Stress Relaxation in Soil Compaction

ROBERT L. KONDNER,

Technological Institute, Northwestern University,
FEvanston, Ill.; and

ALBERT R. STALLKNECHT,

Rummel, Klepper and Kahl, Consulting Engineers,
Baltimore, Md.

A discussion of time effects in soil compaction is based on a study of
the stress relaxation phenomenon in specimens of clay, loess, and a
sand-clay mixture tested in a state of uniaxial compression. The data
are analyzed with the aid of rheologic models. The work reported by
Sowers and Kennedy (HRB Bull. 93, 1953) is examined in terms of
the stress relaxation phenomenon. The variables included in the study
are the soil type, moisture content, total strain, number of compacting
load applications per unit time, and the compactive energy per unit
volume of soil compacted. The significance of the results is also dis-
cussed with regard to the standard laboratory compaction techniques

and the existing methods of field compaction.

* RESEARCH in soil compaction
was conducted by Sowers and Ken-
nedy (6) to determine the relation-
ship between the number of compact-
ing load applications and the soil
densities produced, keeping the total
compacting energy per unit volume
constant for each compaction test.
The material tested was a medium
plasticity clay. In a phase of these
investigations identical soil samples
were compacted using first the Stand-
ard AASHO method and, second, sin-
gle applications of static pressure to
each of three layers of soil in a stand-
ard compaction mold. The second
method was adjusted by trial and
error to utilize the same amount of
total work as the first. The density
obtained by the second method was
greater than that obtained by the
first in this and similar experiments.
Through these results the authors
concluded that for a given amount
of work, the greatest compaction re-
sults when the work is exerted in a

single application. Sowers and Ken-
nedy further concluded that each suc-
cessive application of the same pres-
sure to the soil results in less and
less work per application. This im-
plies that impact loading is less effec-
tive than work equivalent static load-
ing. They present the following
physical reasoning (6) :

The cause can be inferred from our
knowledge of soil structure. The compac-
tion of soil under pressure is the result of
elastic deflection of the soil structure and
plastic movement of the soil grains into a
more dense arrangement. The elastic de-
flection absorbs work in the form of strain
energy while the plastic deformation ab-
sorbs work and transforms it to heat. When
the pressure is removed, the elastic part
of the deflection is largely recovered. The
strain energy is dissipated in the viscous re-
sistance of the soil to swelling and in some
plastic deformation and rearrangement.
During a second load application the de-
flection is largely elastic with only a small
amount of plastic deformation because the
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pulse loading was found to be about
0.020 sec. This time interval is the
time of loading of a soil sample dur-
ing the laboratory impact compaction
test.

It remains now to establish an or-
der of magnitude of the time of load-
ing of a soil sample during the static
compaction test. Because of the na-
ture of this compaction, this order
may be determined qualitatively as
follows.

In the application of the static load
to the soil sample, the pressure is
built up to a maximum value in in-
crements. Since the load piston is
in contact with the soil during this
pressure build-up and since the pres-
sure load is not released until the
maximum predetermined value of
pressure is reached, the soil is sub-
ject to work loading during this en-
tire build-up time. It is not unrea-
sonable to say that this build-up
would require an order of many sec-
onds.

To determine an order of magni-
tude of this time in the static com-
paction test, a test procedure follow-
ing the outline of the testing by Ken-
nedy was performed in the labora-
tory. To insure the shortest possible
time of loading, the static pressure
was built up to its maximum value
in just two increments, the displace-
ment of the piston being measured
after each increment to determine the
pressure-displacement relationship.
The time required for the application
of this static load was about 20 sec.
This time value may be considered a
lower bound of the time of loading
during a static compaction test. Its
order is about a thousand times that
of the time of loading for an impact
compaction test.

STRESS RELAXATION STUDY

Experimental Apparatus

To obtain the time of relaxation of
soils of varying types and moisture
contents, uniaxial compression stress
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relaxation tests were conducted. In
studying the stress relaxation re-
sponse of a material, a strain is sud-
denly imposed on a specimen and
held constant while the stress S re-
quired to maintain it is measured
as a function of time. Because of
the physieal limitations of the ex-
perimental apparatus available, cy-
lindrical test specimens 2.5 in. in di-
ameter and 5.5 in. in height with a
height-diameter ratio of 2.2 were
used. The specimens were prepared
by a compaction process. To insure
that the size of the preparation mold
had no influence on the density pro-
duced by a compaction test with an
expenditure of compactive energy
per unit value equal to that of the
Standard AASHO, check compaction
tests using the same type material
were performed with both the stand-
ard mold and the smaller preparation
mold.

A schematic representation of the
experimental apparatus is given in
Figure 1. The soil specimen rests
on the fixed base of the compression
machine and the load is transmitted
to the specimen through a dynamom-
eter which is fixed between the top
of the specimen and the movable
head of the machine. The dynamom-
eter consists of wire-resistance strain
gages mounted on a thin-walled alu-
minum-alloy tube. The dynamom-
eter response was amplified and re-
corded on an oscillograph. An indi-
cator dial and a linear differential
transformer were used to measure
the travel of the movable head.

Rheologic Models

The workers in the field of rheol-
ogy frequently represent the response
of materials with mechanical models
composed of springs and dashpots
connected in series or parallel as an
aid to the understanding of the ma-
terial response to loading. By the
addition of a sufficient number of
Voigt or Maxwell elements, it is pos-
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Schematic diagram of testing
apparatus.

Figure 1.

sible to fit the creep and stress relaxa-
tion response of a material to a high
degree of accuracy. For the study of
stress relaxation response in cohesive
soils the model element given in Fig-
ure 2 seems to be a reasonable com-
promise between the response of soil
as a real material and the simplicity
of a mathematical model. Its use is
limited to the stress relaxation prob-
lem and any other soil phenomenon
may have an entirely different mathe-
matical model representation. The
model (Fig. 2) displays complete
time-dependent elastic reversibility
which cohesive soils do not exhibit.
Thus the model seems reasonable for
stress relaxation studies but is not
reasonable for studying the deforma-
tion of soils under both loading and
unloading. It is important to re-
member that such rheologic models
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are not intended to be true represen-
tations of the material, but are only
schematic aids to understanding the
response.

The following is the development
of analytic stress-strain-time rela-
tions based on the response mecha-
nism represented by the three param-
eter rheological model (Fig. 2).

The rheological soil model is sub-
jected to a stress S, which will cause
the model to deform in the direction
indicated by z of Figure 2 and stress
will thereby be introduced into both
branches of the model. The entire
stress S will be equal to the sum of
the stresses in each branch and can
be expressed as

S =84S, (1)

(o) Assumed Rheocloglcat Soll Modet

Time
{b) Plot Of The Two Terms Of Equatlon (8)

Stress

e ac

° Time

{c) Superposition Of Two Terms Of Equation (8)
To Glve Stress Relaxation Curve

Figure 2. Rheologic soil model and re-

sponse.
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In the branch containing the spring
only, the stress is

S,

S2 =E2.’L', or x=ﬁ2 (2)

where the dot indicates the time rate of
change.

In the branch containing the spring
and dashpot, the deformation is the
sum of the deformations of the spring
2, and the dashpot z,.

r=x,+x; and i=i,+4s (3)

But inasmuch as

.S _S
I,—E and Id—C,—,
o cs
Sl—-CCE——El— (4)

But S1 =S—S2 and Sl =S—Sz =S—E2i7.
Therefore, substituting in Eq. 4 gives

From Eq. 1
C¢_ C(E\+E)) .
S+E,1S—E2(x+———EIE2 :c) (6)

In studying stress relaxation, a strain
is suddenly imposed and then held
constant, while the stress required to
maintain it is measured as a function
of time. Thus for stress relaxation:

e =strain =constant and ¢=0=4%.

Therefore, Eq. 6 becomes

%S+S By,

which has the solution

S=Ew+D exp(—éit). %)
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To evaluate the constant of integration,
D, the condition used is

S =So at ¢t=0.
D = So —_ Ege.
Therefore, Eq. 7 becomes

S =E2e[1 —exp(—%t)] +3S, exp( —%V)
(8)

which may be considered to be the
stress relaxation for the rheological
model of Figure 2.

Thus

Thus the stress S as a function of
time is the sum of two time-dependent
relations as shown in Figure 2b and
2c. Figure 2c also indicates those values
(Sy and A¢) which must be obtained
experimentally to verify or refute the
soil model assumed.

Eq. 8 can also be presented in the
following form:

S—Ae=(S¢—Ae)e 8! (9)

where
A=FE, and B=%1
Therefore
S—Ae .
So—Ae
and
_ So—Ae
Bt=2.3 log(S_A€> (10)

The value B here actually represents
the slope of the plot of ¢ versus 2.3
log[ (So—Ae€) /(S—Ae)]. It should be
noted that 1/B =C/E, has the dimen-
sions of time and is called the time of
relaxation.

The results of the stress relaxation
tests are summarized in Tables 2
through 4.

Figure 3 is a typical graph of time
versus the logarithm of

(SO—AE>2‘3
S—Ae




KONDNER AND STALLKNECHT : SOIL COMPACTION 623

TABLE 2
SUMMARY OF TEST RESULTS—CLAY SAMPLES

Time Moisture
Sample No. 9% Strain Relaxation Content

(sec) (%)
C-1-A 1 0.365 21.7
C-1-D 1 0.389
C-1 1 0.274
C-1 2 0.509
C-2 1 0.368 19.4
C-2 2 0.435
C-2 3 0.323
C-3 2 0.372 25.9
C-3 4 0.304
C-4 1 0.527 23.6
C4 2 0.497
C-5 1 0.419 20.6
C-5 2 0.337
C-5 3 0.365
C-5 4 0.298
C-5 5 0.376
C-6 1 0.399 22.4
C6 2 0.527
Cc8 3 0.415
C-6 4 0.333
Cc-7 1 0.375 17.3
c7 2 0.285
Cc-7 3 0.218
Range 0.218 to 0.527
Average 0.390

TABLE 3
SUMMARY OF TEST RESULTS—CLAYEY SAND
SAMPLES

Time of Moisture
Sample No. % Strain  Relaxation Content
(sec) (%)
S-1 1 0.288 13.1
S-1 2 0.268
8-1 3 0.325
S-1-A 3 0.348
S-2 1 0.315 11.2
S-2 3 0.265
S-3 1 0.382 13.9
S-3 2 0.343
S-3 3 0.381
S 1 0.189 12
sS4 2.1 0.213
S5 1 0.218 8.5
56 1 0.267 10.1
S-6 2 0.226
Range 0.189100.382
Average 0.272

for a stress relaxation test. If the
rheologic model of Figure 2a actually
represented the physical response of
the soil used in the study, just one
slope and hence only one relaxation
time would have been obtained. The
presence of two distinet slopes indi-
cates two relaxation times and hence
that the assumed model of Figure 2a
is not general enough to represent the
relaxation mechanism. By the addition
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TABLE 4
SUMMARY OF TEST RESULTS-—LOESS SAMPLES

Time of Moisture
Sample No. % Strain  Relaxation Content
(sec) (%)
L-1 1 0.153 19.7
I-1 2 0.250
-1 2.54 0.273
L-1 4 0.353
-1 5 0.355
L2 1 0.345 26.6
L-2 2 0.192
L2 3 0.139
-3 1 0.131 17.4
L3 2 0.270
L-3 3 0.271
L4 1 0.257 21.6
14 3 0.266
Range 0.139 to 0.355
Average 0.254
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of a sufficient number of Maxwell
elements in parallel, it is possible to fit
the relaxation response of a real ma-
terial to almost any degree of accuracy.
Thus, the material may be represented
by a spectrum of relaxation times.

For the problem under consideration,
a better rheologic model than that of
Figure 2a would be that given in
Figure 4.

[\ n n ﬂ EZ ﬂ CZ
ARN E! E Cy
E, ﬂ C, 2
E, . C
~ANAA~-E-FT -

Figure 4. General rheologic model repre-
senting a spectrum of stress relaxation
times.

Depending upon the values of the
ratios C;/E;, that is the values of the
relaxation times, and the duration of
interest for the problem under con-
sideration, the model of Figure 4 may
degenerate into the form given in
Figure 2a.

The soil response (Fig. 3) shows two
distinct relaxation times. For times of
interest less than 0.8 sec, Figure 4
degenerates into Figure 2a where
C,/E,=1/B; and the remaining Max-
well elements in parallel act as if they
were elastic elements represented by
E,. For times cof interest less than 3.0
sec but greater than 0.8 sec, Figure 4
becomes C,/E;=1/B, and the remain-
ing elements act as a single elastic
element E..

Since the magnitude of the time of
loading used by Sowers and Kennedy
was very large for the static com-
paction test and the duration of load-
ing in the standard compaction test
was very small, the relaxation times
obtained from the experiments are
those of interest in this study. There
are indications that relaxation times
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greater than the two obtained also
exist and, because of the limitations
of the experimental apparatus, some
smaller than those obtained. Typical
values for the second times of relaxa-
tion are shown in Table 5.

TABLE 5
TYPICAL SECOND TIMES OF RELAXATION

Sample No. Strain (%) Bs(sec)
C-1-A 1 1.29
C-1-D 1 1.52
C-2 1 0.74
C-2 3 2.42
C+4 2 2.20
C-5 1 1.11
C-5 5 1.61
C—6 4 1.15
S8-1 1 0.84
S-1 2 1.24
S8-1 3 0.51
8-3 3 1.88
854 1 2.35
S-4 2.1 2.71
L-1 4 2.74
L-1 5 1.53

Thus the conclusions regarding
the effects of time on compaction
presented by Sowers and Kennedy
can definitely be explained in terms
of the stress relaxation phenomenon.
For the large load durations, in their
work, a large number of relaxation
mechanisms (Maxwell elements) re-
spond, hence the greater permanent
strains and greater densities. The
standard compaction test, on the
other hand, applies an impact load-
ing of very short duration and after
a few blows of the hammer most of
the response is elastic hence smaller
permanent strains and smaller densi-
ties.

In summary, the range of the first
relaxation times for all samples was
from 0.139 sec to 0.527 sec and the
average was 0.311 sec. For the clay
samples the first relaxation times
were the largest and ranged from
0.218 sec to 0.527 sec, with 0.390 sec
as an average value. The clayey
sand produced an intermediate range
of first times of relaxation varying
from 0.189 sec to 0.382 sec with 0.272
sec as an average. The values are
in good agreement with Whitman
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and Taylor who determined the time
of relaxation of a pure sand by means
of a triaxial compression test to be
0.2 sec during their research on the
relationship between load-rise time
and shearing strength (9). The loess
samples produced the smallest first
relaxation times and ranged from
0.139 sec to 0.355 sec with 0.254 sec
as an average value.

The time of loading for the impact
compaction test was of the order of
magnitude of 0.020 sec, a level well
below the level of even the smallest
time of relaxation obtained.

The times of relaxation determined
by the laboratory testing varied some-
what with soil type. The longest
times of relaxation prevailing for the
clay soil, the shortest for the loess
(or silt), with the clayey sand values
being intermediate. There was a
relatively small difference between
the averages for the loess and the

S t—
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clayey sand for the entire range of
testing, but there was a more signifi-
cant difference in the average values
when compared with the clay.
Figure 5 indicates the relationship
of soil dengity and relaxation time.
Other attempts to plot the relaxation
time against various parameters
were inconclusive. The graph of the
dry density vs the average time of
relaxation for a given moisture con-
tent shows perhaps the most con-
sistent results of all. For all three
soil types, the average times of re-
laxation distribute themselves around
a maximum value of dry density.
The time of relaxation seems to be
related to the moisture content of
the soil samples and hence to the
density. The trend is by no means
conclusive (Fig. 6), because the
graph of average time of relaxation
vs moisture content shows a different
trend for the sandy soil than for the

\_/‘\.\Ecu’"’ -

Clay

1

«200 .300

A00 500

Average Time Of Relaxotion (Seconds)

Figure 5. Dry density vs average relaxation time.
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Figure 6. Moisture content vs average relaxation time.

clay and loess. Although the shape
of the curves in Figure 6 are similar
to those of the standard compaction
test, the maximum value of the re-
laxation time does not correspond to
the optimum moisture content.
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A graph of time of relaxation vs
unit strain fails to establish a clear-
cut relationship except perhaps in
the case of the loess samples (Fig.
7). The indicated trend is for the
time of relaxation to increase with
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Figure 7.

Relaxation time wvs strain; loess.
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the unit strain up to a maximum
value and then to decrease with in-
creasing strain. When correlated
with Figure 6, the results obtained
for the moisture content of 27 per-
cent seem to indicate that the data
obtained on the side where the time
of relaxation decreases with increas-
ing strain. Thus it would be ex-
pected that for strains less than 1

8
l

u
8
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percent the loess at a moisture con-
tent of 27 percent would exhibit de-
creasing values of relaxation time
for decreasing values of percent
strain. Although the data obtained
are not extensive enough to draw any
conclugions, it seems that such rela-
tionships may hold for the clay and
sand samples (Figs. 8 and 9).

| I
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Figure 8. Relaxation time wvs strain; clay.
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Figure 9.

Relaxation time wvs strain; clayey sand.
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CONCLUSIONS

Time Effect of Stress Relazation on
Compaction

The laboratory testing described
herein demonstrated :

1. That there is a spectrum of
stress relaxation times for soils and
that the smaller times measured, for
a wide range of soil types, moisture
contents, and applied strains, are of
the order of magnitude of from 100
to 600 milliseconds.

2. That the time of loading during
a standard laboratory compaction
test was approximately 20 millisec-
onds.

3. That the time of loading during
a static application of equal compac-
tive energy was greater than 20 sec.

These magnitudes clearly demon-
strate that for a standard laboratory
compaction test the time of loading
is of much shorter duration than the
times of relaxation for clayey, silty,
and sandy soils and further that the
time of loading during a static ap-
plication of energy is of much longer
duration than the times of relaxation.

The establishment of these orders
of magnitude of times and the ob-
servation of Sowers and Kennedy
that less efficient compaction is
achieved in the standard laboratory
compaction test than in a test where
the equivalent compactive energy per
unit volume is expended in a single
application allows the conclusion to
be drawn that the interpretation of
the authors relating the relative mag-
nitudes of load duration and relaxa-
tion times to the differences in den-
sity achieved is correct. This inter-
pretation, as stated previously, is
that in order to achieve more efficient
compaction the time of loading should
be greater than the times of relaxa-
tion.

Sowers and Kennedy obgerved that
densities achieved with a single ap-
plication of static load (where the
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time of loading was greater than the
times of relaxation) was about 11
percent greater than the density
achieved with a standard laboratory
compaction test (where the time of
loading was less than the time relaxa-
tion) using equal compactive ener-
gies per unit volume.

These observations suggest very
strongly that compaction, like con-
solidation, is at least in part a time
phenomenon and that superior com-
paction will occur when the time of
loading is of a longer duration than
the times of relaxation.

Extrapolation of Results to Field
Compaction

The extrapolation of these labora-
tory findings to actual field compac-
tion is considered in a qualitative
fashion. It is difficult to cor-.
relate maximum laboratory densities
achieved in compaction tests with
densities achieved in the field because
of the following reasons:

1. The soil sample tested may not
be typical of the fill being placed.

2. The moisture content of the
field fill is hard to maintain uniformly
near the optimum level.

3. The compactive energy ex-
pended per unit volume of field fill
is difficult to determine.

4. Compaction methods and proce-
dures vary in different localities.

In terms of this research the only
attempt that will be made to relate
laboratory findings with field com-
paction is to compare reported load
duration times to which a soil is sub-
jected during field compaction with
the times of relaxation determined
herein. This comparison will allow
some conclusions to be drawn.

A series of field tests conducted by
the Roads Research Laboratory of
Great Britain (8) established that
the duration of the loading pulse gen-
erated by a smooth wheel roller and
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a track-laying tractor was from 2 to
5 sec. These durations were deter-
mined by inserting pressure gages at
different depths in a layer with the
aforementioned equipment. The
pressure impulse generated was re-
corded by the gages as the vehicle
passed over them. As may be ex-
pected, the duration of the loading
impulse increased with increasing
depth. The shortest impulses were
recorded on gages inserted 4 to 5
in. below the surface of the loose soil
layer. These pulse durations were
of the order of 2 sec. In a general
sense, this value may be selected as a
lower bound of impulse duration and
hence time of loading. Whiffin (8)
does not mention the velocity of the
compacting equipment, but it was
thought not to vary much from the
speed of compaction equipment usu-
ally used in the field.

A comparison of this time of load-
ing with the times of relaxation de-
termined herein lead to the conclu-
sion that field compaction is being
performed efficiently in terms of the
time phenomenon reported in this
paper since the time of loading is
greater than the times of relaxation.
The duration of the pulse deeper in
the loose soil layer indicates that, in
a time-efficiency sense, rather thick
lifts of soil could be compacted. It
would be anticipated that the same
densities would be achieved using
either thick lifts of soil with many
passes or shallow lifts with fewer
passes since the pulse duration is suf-
ficiently long.

A visual determination of the dura-
tion of impulse from a graph of time
versus pressure from Whiffin (8)
would show that the actual compact-
ing impulse recorded is of a much
shorter duration than that of the en-
tire pulse as reported by him. In the
case of a sandy soil the duration of
compacting impulse was about 0.64
sec for a gage 3.6 in. below the sur-
face of the loose soil. Since this dura-
tion is still in excess of the relaxation

times determined herein for all of the
sand samples and since other com-
pacting impulses recorded by Whiffin
are larger than the impulse in sand,
no revision of the above conclusions
is necessary.

It should be emphasized that the
results and conclusions in this paper
are merely qualitative, exploratory
studies of stress relaxation effects on
soil response. Much additional re-
search is needed before any definite
quantitative conclusions can be ex-
pressed. Additional research is also
needed to determine the time of load-
ing during actual field compaction in
order that comparisons can be made
with the times of relaxation.
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