarts with a 
relat ively steep angle and then curves 
strongly into the upper flat part , the c lay 
soi ls s tart with a f latter tangent, which is 
character i s t i c for them. One can say 
therefore: 

The c lay content i s character ized by 
the angle of the tangent in the working 
range and by the curvature at 0.6 S D " T h e 
influence of the c lay contents is shown in 
F igure 12. The plotted points x give again 
the values for 0.33 s £>. 

P r a c t i c a l Values for Modulus of E las t i c i ty 
and Poisson's Number. 

The 0.33 s D line seems to be especial ly 
suited for the fixing of pract ica l average 
values for the modulus of elasticity and for 
Poisson's number. F i r s t , in this s t r e s s 
range l i e s the main use of soil-cement; 
second, a l l values converge quite strongly 
at this point and tend to become steady 
after initial wide fluctuations. In Table 2, 
average values from the experiments a r e 
given for the s t r e s s of 0.33 s D- The f o l 
lowing tendencies can be recognized: (1) 
the modulus of elasticity decreases with 
decreasing cement content and with i n 
creas ing c lay content and (2) Poisson 
number {p increases with increasing clay 
content; the influence of the cement con
tent appears to be indifferent or to depend 
upon the c lay content, because in the case 

of sandy soi l s the m-values f a l l with de
creas ing cement content while they i n 
crease strongly in the case of c lay so i l s . 

An increase of the Poisson numbers 
indicates increasing compressibi l i ty of 
the mater ia l . The mater ia l can be c o m 
pressed into itself with little la teral s tra in . 
Incompressible l iquids, especial ly water, 
have the smal les t possible Poisson n u m 
ber m = 2 ((1=0.5) which signifies volume 
constancy. Soil-cement with high c lay 
content and low cement content possesses , 
therefore, a great compressibi l i ty in addi
tion to a large range of elasticity. 

S U M M A R Y AND P R A C T I C A L S I G N I F I 
C A N C E O F T H E R E S U L T S 

On the bas i s of the performed tests it 
could be established that soi l -cement i s 
bas ica l ly s i m i l a r to Portland cement con
crete , with respect to s t r e s s s train r e l a 
tionships. 

Specif ical ly , the following important 
resul ts shal l be stated: (1) determinant 
for the elast ic behavior of soi l -cement is 
i ts compress ive strength; (2) this can be 
influenced by densification, cement con
tent, water content, and c lay content; (3) 
up to one-third of the compress ive strength, 
one can assume a l inear s t r e s s - s t r a i n 
diagram for soil-cement; (4) dependable 
values for moduli of elast icity and s u f f i 
ciently accurate Poisson numbers a r e 
available for the range of pract ica l appl ica
tion; and (5) they a r e functions of the 
s t r e s s and depend strongly upon the cement 
content and on the c lay content; as average 
values may be taken:E = 100,000 kg. per 
sq. c m . and m = 7. 5 (|i — 0.13). 

On the bas i s of these investigations it 
appears possible to judge correct ly the 
elast ic behavior of soi l -cement as a func
tion of the cement and clay contents and to 
obtain dependable values for the dimen
sional design of pavement sections. 

er, 

Figure 10. Character is t ic s t r e s s - s t r a i n 
diagram of soil-cement. 
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