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Effect of Calcium on the Continuity of 
Electroosmotic Flow Rate 
R A L P H L . R O L L I N S , Engineering E^qperiment Station, 
Iowa State College, Ames 

Introductory R e m a r k s by the Chairman: L a r g e - s c a l e use of the electroosmotic 
phenomenon appears to have been mainly in the drainage of f ine-grained natural 
soi ls . F o r this, relat ively low e lectr ic potentials are employed, and inter­
ference by chemica l and polarization phenomena has been reported to be p r a c ­
t ical ly negligible. C h e m i c a l phenomena, however, have been uti l ized in e lec­
troosmotic stabilization of fr ict ion pile systems and have been observed in lab­
oratory studies on soi ls in which the exchange ions were var ied . 

Much experimental work with chemical ly well-defined soi l s and employing a 
wide range of e lec tr ic potentials remains to be done before electro'6smosis can 
become a dependable tool m so i l stabilization. It i s gratifying, therefore, that 
the Engineering Experiment Station of Iowa State College has attacked this prob­
lem on a wide front and that Rol l ins i s presentingus with the f i r s t resul ts of this 
attack on the effect of ca lc ium on the continuity of the electroosmotic flow rate. 

• T H E bearing capacity of a subgrade i s a 
function of moisture content. A large num­
ber of pavement fa i lures can be attributed 
to the loss in subgrade support which takes 
place when excess moisture accumulates. 
It follows that any method of controlling or 
reducing this accumulated moisture fa l l s 
into the category of soi l stabilization. 

A number of investigators have shown 
that moisture content beneath pavements 
fluctuates throughout the year , increas ing 
during the cold months and decreasing 
during the warm periods. 

The mos t - cr i t i ca l t ime, so far as sub-
grade bearing support i s concerned, i s 
during the thawing period in the ear ly 
spring. If some means were available 
for removing the excess moisture at that 
time, it seems reasonable to expect that 
the performance of the pavement would be 
considerably improved. 

One possible means of removing this 
excess moisture which appears to have 
some possibil i t ies i s e lectro6smosis , or 
the movement of moisture by an e l ec t r i ca l -
potential gradient. 

P R E V I O U S W O R K IN ELECTR06SM0SIS 
I N S O I L S 

Space does not permit the inclusion of a 
complete review of a l l previous investiga­
tions in e lectroosmosis of so i l s ; however 
Casagrande (2) has reviewed the subject in 
a recent publication. Unfortunately, in 
many cases too little attention has loeen 
paid to the physicochemical charac ter i s t i c s 
of the soi l , and that makes it impossible 
to project the resul ts to other areas . 

Winterkorn (6) has presented data show­
ing the relative electroosmotic permea­
bi l i t ies for homoionic modifications of a 
soi l involving the usual cations likely to 
be associated with the e lectroSsmosis of 
so i l s . The flow of water for constant 
amperage was very slow for C a , Na, and 
K and contained a high percentage of sus ­
pended colloids. Mg and F e soi l s gave a 
regular and c lear flow up to approximately 
one hour, while the current density had to 
be reduced for A l and H sys tems ear ly in 
the experiment when the res is tance of the 
sample became so large that the power sup-
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1 
2 
3 
4 
5 
7 
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T A B L E 1 

P H Y S I C O C H E M I C A L P R O P E R T I E S O F T H E S O I L S 

Cat. E x c h . C a . and Mg. Conductivity 
Sample Cap. PH Expressed of Organic 

No. M. E . / l O O g as C a C O s ^ Sat. E x t . Matter M. E . / l O O g 
M i l l i m h o s / c m 

1 40.2 7.95 3 .0 0.386 
2 24.4 6.7 1.6 0.277 0.37 

3 18.2 7 .0 1.9 0.342 0.18 
4 30.4 6.25 1.6 0.145 
5 11.2 8 .4 10.3 1.21 0.24 
7 39 .6 7 .0 3 .0 0.347 
8 23.0 7.75 9.8 1.09 

Sample 
Atterberg L i m i t s Mechanical Analys i s 

No. L . L . P . L . P . L ^0 Sand ^0 Si lt C l a y ^ i * 

71 .5 
51.9 
39 .4 
70,6 
29.6 
70 
55 

24 .5 
18.5 
26.9 
21.9 
27.3 
36 
23 

47 
33. 
12. 
48. 

2. 
34 
32 

0, 
2. 
8. 
4 

19 
24 

11 
7 
0 
2 

27.89 
60.2 
70 .6 
31 .0 
82 .6 
26 
30 

70 
39 .4 
27 .4 
60.8 
13.4 
55 
45 

L e s s than 5 microns . 

ply was insufficient to maintain it. E c o ­
nomic yields were lowest for C a , K , and 
Na modifications, medium for Mg systems, 
and greatest for H and A l soi l s . 

Casagrande U), who has been a prol i f ic 
wri ter with respect to e lectroosmosis and 
electrochemical hardening in so i l s , sum­
m a r i z e s his ejqperience as to the continuity 
of flow in systems in which the electrodes 
a r e in contact with the so i l a s follows: ' 'The 
rate of discharge of water at the cathode, 
continuous for many weeks at an almost 
constant rate , f inal ly drops off gradually 
with a corresponding decrease in the e l ec ­
t r i c c u r r e n t . " 

Winterkorn (7), using the Schmidt con­
cept for micro sys tems , has developed 
equations relat ing electroosmotic p e r ­
meability to porosity. He presents data to 
show that in general the e ^ e r i m e n t a l 
curves are quite s i m i l a r to the theoretical 
curves; however in the expanding lattice 
type c lays , such as bentonite, the electro-
osmotic permeability porosity relationship 
i s affected by hydration of the c lay mice l l e s . 

T h i s paper represents the in i t ia l phase 
of a broad program of r e s e a r c h having to 

do with electroosmosis in soi l s . Spec i f i ­
cal ly this paper shows the effect of ca lc ium 
and magnesium on the continuity of the 
electrodsmotic-f low rate . A n attempt i s 
made to show the reason for this effect a s 
well as to suggest a possible use of natural 
ca lc ium and magnesium in so i l s a s s tabi l ­
izing agents. 

T E C H N I C A L R E Q U I R E M E N T S F O R 
E L E C T R O O S M O T I C D R A I N A G E 

The following three general questions 
associated with electroosmotic drainage 
must be answered before the techmcal 
feasibil ity of such an operation can be 
c l ear ly defined, but it i s not believed that 
they have been fully answered up to the 
present: 

1. Under what conditions i s it possible 
to remove moisture f r o m a saturated so i l 
by electroosmosis , and what pre-test ing 
procedures need be adopted? Involved in 
this question a r e such things a s : (1) What 
i s the relat ive ability of the common so i l 
cations themselves to transmit water in 
e lectroosmosis as differentiated f r o m the 
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effect they have on hydration and swel l ing? 
(2) What i s the effect of hydration and 
swell ing on electrodsmotic permeabi l i ty? 
(3) What i s the influence of the type of clay 
minera l on electroosmotic f low? (4) How 
do var ious types and quantities of soluble 
salts affect the movement of moisture in 
e lectroosmosis ? (5) Howdoes the electro-
osmotic-f low rate vary with the poros i ty? 

2. Assuming that water can initially be 
removed from soi l , i s it possible to con­
tinue this removal over an extended period 
of time ? T h i s question i s not completely 
independent of the f i r s t one, for it involves 
in addition a consideration of electrode 
react ions and over-potentials, type and kind 
of electrodes and the positioning of the 
electrodes. Solubilities of the various corn-

were c lays with the exception of two, which 
were s i l t s . Phys ico -chemica l data for 
these soi l s are presented in Table 1. The 
combined calc ium and magnesium was de­
termined by leaching the samples with 
1.5N H C l and titrating with versinate. 
The resu l t s a r e expressed in equivalent 
ca lc ium carbonate. B a s e d on actual de­
termination of exchangeable cations for 
some of the so i l s and a comparison of the 
ca lc ium versus magnesium content p r e ­
viously determined by other investigators 
for so i l s found in s i m i l a r areas , it i s be­
lieved that the ca lc ium content was con­
siderably greater than the magnesium 
content for these so i l s . 

It i s observed that a l l soi ls have con­
siderably more than enough ca lc ium and 
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Figure 1. Electroo 

pounds of the normal exchangeable cations 
at var ious pH must be considered; s ince 
any electrotfsmotic operation on soi l s tends 
to replace the base ions with the hydrogen 
ions. 

3. How much can the moisture content 
be reduced below the saturation pomt, and 
how I S it affected by current density, por­
osity, clay minera l type, and adsorbed 
cation ? The importance of this question i s 
obvious. F o r a given dry density the sup­
porting power of a subgrade i s a function of 
the moisture content, and the reduction in 
moisture content below saturation i s a 
measure of the improvement in the subgrade 
bearing capacity. 

M E T H O D S AND P R O C E D U R E 

A l l of the so i l s used in these experiments 
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magnesium to sat isfy the exchange com­
plex of the soi l . T h i s condition i s found m 
many of the Iowa soi ls . 

The rad ia l flow apparatus used in these 
experiments i s shown in F igure 1. D irec t 
current was made available by using a 
transformer and rec t i f i er . Holes were 
dr i l led in the top plate of the apparatus 
for observing changes in the e l ec tr i ca l 
potential gradient. The soi l s were mixed 
thoroughly with water at approximately the 
liquid l imit before being placed in the ap­
paratus. The water level at the anode and 
cathode were maintained at the same ele­
vation so there was no pres sure flow. An 
applied voltage of 30 volts was used in a l l 
experiments, and periodic observations 
were made of the current and flow rate. 

o 15 

20 25 30 
Time in hours 

Figure 3. 

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

Relationship between electroosmotic 
flow rate, e l ec tr i ca l current , e l ec tr i ca l 
potential gradient and time. 

F i g u r e s 2 through 8 show the flow rate 
in m i l l i l i t e r s per hour as a function of 
time. In a l l ca se s there i s a considerable 
reduction In the flow rate with time. Soils 
1, 2, 3, 4, and 7 have equivalent ca lc ium 
carbonate percentages ranging f r o m 1. 6 to 
3 percent. 

The reduction in flow rate i s much l e s s 
for the s i l ty so i l s than for the c lays . A 
comparison of Soil 4 with Soil 3 (a clay 
and s i l t , respectively, having approxi­
mately equal equivalent ca lc ium carbonate 
contents) shows very c l ear ly this effect. 
Soil 5 i s a s i l t , and Soil 8 i s a clay; and 
both have equivalent ca lc ium carbonate 
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percentages of about 10. In this example 
the reduction in flow rate also i s greatest 
for the clay, although the reduction i s lower 
for both than in soi ls with l e s s ini t ia l c a l ­
c ium. 

The reduction in e l ec tr i ca l current 
closely paral le led the reduction in the f low 
of water; the current typically rose during 
the f i r s t hour or so and dropped off there­
after. F igure 9 i s a plot of accumulative 
flow in m i l l i l i t e r s per hour as a function of 
the accumulative charge in coulombs. The 
l inear relationship between flow and charge 
on this plot i s character i s t i c for a l l so i l s , 
which indicates that the reduction in flow i s 
p r i m a r i l y caused by the reduction in c u r ­
rent, s ince electroosmotic flow i s known to 
be directly proportional to the current . 

E l e c t r i c a l potential measurements were 
made periodical ly throughout an e}q)eri-
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ment. F igure 10 shows a typical plot of 
e l ec tr i ca l potential versus the Log T/TQ at 
the beginning and end of an experiment, 
where r equals the radius f r o m the center 
of the cathode to a point in consideration 
and r ^ i s the radius of the cathode. A s 
mightbe expected such a plot i s l inear at 
the beginning of an experiment. A s time 
elapses there i s a continuous increase in 
the res i s tance toward the cathode in com­
parison with that toward the anode. T h i s 
process continues until the majority of the 
res i s tance i s concentrated in the vicinity 
of the cathode. 

C H A R A C T E R I S T I C S O F S O I L B E T W E E N 
A N O D E AND C A T H O D E A F T E R 

E L E C T R O O S M O S I S 

V i s u a l inspection of the so i l in the e l ec -
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troosmotic apparatus at the completion of 
a run showed that a dense core developed 
around the cathode. 

A sharp line of demarcation was evident 
between the remainder of the so i l and the 
core. The moisture content within the 
core was considerably l e s s than in the 
surrounding so i l and the cores for the 
c lays appeared to be more compact than 
those for the &ilts. Table 3 shows the 
equivalent ca lc ium carbonate and the pH 
for the raw soi l , the so i l at the anode, and 
the so i l at the cathode at the completion of 
the experiment. A s might be expected, the 
pH of the so i l at the anode decreases and 
that of the so i l at the cathode increases with 
the pH of the r a w so i l . The table also 
shows that considerable amounts of equiva-

^ 20 

Figure 7. 

5 10 IS 20 25 30 35 40 45 50 
Time in hours 
Figure 8. 

lent ca lc ium carbonate had collected at the 
cathode. Table 2 shows a comparison of 
the part ic le s ize distribution for the raw 
so i l and for so i l taken from around the 
cathode for Soil 1. It should be noted that 
the sample for this analys is had been a l ­
lowed to a i r dry for s e v e r a l days. C o m ­
parative Atterberg l imi t s are also l isted in 
this f igure. 

D E M O N S T R A T I O N O F OHMIC O V E R -
P O T E N T I A L A T T H E C A T H O D E 

During normal experiments the cathode 
used was a ^z-inch perforated b r a s s tube 
direcUy in contact with the soi l . T h i s type 
of cathode was modified by inserting a %-
inch b r a s s rod into the center of the old 
cathode. T h i s rod when insulated f r o m the 
half - inch tube then served as the cathode. 
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Figure 9. Relation between the accumulative 
electroosmotic-flow rate and accumulative 

charge. 

The annular space between the rod and tube 
was f i l l ed with dist i l led water, and the 
same water levels a s before were main­
tained. A ser i e s of e:qperiments were 
c a r r i e d out using this type of system. A 
typical plot of the resul ts for Soil 1 i s 
shown in F igure 11. 

The current and the flow rate a r e plot­
ted as ordinates and the time as the abs­
c i s s a . An experiment was started with 
dist i l led water around the cathode. In i t ia l ­
ly the current rose a s salts moved into 
solution around the cathode. Then ca lc ium 
hydroxide was deposited on the /^s-inch-
diameter electrode with a consequent 
severe reduction in current and a s i m u l ­
taneous reduction in flow rate. At periodic 
intervals the cathode was removed and 
cleaned, after which the current and flow 
rate both increased and then decreased as 
the ca lc ium hydroxide deposited. Such ex­
periments were c a r r i e d on for approxi­
mately 12 hours, and it was noted that 
there was a gradual reduction in flow as 
wel l as in current . Examination of the 
soi l around the cathode showed that c a l ­
c ium had been deposited and that some 
cementation of the so i l part ic les had taken 
place, which possibly accounts for the 
overa l l reduction in flow rate . 

F igure 12 shows the relation between 
specif ic conductivity and time for Soils 1, 
3, 4, and 5, which had been mixe& at ap­
proximately the liquid l imit with 4 percent 
of ca lc ium hydroxide. Note that for a l l 
soi ls there was a decrease in conductivity 
with time which was greatest for the c lays . 

TABLE 2 

A COMPARISON OF THE PHYSICAL PROPERTIES OF 
THE NATURAL SOIL AND THE CATHODE SOIL 

S o i l l 
Atterberg L imi t s Mechanical Analysis 

% Sand % Silt % CUy 

Natural Soil 
Cathode Soil 

71.5 24 5 47 
53 3 39. 5 13 8 

2.11 27 89 70 00 
37.60 27 65 34 75 

TABLE 3 

A COMPARtSON OF EQUIVALENT CALCIUM CARBON­
ATE, AND pH FOR THE RAW SOIL, SOIL AT THE 

ANODE AND SOIL AT THE CATHODE 

Equivalent Calcium Carbonate % 

Soil Raw Soil Anode Cathode Raw 
Soil 

Anode Cathode 

1 3 0 2 0 10 7 7.95 3 93 10.10 
2 1 6 1 5 8 0 6.70 4.10 10.20 
3 1 9 1 3 5.8 7 00 4 50 8 43 
4 1 6 1 1 7.3 6 25 3.90 9.10 
5 10 3 8 0 13 4 8.40 7.60 9.60 
7 3 0 1 4 6.5 7.00 4 20 9 20 
8 9 8 7 8 10 2 7.75 7 40 9.50 

DISCUSSION O F R E S U L T S 

Many of the resul ts given above can be 
e:q>lained by elementary e lectrochemistry. 
In e lectrochemistry the standard electrode 
potential of an element i s a measure of the 
tendency of that element to f o r m positive 
ions in solution. The more positive (Amer­
ican convention) an electrode potential i s , 
the greater i s i ts tendency to form positive 
ions; and the more negative the standard 
potential, the greater i s the tendency to 
gain electrons to f o r m negative ions. 
Standard electrode potentials Tiold only for 
unit activity; however the electrode po­
tentials may be computed at other concen-
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Figure 10. Relation between the e l ec t r i ca l 
'potentifil and the log r / r , . . 
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trations if the activity i s known. If two 
cations compete at an electrode for e lec ­
trons, the one with the more negative 
electrode potential tends to be discharged 
f i r s t . 

Ca lc ium has one of the highest standard 
electrode potentials of any of the elements, 
and it does not f o r m metall ic ca lc ium at 
ordinary temperatures in aqueous solu­
tions. The other most common cation 
l ikely to be available to accept electrons 
in the system described above i s hydrogen. 
Hydrogen gas then i s l iberated at the 

4.5 

the drop in current . F igure 11 shows that 
the reduction in current i s associated with 
the deposition of ca lc ium hydroxide on the 
metal surface of the cathode, and F igure 
12 shows that the current wi l l also be r e ­
duced when calc ium hydroxide i s deposited 
in the so i l . The cementing affect, indicated 
by the changes in part ic le s ize distribution 
and consistency l imits , undoubtedly blocks 
some of the exchange positions and r e s t r i c t s 
the movement of ions in these areas . 

Considerable densification developed 
around the cathode, and some of the r e -

E l e c t r o d e c leaned 

5 6 7 8 
T i m e in hours 

9 10 I I 12 

Figure 11. Relat ion between current , flow rate , and time for 
special cathode. 

cathode, and hydroxl ions tend to accumu­
late. Table 4 shows the pH at which the 
hydroxides and bas ic salts of various c a ­
tions precipitate. Thus a l l ca lc ium ions 
accumulating near the cathode wi l l usually 
precipitate a s ca lc ium hydroxide. Other 
cations, such as the f errous ion, w i l l 
precipitate as hydroxides when they reach 
the appropriate pH value in the e lectro-
dsmotic system. 

F igure 9 shows in addition that the r e ­
duction in flow i s directly proportional to 

TABLE 4 

THE pH AT WHICH SOME METAL HYDROXIDES OR 
BASIC SALTS ARE PRECIFITATED 
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Metal pH Metal pH 

Fer r ic 2.3 Nickel 6.7 
Aluminum 4.1 Magnesium 10 5 
Zinc 5.2 Calcium Sparingly Soluble 
Cupric 5.4 Potassium Soluble 
Ferrous 5.5 Sodium Soluble 

n 1 1 1 1 1 1 1 r 

\ 

_i I I I I I I I L. 
10 20 30 40 so 60 

Time in hours 

70 80 90 100 

Figure 12. Relation between speci f ic con­
ductivity and time for s o i l s treated with 

4 percent of CaOti2. 
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duction in flow might have been due to the 
reduction in the porosity at this position. 
Soils taken f r o m around the cathode de­
veloped a f a i r amount of strength, even 
though the porosity at the liquid l imit was 
quite high. The so i l s were also consider­
ably waterproofed, a s was evidenced by the 
fact that no slaking took place after extended 
periods of soaking. T h i s stabil izing effect 
in soi ls high in ca lc ium probably should be 
investigated further. 

Note that the data so f a r presented p e r ­
tain to rad ia l flow. E ^ e r i m e n t s have been 
conducted with rect i l inear flow m an ap­
paratus approximately 6 inches square and 
l^g inches deep. These experiments were 
c a r r i e d on for approximately 30 hours for 
Soil 1. The densely ca lc i f ied section around 
the cathode was approximately ft inch 
thick, and the flow rate and current dropped 
off to a considerable extent although not 
quite a s rapidly a s in radia l flow. Iron 
electrodes were used, and the formation 
of a band of ferrous hydroxide was ob­
served immediately behind the ca lc ium 
hydroxide after a period of about 48 hours. 
T h i s formation further reduced both the 
current and the flow. 

These resul ts indicate that before 
e lectroosmosis can be used to dewater 
so i l s of this type some method must be 
developed to prevent deposition of the 
ca l c ium, or provisions must be made for 
cleaning the cathode. An alternative to this 
system might be to deposit the ca lc ium in 
the surface of the subgrade followed by a 
relocation of the electrodes for dewatering. 

F r o m the above discuss ion, it i s a lso 
evident that anodes such as iron should 
not be used for e lectroosmosis in so i l s 
s i m i l a r to those used in these investiga­

tions. Experiments a r e now under way to 
determine the possibil ity of using as anodes 
plast ic mater ia l s coated with various co l ­
loidal graphite mater ia l . R e s e a r c h d i ­
rected toward the development of prac t i ca l 
means of depo lar iz i i^ the cathode i s also 
continuing. 

S U M M A R Y 

T h e resu l t s of this investigation show 
that the electroosmotic flow rate for so i l s 
relat ively high in ca lc ium i s character ized 
by a relat ively high init ia l flow rate which 
drops off rapidly with t ime. The reduction 
in flow i s greater for c l a y s than for sand. 
Analys i s of the so i l between the anode and 
cathode at the completion of a run shows 
that the pH has decreased at the anode and 
increased at the cathode and that consider­
able amounts of ca lc ium hydroxide has de­
posited at the cathode. T h i s ca lc ium hy­
droxide coats the metal l ic cathode, cements 
the soi l part ic les , and densif ies the so i l 
adjacent to the cathode. It i s shown that 
the f i r s t two effects considerably increase 
the e l ec t r i ca l res i s tance and decrease the 
current flowing in the system. It i s f u r ­
ther shown that the reduction in flow of 
water i s direct ly proportional to the r e ­
duction in e l ec t r i ca l current . 
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Elastic Behavior of Soil-Cement Mixtures 
F R I E D R I C H R E I N H O L D , P r o f e s s o r of Highway and Municipal Engineering, 
Technica l Universi ty , Darmstadt, Germany 

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 


