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ABSTRACT

Analyses show that the volume changes and pore water pressure
variations that develop in saturated soils as a consequence of
temperature changes can be expressed in terms of the thermal expan-
sion of the soil components, compressibility of the soil and
physico-chemical effects.

Drained triaxial tests on saturated, remolded illite under
constant all round confining pressure showed that significant
permanent volume decreases may develop during the first cycle of
heating. These volume decreases are interpreted as due to irrever-
sible physico~chemical adjustments needed to enable the soil to
carry the applied effective stresses. Temperature induced volume
changes appear analogous to pressure induced volume changes with
temperature increase causing a decrease in sample volume and tempera-
ture decrease leading to a volume increase.

The compression index of remolded illite has been found to be
independent of temperature; however, the higher the temperature the
lower the void ratio at any given consolidation pressure.

The theoretical analysis gives reasonably good estimates of the
pore pressure change caused by temperature variations undef undrained
conditions. The magnitude of the pore pressure change is controlled
primarily by the compressibility of the soil sample and the thermal

expansion of the pore water, with the greatest pore pressure changes



asscciated with the smallest compressibilities. A temperature
induced pore pressure parameter has been defined as the change in
pore pressure per unit change In temperature per unit effective
stress. This parameter is in the range of 00,0075 to 0.010 per °F
for several clays.

Knowledge of the effects of temperature changes on the volume
and effective stress in saturated clays is useful for assessing the
effects of temperature variztions on properties of soils in the
field, the determination of the effect of differences between field
and laboratory temperatures on behavior, the assessment of neces-
sary laboratory temperature control during undrained tests, and the

study of physico-chemicsl phencmena in soils.



APPENDIX IT

Notations

The following symbols are used in this paper.

3]

(AV_ )

DR™AT
(Avm)AT

(AVS)AT

li

swelling index
void ratio
change in pore pressure per unit change Iin temperature per unit
effective stress = ég/d'.
AT
compressibility of mineral solids under an all-round pressure
compressibility of mineral solids when particles are subjected
to concentrated loadings
compressibility of water
porosity
pressure
temperature
pore water pressure
total volume of soil specimen
volume of mineral solids
volume of pore water
thermal coefficient of cubical expansion of mineral solids
physico-chemical temperature coefficient of soil structure
volume change
thermal coefficient of cubical expansion of soil water
volume of water drained due to temperature change

change in volume of soil specimen due to temperature change

change in volume of mineral solids due to temperature change



(Avst)AT

(AVW)AT

il

change In volume of soil structure due to temperature induced
changes in interparticle forces
change in volume of water due to a temperature change

effective stress
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INFLUENCE OF TEMPERATURE VARIATIONS ON SOLL BEHAVIOR

by

Richard G. Campanellal A.M.ASCE and James K. Mitchel1? M.ASCE

INTRODUCTION

A pumber of studies have established that the engineering properties
of so-ls can be influenced significantly by temperature variations.
Finn (1)3 and Paaswell (2), among cothers, have investigated the effect of
cemperature on consolidation. Temperature effects on interparticle
forces, pore water pressures, and swelling have been considered by Lambe

,4,5). Ladd (6), Scott (7), Mitchell (8}, Duncan and Campanella {(9),

(5]

{
and others have investigated the effects of temperature variations on

s0il strength. Murayama and Shibata (10) end Mitchell and Campanella (11)
have illustrated the influence of temperature on soll creep. Pore water
pressurs variarions and volume changes associated with temperature changes

AT
PRt

been discussed by Mitchell and Campanella (11), Henkel and Sowa (12)

i

znd Duncan and Campaneila (9).

Not only do temperature variations have an effect on the engineering
properties that may be important in field application, but also it is now
generally recognized that close temperature control is needed in many

types of soil testing. In addition knowledge of behavior as a function of

*rssistant Professor of Civil Engineering, University of British Columbia,
Vancouver, B.C., Canada.

ZAssociaLe Profeszor of Civil Engineering, University of California,
Berkeley, California.

3. : - . . . . .
Numbers in parentheses rerer to corresponding items in the Appendix.



temperature can provide a basis for the study of mechanisms controlling
the flow and deformation properties of soils as shown by Andersland and
Akili ¢13) and Mitchelli, Campanella and Singh {(14).

That temperature variatlions may indeed cause signifilcant variations
in the vclume and effective stress of saturared cliays is shown in Figs. 1
and 2. Fig. 1 shows the percentage of original pore watexr volume drained
from a saturated specimen of illite subjected to & temperature lncrease
from 66°F to 1A0'F followed by ceoling to 66°F, In this test the specimen
was maintained under a constant all round effective stress, Ué, of 2.0 kg
per sq.cm. The temperature changes were made in increments as detfined by
the numbered points in Fig. 1. In each case the change in temperature was
made capidly and the sample was allowed to draip freely until equilibyium

had been established.

b

B

Fiz. 2 shows the variartion of effective stress, Oé, with temperature
under undrained conditions for the same material subjected to the same
temperature variations. Lt may be seen that a very iarge pore water pres-—
.uve developed as a result of heating which dissipated, but not reversibly,
during the subseguent cooling.

The purposes of this paﬁer are to further iilustrate behavicr of
the type shown in Figs. 1 and 2, to interpret the causes of this behavicr
in rerms of fundamental soil parameters, and to consider some practical

implications.
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THEORETICAL ANALYSIS OF TEMPERATURE EFFECTS ON VOLUME CHANGES

AND PORE PRESSURES IN SATURATED SOILS

Drained Conditions

Volume changes due to temperature variations under conditions of
constant effective stress may be considered in terms of the temperature-
dependent properties of a given saturated soil. These volume changes
result from the thermal expansion of the mineral solid and pore water,
and any changes in the soil structure resulting from temperature changes.

The change in volume of the pore water due to temperature changes

can be expressed as
(AVW)AT = awVWAT . . . . (1)

where uw = thermal coefficient of cubical expansion of soil water,

VW = volume of pore water,\and
AT = temperature change.

The change in volume of the mineral solids due to temperature

changes can be expressed as

(AVS)AT = asVSAT . . o o (2)

where O thermal coefficient of cubical expansion of mineral solids,

and Vv volume - of mineral solids.

s
Consider conditions in which a saturated soil specimen is free to

drain at constant effective stress. The volume of water drained from the

sample due to a temperature change can be expressed as
(AVDR)AT = (AVW)AT + (AVS)AT - (Avm)AT . . (3)

where (AVm)AT = change in volume of the soil specimen due to a temperature

change.




The negative sign in Eq. 3 1s necessary since all wvolume increases
are considered positive. For example, if during & temperature change
the increase in the wvolume 5I specimen, (Avm)AT’ were equal to the sum
af the increases of the pore warer volume, (AVW)AT, and the solids volume,
(AV then no water would be drained from the specimen and (AV_ )
{ S)AT’ then no water wou d n f e 3D { DR’ AT

would egqual zero. Combining Egs. 1, 2 and 3 gives

{AV

_DR)

= &wvaT * QSVSAT - (&Vm)AT : ) (4)

AT

T¥ the scii grains are in mineral to mineral contact and the tempera-
ture is changed, then each particie will undergo the same volumetric
strain (assuming the coeff.cient of thermal expansion to be the same for
a1l the soil minerals present} and the whole soil mass will undergo the
came volumetris strain. This volumetric strain will be given by aSAT; In
sddition a further change in volume may result from a temperature induced
change il interpariicle forces which requires some reorientation OF relative

movemant of soll gralns in order to permit the soil skructure to carry the

[41]
P
Ft

ective stress. 1f the volume change of the soll due to this

affecr is designated by (AVS )

& AT? then the total change in volume of the

Y )0 = 0 VAT + (AT, Jpr . w (5)

Undrained Conditions

Pore water pressure chanpges may develop during temperature changes
of = saturated soil under undrained conditions as shown by Fig. 2. The
governing criterion for andrained conditions is that the sum of the
separate volume changes of the soil constituents (pore water and mimeral

solids) due to both temperature and pressure changes must equal the sum



of the volume changes of the total soil mass due to both temperature and

pressure changes. This can be written as

(AVW)AT + tAVS)AT -+ (AVW)AP + (AVSJAP = (AVm)AT + (AVm)AP . (&)

where AV
W

AV

5

AV
i

= yolume change of pore water,

volume change of mineral solids,

i

volume change of soil mass

The subscripts AT and AP represent "due to" temperature and pressure

change respectively.

Also,

where

and

where

m
W

Au

LAVW;AP = meWAu . . . . (73

It

compressibility of water, and

change in water pressure;

]

(AVS)AP = mSVSAu + méVSAG' . . . (8)
mg = compressibility of mineral solid under an all round pres-
sure,
m; = compressibility of mineral solids when particles are
subjected to concentrated leadings,
Ac' = change in effective or intergranular stress,

mSVSAu = change in volume of mineral solid due to a change in pore

pressure, and

m;V“AU' = change in veclume of mineral sclid due to a change in
o

intergranular stress¥®;

*Changes in intergranular stress will manifest themselves by changes in the
forces transmitted at interparticle contacts.



and

(AVm)AP = mVVmAU . . . . (9

where woo= compressibility of soil mass or goil structure.
Substituting Eqs. 1, 2, 7, 8, and 9 into Eq. 6 and rearranging terms

gives

o VAT + g VAT - (AV ) =m VAS" - m V Au - V_(m Au+m'Ac") (10}
Wow 5 B8 m” AT v om WOW s s S

If the total stress, O, remains constant during a temperature

change, then
Aot = - Au . . . . (11)
Substituting Eq. 11 into Eg. 10 gives

o AT + o VAT — {(AV ), =m V Ac' - m V Au - AuV_(m_-m')
w s s m” AT v m WowW s s S

Bur it is unlikely that m_ and m; are significantly different than each
other in magnitude, and also m and m; are much less than m, and m .

W

Thus little error will result from assuming m - m; = (0, and thersfore
oV AT + o VAT - {(AV ) = ~-m V Au - m V Au . (12)
W oW s s m” AT v m W oW

It may be noted that the left side of Eq. 12 is equal to (AVDR)AT’ the
volume of water drained from the soil due to a temperature change

{Zq. 4), and the right side is an equivalent change in volume caused
entirely by a2 change in pore pressure.

Combining Eqs. 12 and 5> gives

= - vamAu - mWVWAu (lé)

QWVWAT + uSVSAT - aSVmAT - (Avst)AT

Since v =V +V (i4)



Fg. 13 becomes

o VAT = o VAT ~ {(AV__) = -m V Au - m V Au . (15)
woW s W st AT v m WOW

v

: . . , . . W
Noting that for a saturated soll the porosity, n, 1S defined by Fl

m

equation (15) can be rearranged to give the pore water pressure change

accompanying a temperature change under undrained conditions,

{AV
AT( o)+ i st)AT
n {as W v nAT(o =0 )+ o AT
m s W st .
Au = = . {16)
m -+ m m -+ 1
g W v W

where ast = physico-chemical coefficient of structural volume change
caused by a change in temperature.

Thus the Ffactors controlling the pore pressure change are the
magnitude of the temperature change, the porosity, the difference
hetween the coefficients of thermal expansion for soil grains and water,
which should be approximately constant for all soils, the volumetric
strain due to physico-chemiczal effects, and the compresgibility ef the
soil structure. Sihce for most soils (but not rocks) m, F> mm

equation (16) can be approximated by

nAT(o - o )} + a_ AT
=] w ST

Ay = . . . (16a)
m
v

When written in this form it mav be noted that for a given tempera-
ture change the soil compressibility should have a dominating influence.
In the application of the above equatiomns consistency in algebraic signs
must be observed. Both o and o, are positive and correspond to a
volumetric increase with increasing temperature. The compressibilities,

m, and m, are negative since an increase in pressure causes 4 decrease



in volume, and ¢ is positive if an increase 1n Lemperaturse causes an

st
inzrease 1n volume of the soil structure. As shown subsequently O
s usually negative.

A series of experiments were carried out to test the relationships

developed above and to obtain data on the importance of temperature

induced volumetrric strains resulting from physico-chemical effects.

TEST EQUIPMENT

Specially designed triaxial equipment, which permits both control
of temperature and rapid temperature change under controlled stress
conditions, has been described by Mitchell and Campanella (1963).
Sample temperature was controlled by means of an air temperature environ-—
ment chamber surrounding the triaxial chamber. The sample temperature
was changed by circulating preconditioned water through the triaxial
celi until the sample reached the desired temperature. At that point
+rhe water circulation was stopped and the sample temperature maintained
comstant by means of the outer air conditioned chamber. Tempetrature
equilibrium was established about 20 minutes after the start of the
temperature change. This equipment can accurately (%1/2°F) and
independently control the temperature of four test specimens over the
range of 40 to 140°F. Sample temperature was measured with an iron-
constantan thermocouple encased in a 1/16-inch diameter stainless-
steel tube inserted about 1/2~inch into the base of the sample.

An electronic pressure transducer (Statham) mounted in the sample
base beneath the porous sione provided rapid and reliable pore pressure
measurements. Changes in sample length were measured by means of a

L0001 inch dial indicarcr. Test pressures were controlled by means of



precision air regulators (Fairchild=Stratos) which had a measured accuracy
i im 4 , .2
of #1/2 inch of water (:£.001 kg/cm ).

A volume change measuring device, as shown in Fig. 3, was entirely
enclosed wirhin the air temperature control environment surrounding the
triaxial chamber. Pore water volume changes could be measured to the

3 ; 3. 5 3 . _—
nearest .0l cm” using the 2 cm” pipette. The 10 cm™ pipette permitted
recharging or discharging the measuring pipette as needed.

The cylindrical test speclmens (1.4 inches in diameter by 3.5 Inches
long), surrounded by a slit filter paper side drain to accelerate dralnage
and pore pressure equalization, were drained at the base only, and were
wrapped in two rubber membranes separated by silicon grease and indepen-
dently sealed at top and bertom with O-rings.

Calibrations were reguired for accurate analyses of test data from

specimens subjected to changes in temperature as follows:

1. ALl pipettes were calibrated to indicate true volume at temperatures
other than 68°F, the reference temperature for the pilpettes.

2. The water volume im the porous stones and transmission lines was
determined as a function of temperature.

3. The components of the triaxial apparatus were corrected for change
in length with temperature variations.

4. A most important consideration in the present investigation was the
effect of temperature on the electrical output of the pressure trans-
ducers. Although the slope of the calibration curve of electrical
cutput versus pressure was independent of Lemperature, the zero polnt
did vary with temperature. This zero shift was not linear but was

unique for each transducer. Thus, the zero point for all transducers
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could be accurately determined at all temperatures. In some trans—
. ;2 _ .-
ducers, errors as large as 0.10 kg/em” would have resulted if these

corrections were not nade,

VOLUME CHANGE BEHAVIOR

Rate of Volume Change

In order to investigate the effect of temperature change on the
voiume of saturated clay, specimens were subjected to temperature
variations under conditions of constant isotropic confining and back
prassure.

Remclded iiiite specimens were comnsolidated initially under an
isotropic stress of 2 kgfamz at 65°F for a period of about 10,000 minutes.
At rhe end of this time further volume changes due to secondary compres-
s1on yeore negligible. The time required for the completion of primary
conselidation was about 700 minutes, and after 10,000 minutes the secon-
dary compression rate, denoted by the rate of volume change, was approxi-
mgrely 001 cmgfhz. Afrer consolidation the sample temperature was
changed daily and readings were taken periodically of the volume of water
expelied or absorbed by the sample, Sample height changes and tempera-
ture were also recorded.

The resulrs of two such tests are presented here. Fig. 4 shows the
result for Sample 1-V-%4 in the form of plots of volume® of water expelled
or absorbed by the sample against logarithm of time at each temperature.

The sample underwent three complete cycles of temperature changes over a

4The plotted volumes include the small volume changes of water in the
porous stone and transmission line.
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range of about 40 to 140°F. The inirlal temperature increase and decrease
were large (65 to 138 F and 138 to 65°F —- gee curves L and 2) compared

to subsaquent temperature changes. In each case the ordinate values
indicate the amount of water drained from the sample since the start of
the first cycle of temperature lncrease.

The results show that water drains out of the sample during tempera-—
fure increases and is abscrbed by the sample during temperature decreases.
Tt may be noted that the shape of all these curves ig similar to normal
consolidation curves where volume changes result from changes in effective
stress. In consolidation, water drainage takes place in order to dissipate
excess pore pressures resuliing from stress changes. In clay soils this

rainage 1s usually

"

a

3

-

etarded because of the relatively low permeability
cf the <lay and is orten followed by a significant rate ol secondary
comprassion. Fig. 2 shows that when sample temperature is 1lncreased pore

pressures iancrease and when sample tTemperature is decreased pore pressures

crease. These remperarure-induced excess pore pressures will dissipate
+f the sample is allowed vo drain, Thus, from the standpoint of dissipa-
tion of excess pore pressures, the process of consolidation due to
temperature changes may be analogous to that due to pressure changes.

The results in Fig. &4 indicate that for the first temperature
increage {(curve 1) the rate of secondary compression {rate at which
water was drained from the sample} was significant near the =nd of the
test period as compared with that prior to the temperature increase.
It is evident, however, that this high rate developed only during the
initial temperature increase, since the gsecondary compression rates
during subsequent temperature increases were small (curves 4 to 7 and

12 to 15). This behavior 1s similar to that commonly observed durin
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recompression cycles in the usual type of pressure induced consolidation
process. Secondary rebound rates were negligible during all of the
three cyvcles of temperature decreases. The following explanation 1s
offered for the volume change behavior described above.

During initial consolidation at constant temperature the void
ratio decreases until sufficient shearing resistance is developed
through interparticle bonds to resist the interparticle shear forces
resulting from applied boundary normal stresses. When the temperature
of a normally consolidated specimen is increased two effects occur.

If the increase in temperature is rapid a significant positive pore
pressure may develop, as shown by Fig. 2, even though the sample is
maintained under fully drained conditions. This excess pore pressure
results primarily from a greater volumetric expansion of the pore water
than of the mineral solids. The lower the permeability of the soil the
longer the period required for this pressure to dissipate. Dissipation
of this pressure can account for the parts of the curves in Fig. 4 that
resemble primary consolidation behavior.

The second effect relates to the influence of increased tempera-
ture on the strength of the soil structure. An Increase in temperature
causes a decrease in the shearing strength of individual interparticle
contacts. This decrease in interparticle bond strength may be considered
to result from the increase in thermal energy which acts in conjunction
with the shear force at interparticle contacts to increase the probability
of bond slippage or failure. As a consequence there is a partial collapse
of the soil structure, and a decrease in void ratio until a sufficient
number of additional bonds are formed to enable the soil to carry the

stress at the higher temperature. This effect depends only on properties
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of the soil structure and its rate is independent of pore water pressure
considerations. It is analogous to secondary compression under a stress

increase.

When the temperature is decreased reverse phenomena may be anticipated.

Differences between the volumetric shrinkage of the soil grains and water
gives rise to a tension in the pore water, which in turn causes the sample
to absorb water as shown by the temperature decrease curves in Fig. 4, A
secondary volume change effect is not observed in this case, however,
because the temperature decrease causes a stremgthening of the soil
structure and no further structural adjustment is needed to carry the
effective stresses.

On subsequent temperature increase cycles the secondary effect is
negligible since the structure has been previously strengthened so
that it can carry the effective stress at the higher temperature.

From the foregoing discussion it would be reascnable to conclude
that the larger the initial temperature increase the greater the rate
of temperature induced secondary compression. Upon subsequent cocling
followed by reheating, secondary compression rates should be small
provided the temperature increase does not exceed the initial temperature
increase. To test these conclusions a second sample of remolded illite,
essentially identical to the first, was tested. TIn the second test the
sample temperature was changed in increments of about 25°F over the
range of 40° to 140° for the first two cycles of temperature changes.
In the third cycle the temperature change was large, 65 to 139°F and
139 to 66°F. The results are shown in Fig. 5. It may be noted that
the secondary compression rate for the large irnitial increase in

temperature shown as curve 1 in Fig. 4 (0.32 cm3/log cycle of time) was
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very much greater than the secondary compression rate for the relatively
smaller initial increase in temperature shown in Fig. 5 (0.14 cmS/log
cycle of time). The secondary compression rate for the large temperature
increase during the third cycle, curve 17 in Fig. 5, was guite small,
however, amounting to 0.04 cm3flog cycle of time, thus supporting the
previously advanced concepts.

Except for the initial temperature increases, the results in Fig. 5
are essentially the same as those im Fig. 4. Curves 1, 2 and 3 in
Fig. 5 have the same characteristic shape as Type TI consolidation curves
reported by Leonards and Girault (15); whereas, Curve 1 in Fig. & is
characteristic of Type I Curves. Typical Type I and Type Il Curves for
undisturbed Mexico City clay are shown in Fig 6. According to Leonards
and Girault Type T Curves result under relatively high load-increment
ratios, of the order of 1.0. Type 1L Curves are cbserved when the load-
increment ratio is small or the load increment straddles the preconsclida-
tion pressure. It would appear that the similarity between temperature
induced and pressure-induced consolidation extends to the shape of the
volume change versus logarithm of time, since Curve 1 in Fig. 4
pertains to a large temperature-increment {73°F) and Curves 1, 2, and 3

in Fig. 5 are for small temperature increments (25°F).

Amount of Volume Change

In order to analyze quantitatively the data in Figs. 4 and 5 the
results have been summarized and plotted in Figs. 7 and 8, respectively.
The lower plot in Figs. 7 and 8 shows cumulative volume of water drained
from the sample as a function of sample temperature, and the upper plot

shows the corresponding sample height change. The values of water volume
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have been corrected for the thermal expansion and contraction of the water
in the porous stone base znd in the transmission line leading to the
drainage pipette. TFigs. 7 and 8 clearly show that the volume of water
drained from the sample during initial temperature increases was very much
larger than the volume of water absorbed into the sample when the sample
temperature was returned to its initial value. TIn addition, both Figs. 7
and 8 suggest that after the initial temperature increases, the volume of
water drained and absorbed by the sample was essentially reversible except
at the higher temperatures.

The volume change of the sample due to a temperature change may be
evaluated with the aid of Eq. 4. The thermal coefficient of cubical
expansion of water 1s not constant but can be determined for a given
change,uWAT, {(Handbook of Physics and Chemistry (16)), assuvming clay water
has the same volume change properties as pure water. The thermal
coefficient for the mineral illite is not available; however, it can be
approximated from measured thermal coefficient values reported for other
minerals. The Handbock of Physics and Chemistry {(40th Edition, pgs. 2239-
2246) gives a range from 0.15 - 0.52 x 1()—4 per °C for substances such as
Si02, AlZOB’ Quartz, Slate, Marble, and Brick Fire Clay. A representative
value for o would appear to he 0.35 x 10_4 per °C.

Consider the volume changes for Sample I-V-4. The values of (AVDR)AT
for Sample I-V-4 can be obtained from the lower plet in Fig. 7 which also
indicates the values of VW and VS. If temperature changes are referenced
to the initial sample temperature, then the sample volume changes due to
temperature changes, (Avm)AT’ can be evaluated for each of the peints shown
in Fig. 7 by substituting the appropriate values into Eq. 4. For example, the

sample volume change corresponding to point 1 in Fig. 7 is determined as follows.
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From Point 0 to Point 1: TO = 65.2°F(18.4°C), Tl = 138.3°F(59.0°C)

T, = T = AT = 40.6°C

1 o
(&Y ) yp = (o ATV + o VAT = BV ) At
(AVm)AT = (,0165 - .0014)37.8 + ,000035(38.6)40.6 ~ (1.300- - 0)
(Avm)AT = -0.675 _— and EE%EEQE = -0.88%
m
The negative value for (AV_; indicates a volume decrease. Computatlons

m” AT

proceed in the same manner for the other points in Fig. 7. The results

of the computations are shown in the Tower plot in Fig. 9., The upper plot
in Fig. 9 shows the corresponding cbservations of height change against
vemperature. TFor comparison purposes the percent unit height change and
percent unit volume change are indicated on the right side of the upper
and lower plots, respectively.

The results in Fig. 9 show that the pattern of height change with
temperature is exactly the same as the pattern of volume change with
temperature. An analysis of the volume changes of Sample 1-V-6 shows
similar behavior and equally good agreement between height and volume
changes.

The results in Fig. 9 indicate that a permanent volume decrease of
about 1% cccurred as a result of the initial temperature increase and
decrease. Subsequent permanent volume decreases with temperature varia-
tions were small (about 0.1%) and occurred only at the high temperatures.

If temperature changes are again referenced to the initial sample

temperature, then (AV_ can be evaluated for each of the points shown

ot)AT

in Fig. 9 by substituting the appropriate values into Hg. 5. Values of
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(AVm)AT may be obtained from the lower plot in Fig. 9. The results of
the computations for Sample I-V-4 are shown in the lower plot in Fig. 10
as volume change of clay structure against temperature. The upper plot
in Fig. 10 shows the results of similar computations for Sample I-V-6,
The percent unit volume change of clay structure is shown to the right
of the plots in Fig. 10.

The results in Fig. 10 show that the decrease in volume of the clay
structure was large only during initial temperature increases. Alsc, for
the initial temperature increasse from about 65 to 140°F the decrease in
nit volume of Sample I-V-6 {1.2%) was larger than the decrease in unit
volume of Sample T-V-4 (1,0%). This behavior was most likely due to
rime effects, since Sample I-V-6 was initially increased in three
temperature increments which took three days while Sample I-V-4 was
subjected to only one temperature increase which took one day. Further
permanent volume decreases in subsequent heating cycles were small
fabout .1% in each cycle), but occurred only at the high temperature.

This temperature history effect on volume change is simiiar in
form to the stress historv effect on volume changes during comnsolidation.
The similarity between volume change-time behavior during temperature
variations and volume change—time behavior during stress variations was
previously noted. Thus, a very good analogy may exist between volume
changes caused by temperature changes and those caused by stress changes.
This implies that subjecting a soil to a temperature increase cycle may
be equivalent to overconsclidation. The permanent volume decrease of 1%
indicated for the initial temperature cycle (65 te 140 to 65°F) correspends
to a void ratio decrease of about 0.02. The results of isotrepic consolida-

tion tests on iilite shewed that a void ratio decrease of .02 resultad
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when the effective stress was increased from 2.00 to 2.25 kg/cm2 during
virgin compression.

The data in Fig. 10 Iindicate that after initial temperature changes
the volume change of the clay structure was reversible except in the
higher temperature range. These deviations; e.g., in the upper plot from
points 3 to 4, 11 to 12, and 17 to 18, are as vet unexplained and require
further study. The deviations become less pronounced with increasing

numbers of temperature cycles, however.

Coefficient of Thermal Expansion for the Soil Structure

The reversible changes in clay structure velume with temperature
variations indicate a swelling of the clay structure during temperature
dacrease and a compression during temperature increase. This is just
the reverse of what would be anticipated if the soil structure simply
expanded and contracted in response to the volumetric strains of the
scil grains alone., Temperature dependent physico-chemical phenomena must
be superimposed on the normal thermal expansions and contractions in such
s manner that the physico-chemical effects dominate. Possible effects
are greater water adscrption force fields and higher osmotic pressures
at lower temperatures, both of which could account for swelling on cooling,
No specific interpretation is possible on the basis of the data available,
however.

The reversible pattern of changes in clay structure volume shown in
Fig. 10 was essentially linear with temperature throughout the temperature
range cf abecut 40 to 115°F and was repeatable during successive temperature
cycles after the first heating. The slope of these reversible curves with
respect to unit volume change may be used to determine the physico-chemical

coefficient, Oy o defined previously as



XY

St m
Gl = AT . . . . (17)

4
For the two samples shown in Fig. 10, S has a value of about -0.5 x 10

per °C. The negative sign indicates compression during temperature
increase. This value is relatively small and its effect on volume

changes is also smali. For example, in the case of saturated illite

under drained conditions an increase in temperature from 70 to 110°F
would cause a unit volume decrease of about 0,17 which would be reversible

during an equivalent temperature decrease.

Influence of Temperatrure on Consclidation

In order to investigate further the effect of temperature on volume
change of saturated clay, triaxial consolidation tests were performed on
three remolded illite specimens, each at a different temperature for the
entire duration of the test. The samples were consclidated initially to
an effective stregs of 2 kgfcm2 at temperatures of 76.5, 100, and 124.5°F,
snd maintained under this stress for 5800 minutes to insure that additional
secondary compression effects due to the initial stress would be negligible.
At the end of this period the consolidation pressure was increased at
intervals of 24 hours using load increment ratios of 0.20 to 0.27. The
results of these consolidation tests are shown in Fig. 11. The plotted
void ratics are absolute values for the given test temperature and
correspond to the total volume change for a given stress change {24 hour
reading) .

Fig. 11 shows that the higher the temperature the lower the void
ratio after the initial stress application of 2 kg/cmz. Since the veild
ratlo of all samples was essentially the same prior to the initial stress

application, the successively lower void ratios were, therefore, due to
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the higher initial temperatures. This order of wvoid ratios would be
expected because the weaker scil structures at the higher temperatures
would have to densify more in order to carry the effective stresses.

Fig. 11 also shows that all curves were linear during virgin
consolidation except for the pressure increment from 2 te 2.5 kg/cmz.
This '"bend" in the curve is interpreted to have been due to the small
stress increment ratios, which created an apparent 'quasi-preconsolidation
pressure’’ resulting from the relatively long period of initial stress
application, Leonards and Ramiah, (17).

Since all consclidation curves were essentially parallel, it may be
concluded that the compressibility of remolded illite at a given stress
is, for the most part, unaffected by temperature. Similar observations
were previously reported by Finn (1), whose results indicated that the
compressibility was not affected by temperature in the range 40 to 80°F
during one-dimensional consolidation of remclded clay.

It appears, then, that the predominant effect of temperature on
consolidation was to cause successively lower wvoid ratios with increasing
temperature for a given initia}l consolidation stress. Once equilibrium
had been established between the soil structure, temperature, and this
stress, the different temperatures had no significant additional effect

on the amount of consoclidation.

PORE PRESSURE BEHAVICR

After cycling the temperature of the two saturated illite specimens
under fully drained conditions at constant isotropic stress (Figs. 4 and
53), the drainage valves were closed. The temperature of both samples was

then rapidly changed in 25°F intervals from 65°F to a maximum of 140°F
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and a minimum of 40°F for two complete cycles. The samples were main-
tained at eachvtemperature for 100 minutes, which experience has shown
to be émple time for the test specimen to attain equilibrium. Fig. 12
shows the results in terms of pore pressure versus temperature.

Essentially identical behavior was observed for each sample, and
after the initial temperature increase the relationship between pore
pressure and temperature was repeatable and formed a closed hysteresis
loop. It may be seen that relatively small changes in temperature caused
substantial changes in pore pressure, with temperature increases causing
pore pressure increases and temperature decreases causing pore pressure
decreases.

The previous analysis of.temperature induced pore pressures led to
equations (12), (13), (15), (16) and (16a), any one of which could be
used for prediction of pore water pressure changes accompanying temperature
changes under undrained conditions. While equation (16a) is perhaps the
most useful for general application if Oy has been determined, equation
(13) will be used here. The reason for this is that for the test data
to be analyzed the volume of water in the porous stone and in the pore
pressure measuring system must be accounted for as well as the pore
water in the sample itself.

The value ofvmV to be used in Eq. 13 is related to the consolida-
tion and rebound characteristics of the soil. When the temperature
of a sample is increased, pore pressures increase and effective stresses
decrease which would cause rebound if drainage were permitted. When the
sample temperature is decreased, pore pressures decreased and effective
stresses increase. Since the previous temperature history resulted in

permanent volume decreases at the higher temperature, sample behavior
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during the undrained portion of the tests should be more closely related
to recompression than to virgin compression.  On this basis a representa-
tive value for m_ may be determined from the rebound curve, since it is
known . that the slope along rebound curves is approximately the same as
the slope along recompression curves at a given value of effective stress.
Since rebound curves are usually approximately linear when void ratio is

plotted against logarithm of effective stress, the following relationship

exists.
@) - AV/V 0.435 SR (18)
v'R Ao’ (1+eo) o'
where CR.= slope . of the linear rebound curve (swelling index) and is
equal to the change in void ratio for onme log cycle change
in stress,
e, = initial void ratio, and

o' = effective stress at which (mv)R is evaluated.

Consider, as an example, the pore pressure change resulting from a
temperature increase of 70 to 110°F (21.1 to 43.4°C) applied to Sample
I;V—4. An approximate value of CR for remolded illite can be determined
from the consolidation test results shown in Fig. 11. The average value
of CR for these three tests was —-.089 for stress in units of kg/cm2° The

value of (AV_ ) as determined from the last cycle of temperature

st” AT
increase from 70 to 110°F for the drained test in Fig. 10 was -.08 cm3,
and the compressibility of water is -4.83 x 165 per kg/cmz. All other
physical factors for the specimen are the same as given previously except
VW’ which now must equal the volume of pore water (36.8 cm3) plus the

volume of water in the porous stone and in the transmission line up to

the drainage valve (7.9 cm3), or a total of 44.7 cm3.
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Combining Egs. 13 and 18, and substituting the appropriate walues for

the initial temperature increase from 70 to 110°F for Sample I-V-4 gives
p g

) . .435CR . Au
t AT 1+e0mo'

o VAT + o VAT — o VAT - (AV - m V Au (19)
WowW 5 s s m 5 W oW

Hi

.323 + .030 - 060 + .080 78 Au + 002 Au

Au

+ 0.48 kgfcmz

Fig. 12 shows that the experimental change in Au for Sample I-V-4 over
the range from 70° to 110°F during the first cycle of temperature
increase was about + 0.34 kgfcmzo Reasonably good agreement has been
obtalned using equation (19) for calculation of pore pressures for all
points in Fig. 12, The major difficulty asscciated with precise calcula-
tion of temperature induced pore pressures is the determination of the
appropriate value of CR. Small changes in CR give large changes in

calculated pore pressure and the precise value of € corresponding to

R
any given value of effective stress is not always known. Thus theoretical
predictions of pore pressure changes can be expected to be only approxi-
mately correct.

It should be noted also that as ¢' becomes very small CR becones
very large. Thusg theory predicts that at very small values of effective
stress temperature induced pore pressures become small. This prediction
was corroborated by experiment where it was found that as pore pressures
approached the conflning cell pressure, temperature changes had little
effect on pore pressures.

The change in volume of the soil structure, (AV_ _},., ., may also be an

st AT

important factor contributing to pore pressure changes. Any tendencles

for large decreases in soil structure volume, as was cbserved for the
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