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PREFACE

ol L SEUC

The Geomechanics Division of the Structures Laboratory (SL)
at the US Army Engineer Waterways Experiment Station (WES)
designed and constructed a fast triaxial shear device (FTRXD) and
is currently evaluating it under the sponsorship of the Office,
Chief of Engineers, US Army, as a part of Project 4A161102AT22,
Task BO, Work Unit 00S, "Constitutive Properties for Natural
Earth and Manmade Materials." The current evaluation focusses on
the conduct of rapid tests on soil specimens with the device to
ascertain possible rate effects in the soil, continuing analysis
oif the dynamics of the FTRXD itzsclf, ond modifying the FTRXD as
appropriate to improve its capability to measure the engineering
properties of geotechnic materials subjected to loads which cause
failure in less than 1 millisecond.
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Responsibility for the evaluation was assigned to Mr. John
Ehrgott, Geomechanics Division (GD), SL, under the general
direction of Dr. J.G. Jackson,; Jr., Chief, GD, SL. The conduct of
the testing and the evaluation of the results were undertaken by
Dr. William F. Carroll, Professor of Engineering at the
University of Central Florida (UCF) in Orlando, FL, under an
Intergovernmental Persannel Act (IPA) agreement with WES. This
report was prepared by Dr. Carrcll.
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Dr. David R, Jenkins is Chair, Department of Civil
Engineering and Environmental Sciences at UCF. Dr. Robert D.
Kersten was Dean of the College of Engineering when the testing
was performed.
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The Commander and Director of WES is COL Dwayne G. Lee, CE.
The Technical Director is Dr. Raobert W. Whalin. Mr. Bryant Maher
is Chief, GiL.
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[X LE*
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RATE EFFECTS IN SHEAR FOR CARES-DRY SQIL b_
-
N}
o)
CHAPTER 1 ﬁ:
b
INTRODUCTION Ty
¥$
1.1 BACKGROUND W
w
The evaluation and development of the U.S. Army
Engineer Waterways Experiment Station (WES) Fast Triaxial
Shear Device (FTRXD) is ongoing. This effort progressed
sufficiently by early 1987 to permit the conduct of a test
srocgram with the FTRXD which could determine rate effects in
shear in a soil and dzmaonstrate further the ability of the
device to address the constitutive behavior of soils at
stress levels near failure. The device itself is describedu
i in detail and its evaluation to this point presented in
’i Reference 1.
W
5 1.2 PURPOSE AND SCOPE
=)
= The purpose of this report is to describe the test
x program run on CARES-Dry soil with the FTRXD, to present the
:: cuantitative results of the testing, to analyze these h
} resul*<, and to assess the performance of the FTRXD. In '
y Chapter 2, the test plan and specimen preparation are ;
L, described. The results of the testing are presented and y}
’ analyzed in Chapter 3, and some conclusions are drawn and i
N recammendations made in Chapter 4. e
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ﬁﬁ TEST PLANNING AND PREPARATIGHN :
el

W 2.1 THE CARES-DRY SOIL "

,

) All of the evaluation testing with the FTRXD to date ~J

‘g has been done on CARES-Dry soil, a clayey sand which :
N classifies as SC in the Unified Soil Classification System. :-
:* Some of this testing is described in Reference 1. Definitive N

_A testing of the CARES-Dry soil has been accomplished at WES e
) to determine its index and standard engineering properties. -
‘: These results are presented in Reference 2. Moreover, <
k; testing for rate effects in the CARES-Dry soil has been .
O performed in one-dimensional compression using the WES =
:} 0.1-msec uniaxial strain compression testing device and is j
= presented in Reference 3. As a consequence, CARES-Dry soil i
- was chosen for the first test series with the FTRXD to ;
N determine, if possible, rate effects in shear for the 4
N \ CARES-Dry soil. "y
", ~9
':: To permit the possibility for comparisons of rate ﬁ,
h'.N effects in shear of the CARES-Dry soil with those exhibited
o by it during the earlier one-dimensional compression rate %p
e testing, an effort was made to achieve moisture contents and -

ﬁ:ﬁ dry densities during the FTRXD testing which were comparable :l
i¥‘ to those achieved during the one-dimensional testing. These >N
~ moisture contents of about 3.5% and dry dens:ities of about i
o 115 pcfrwere the target values adopted for the FTRXD test i
M series. ~
N ~
o 2.2 THE TEST PLAN .
-~ -~
:5 Earlier evaluation of the FTRXD showed that to achieve i_
o a cunstant velocity during the deformation and loading of ?'
N the FTRXD specimen, the FTRXD should be operatzd with oil in -
';; the lower chamber of the loading assembly, and the o0il’s {:
:: rate of flow from this chamber during the testing should be »
?- controlled. When operated without this o0il to achieve the 2
5N very fast rates, specimen deformation occurred at a variable ¥
"N velocity and there were circumstances when the results were -
e not fully understood. Consequently, the FTRXD device was L.
. operated during this test series with o0il in the lower o
.: chamber of the loading assembly. The fastest velocities b(
N attained were about 9.0 inches per second (ips); the slowest }}
;: were about 0.003 ips. Four additional intermediate -]
b velocities were also used to define specimen properties over .
" the range of possible velocities which can be obtained when %
- operating the FTRXD as described. These were nominally }:
N 0.15 ips, 0.3 ips, 1.0 ips, and 2.5 ips. N
-_'. ~'
}: The CARES-Dry soil showed marked effects from confining :
}ﬂ pressure in earlier testing using confining pressures of rf
N * A table of factors for converting non-ST units of measurement ::
: to SI (metric) units is presented on page 1ii. )

VY

' ‘-'
ks 3 &
d

- - N
DA AF AT ATN

7
i&f(ﬁ

- - - - el m e aye . Cay e “ . L T
S T N T IR T AT T T A e TR T e T T A T T gt e e h R A g AT A e
' &d y - 4 o P 4 N . R . N




AR MR G M s A PR E A AR S MR NE A LA st gt RS SN NE A A A A A A A e e R A

-
/]
A

.'
4
v

.Eﬂﬁ
[ 4

!
f ]
‘:- 50, 100, and 200 psi. The effects of confining pressure on :-
~ specimen stiffness and strength were also noted in the ;
'} earlier evaluation of the FTRXD to influence the dynamic *
Vo response of the FTRXD. Moreover, whether or not confining L2
N pressure influences the rate effects was open to gquestion. L
A Thus some variation of confining pressure during the test R.
'df series was considered important. The confining pressures 3
- adopted were 50, 100, and 200 psi. r,
- x
e In summary, the plan was to test identical specimens of :
the CARES-Dry soil prepared with a moisture content of 3.5%
?q and dry density of 115 pcf. Tests were run at confining S
A} pressures of 50, 100, and 200 psi, and at test velocities of o
o 0.003, 0.15, 0.3, 1.0, 2.5, and 9.0 ips. The six velocities N
”Q chosen corresponded to nominal times to 1S5% nominal axial ~
L, strain of 80 sec, 2 sec, 900 msec, 250 msec, 100 msec, and =
25 msec. f‘
) Y
:E To improve the reliability of the data and assess the :\
» repeatability of test results, each test was duplicated. The o~
A result was that 36 tests were conducted as 18 pairs of tests ~
‘W in which the pairs were intended to be identical. What was .
actually achieved is summarized in columns 4 through 8 of L
£ Table 2.1. ™
" '\\.'.
o) 2.3 SPECIMEN PREPARATION ~
A 3
Ry About 30 pounds of CARES-Dry soil, which passes the &
5 number 8 sieve, was premixed in mid-May to achieve a Ef
J; moisture content of about 3.3%4. The mix was stored in a .
;g plastic be” which in turn was stored in a second plastic :
'{ bag; these were stored in a metal container. Both bags and ~
;P the container were each sealed separately. Sampling a few t‘
"5 days after mixing revealed that the moisture content was u
3.4%4. Moisture content sampling during the test period in E
N June and the moisture contents determined fiom FTRXD tecst ~Y
':{ specimens i1n June indicated that the moisture content for }:
e the test series was 3.2%. These latter 36 moisture contents 73
o are listed in column 4 of Table 2.1. =
™ A
The soil was compacted in a special mold in three lifts .
33 to achieve the target dry density in a specimen 0.75 inches D
e in diameter and 1.5-inches high. To this end, three equal :}
}{ amounts of the mix (7.25 gm) were precisely weighed. The -
- first amount of soil was then poured into the mold and N
fﬁ compressed with a 0.75-inch-diameter ram and the Universal -
1 Testing Machine until the soil in the mold was 0.30-inches -
p." high. The amount of compression was controlled by stopping 5
}ﬂ the ram at a predetermined mark which indicated it had moved B
,; to the desired distance above the bottom of the mold. The :i
~:, top of this lift was scarified and the second amount of soil s
- was poured into the mold and compressed until the soil in L
) the mold was 1.00-inches high. The top of this second 1lift -
- :
e =
.. .
4 -
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" .
b o
v ls

S T

Lo
fo e,

" * S a e - -l " b ",
T PN RS

.
s
’
[
M il
‘
.
.
.
'
.l
’
v

-~

N

AN AN AEN A S TN




L4

o
% &

was scarified, and the remaining amount of soil was poured
into the .wold and compressed until the sgil in the maold was
1.50-iir.nhes high. The mold guides were then removed, and the
specimen pushed on through the mold by the ram.
Approximately 1200 pounds of force was required to compress
each lift, and about 800 pounds was needed to push the
specimen from the mold.

ol 48 o 4
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The specimen was then weighed and its diameter and
height measured. Once its moisture content was determined
after testing, its dry density was computed. Helight,
diameter, and dry density data for each specimen are shown
on Table 2.1.

PP A

The dry densities achieved were about 118.5 pcf,
3.5 pcf higher than the target dry density. Early in the
test period when sample preparation and testing procedures
were being developed, it became apparent that the CARES-Dry
soil prepared as a 0.75-inch-diameter by 1.5-inch-high
specimen at a moisture content of 3.1-3.4% and a dry
density of 115 pcf was too fragile to obtain consistent
FTRXD test results without extraordinarily careful handling
and specialized equipment. By increasing the dry density to
118-119 pcf, the soil as mixed, the equipment available, and
reasonably simple handling procedures could be used. In the
course of preparing about 50 specimens for the test series,
equipment and procedures were refined and experience gained
which might now permit more effective handling of specimens
at moisture contents of 3.5% and dry densities of 115 pcf.
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Immediately after the specimen was weighed and
measured, 1t was mounted between the detachable upper and
lower caps of the FTRXD upper and lower load cells. Two
rubber membranes were carefully placed over the specimen and
sealed to the caps with rubber bands. Finally a thin layer
of gage coat was painted all aver the membranes to protect
them from the 0il used in the FTRXD confining chamber and to
aid in sealing the specimen from the confining pressure used
during the test. The double membranes anc the gage coat were
necessary to prevent leakage from occurring while the
specimen was immersed in the chamber oil under the confining
pressure and before it was loaded, a period of time usually
less than 5 minutes and always less than 10 minutes.

PV
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The entire specimen preparation procedure from opening
the metal container with soil mix to installing the rubber
membranes was done as quickly as possible and with the soil
as covered as possible to minimize the loss of moisture from
the specimen by evaporation. Because the specimens were
small and contained only a very smalil amount of moisture
(about 4 gm), even a small evaporation loss could be
significant.
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v 2.4 THE FTRXD "
: 4
! The FTRXD and the way it operates, and the b‘
¢ instrumentation it uses have been described in detail in Ly
Reference 1. However, two small but important improvements !
g were made to it tor the test series reported here, in H;
response to the recommendations made in Reference 1. Qﬂ
“n
o
- The cantilever target for the Kaman displacement gage i
>\ was redesigned. It was reshaped from flat aluminum plate SN
1.00-inches wide by 0.385-inches thick and 1.625-inches laong
i to a tapered aluminum target. The taper was in plan from ;x
e 1.00 inches near the ram to 0.50 inches at the outer end, F;
o and in thickness from 1.18 inches at the ram to 0.72 inches )
- at the outer end while keeping the top surface horizontal. 34
» The length was increased to 1.92 inches. The new cantilever ooy
target has a calculated period of 0.05 msec; the old one had ;
a calculated period of about 0.20 msec and a period deduced :
2 from the evaluation testing of 0.25 msec. The thicker new W)
: target achieves greater fixity at the ram than the old one ~
~ did. o
A% iy
~ Ly
- The upper load cell was redesigned also. The new load [ ]
G cell uses a force washer instead of a hollow steel cylinder. a
? The result is a greatly reduced natural period from the }f
X 0.11 msec period of the old upper load cell. It also .t,
eliminated the consistent, rate-dependent discrepancy in the - }{
readings of the upper and lower load cells. -ﬁ
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Test

X31
X34
X32
X33
X33
X36

X39
X441
X10
X112
X388
X42

X1i8
X37
X11
X15
X16
X17

Xe9
X30
X19
Xxe7
xX20
xes8

Xel
X224
xee
Xas
Xe3
X2bé

Xa8
Xu9
X43
Xab6
X464
Xa7

Avg

Std Dev

A A A A S G

Height

(in)

1.496
1.488
1.508
1.500
1.498
1.3503

1.507
1.507
1.492
1.495
1.504
1.496

.503
.302
<497
496
. 492
.308

Ll R R Sy N

.500
.503
.914
-.500
.503
. 490

s A e o

. 493
L4996
. 497
.509
.3510
493
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. 499
.513
.504
.903
.503
.501
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.501
.006
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e
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A

Diameter

(in)

0.736
0.735
0.754
0.755
0.755
0.735

0.756
0.755
0.754
0.754
0.755
0.755

0.756
0.735
0.751
0.757
0.756
0.754

0.756
0.733
0.759
0.755
0.755
0.756

0.753
0.756
0.757
0.755
0.756
0.754

0.756
0.756
0.754
0.756
0.753
0.756

0.755
0.001
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TABLE 2.1

Dry
Density
(pcf)

119
119
118
119
118
118

118
118
120
120
118
119

118
119
120
118
119
118

119
118
117
118
118
119

119
119
118
118
117
119

118
118
119
118
119
118

118.5
o.

BTN

Confining
Pressure
(psi)

S0
50
100
100
200
200

S0
30
100
100
200
200

=10)
350
100
100
200
200

S0
50
100
100
200
200

30
50
100
100
200
200

30
30
100
100
200
200

KNESEN
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SUMMARY of SPECIMEN DATA and TEST PARAMETERS

Nominal
Duration
(msec)

8000C
80000
80000
80000
80000
80000

2000
2000
2000
2000
2000
2000

00
200
900
00
00
{00

250
230
250
230
250
230

100
150
100
100
100
100

235
25
a5
25
25
[=4a]

Gt 4

- - -
L CO Iy >

Piston

Velocity

(ips)

0.0049
0.0044
0.0045
0.0035
0.0034
0.0033

0.16
0.16
0.12
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? CHAPTER 3 .
B .
[ TEST RESULTS ft
»

¢ 3.1 GENERAL N
W N,
L The basic data which the FTRXD provides is load Rf
'b measured at the top of the specimen as a function of time by g‘
# the upper load cell, load measured at the base of the !
specimen as a function of time by the lower load cell, and 4

e the downward displacement of the top of the specimen -
fn measured as a function of time by the Kaman displacement -
N gage. The constant confining pressure imposed on the v

\'r
v

” specimen during the test is monitored by a pressure gage. o)
W, N
4 The FTRXD was operated with oil in the lower chamber of >3
" the load cylinder in order to achieve constant velocity of o
. the top of the specimen during the test. The flow of oil ol
) from this chamber was initiated with the rapid opening of a A
nk solenoid valve and regulated by a ball valve. Both upper and .w
f: lower limits were imposed on the test velocities by the .:
- equipment and this manner of using it. The upper limit c
o cccurred because the pressure in the upper chamber of the !]
¥ load cylinder was limited to 1000 psi. Moreover, the size of QJ
{ the tubing leading from the lower chamber of the load &ﬁ
:j cylinder, its constrictions, and the size of the openings in :a
o the solenoid and ball valves when wide open all imposed o
~ limits on the rate at which the oil could exit from the f
;~ lower chamber of the load cylinder. The fastest velocities =
o obtained (2.0 ips) occurred when most of the tubing and the }:
?: ball valve were removed, and the pressure in the upper Q
o chamber was 1000 psi. The lower 1limit cccurred when the }
S opening in the ball valve was small enough to restrict the r:,
R rate of oil flow so that its pressure in the lower chamber o3
. was not different enough from the pressure in the upper -
o chamber to smoothly overcome the friction in the load tﬂ
“ assembly and the resistance which the specimen could offer L
3 to deformation. }
. A
5 Because the amount of specimen deformation to failure Rt
_ was small, usually less than 0.060 inches (&40 mils), and a L]
o corresponding finite amount of time was required to get the 3'
L FTRXD piston-ram up to speed after opening the solenoid "
vy valve, each test was initiated with the piston-ram backed \4_
- away 0.10 inches (100 mils) from the specimen and upper load o
v, cell. This procedure ensured that constant velocities M
occurred during testing. However, it also required that !
'ﬁ considerable care be taken in mounting the specimen in the \:
v FTRXD and in assembling the device so that the specimen was N
R aligned with the piston-ram. Some amount of "impact" 3
" necessarily occurred when the piston-ram first contacted the :w
! upper load cell and specimen; however, for the rates at i—
= which these tests were run, its effects were not noticeable. =
y o
5 &4
F W,
“ 5 3
'y
5 e
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j The good alignment of specimens with the piston-ram was
A verified visually before each test and by examining the

) deformed specimens after testing. All specimens deformed

h symmetrically, most by bulging in the central one-third to

one-half of the specimen height. Five of the 34 specimens

¥y exhibited clearly defined shear planes and these occurred i
A when test velocities were slow —— nominally 0.003, 0.15, and ®
o 0.3 ips. The testing imposed a final deformation on each Q
- specimen of slightly more than 20% nominal axial strain X
nd (0.3 inches). o
W
": 3.2 LOAD-TIME-DISPLACEMENT :'. 3
I o
o The measured load at the top and base of the specimen o,
" and the measured displacement of the top of the specimen for *«
each test are plotted against time on Figures 3.1 to 3.18. b
_ Each figure contains two graphs, one for each of the N
Ay intended identical test pairs. The load scale in each case ﬁ_
o is the same to facilitate comparisons. The time scales are Y
2 the same for each nominal velocity,s also to facilitate i;
I comparison. Each graph indicates the important test -
hﬁ parameters such as confining pressure, velocity to failure, y
= moisture content, and dry density. Although it was only !.
s possible to achieve approximately a specific value of test 2
5 - - - . . . .
:; velocity, it is clear from a visual examination of the ‘i
\j linearity of the displacement—time plots of all tests that a :
> constant velocity was accurately achieved for each test, and
;f especially from the onset of specimen deformation until its '
;ﬁ peak load occurred. %
~ A
3 Figures 3.1 to 3.6 show the load-displacement-time data i
}ﬁ for the tests run at a confining pressure of 30 psi. At all g,
. velocities the load-time plots exhibited the same shape. g
’ Given the linearity of the displacement-time plots, the o
shape of the load-time, load-displacement, or principal b
{: stress difference (PSD) - nominal axial strain (NAS) curves ,:‘
N will all be the same for a particular test. The load curves -
- are very linear up to 80-90% of the peak load. The peak load =
j is well-defined at 140-130 lbs, and load after the peak ?‘
o falls off gradually. r'
- ey
o The readings from the upper and lower load cells were "
E nearly identical in most of the tests. In some instances the ﬁ
- upper load cell read higher, and in some it was the lower :a
3 load cell that read higher. In either case, the discrepancy uj
> between upper and lower load cells was small, especially N
prior to the occurrence of the peak load. The most important )
-, factor affecting the discrepancy of the load cell readings b
ot was the determination of where and when the readings ij
1; started. In each test this was done very carefully. Usually :.
" the sharpest indication that the specimen was being deformed 3
" came fram the lower load cell. Theoretically, the lower load -
; cell should respond about 0.1 to 0.2 msec later than the NG
Lod M "
w N
% r
" 10 3
) o ;
< )
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upper load cell, i.e., the time it takes a "rod wave" to ~
propagate the length of the specimen. Additional ‘“start" .3
information was provided in each test by the response of the ~
upper load cell and by the location on the displacement plot b
. of the backed off distance of the piston-ram (nominally 100 K
Q‘ mils). The upper load cell occasionally showed a gradual :
&s linearly increasing load before the piston-ram could have Ny
reached it. The cause for this is not clear, and the :f
, phenomenon was not apparent in most of the tests. It may be -
> due to an electromagnetic interaction between the Kaman -
. displacement gage, the upper load cell, and the wires pry
o attached to each. When it did occur, the upper load cell "
t readings were adjusted by assuming that zero load was the -?
‘3 reading when the piston-ram began moving and that readings j:
K from the time the lower load cell registered its sharp >
s increases were correct with respect to the zero assumed. -y
;: Figures 3.7 to 3.12 show the measured load and Ll
’y displacement data for the tests run at a confining pressure <
"d of 100 psi. The shapes of the load-time plots were very \‘
‘o similar to one another but were different from the shapes
b obtained from the tests run with a confining pressure of 30 -
< psi. They are very linear to about 80% of the maximum load. l;
j:{ The maximum load is clearly discernible from the plotss it ‘}‘
3: was 180-200 1bs for the slower tests and seemed to be ﬁ
;f- slightly higher at 200-2280 lbs for the faster tests. In some -:
- cases the load decreases slightly after it peaks while in ;;
'f- others it holds steady at the maximum value. Comments on the S
* 30 psi confining pressure tests regarding the discrepancies "
ﬁ between upper and lower load cell readings and determining ]
‘5 zeros for the load plots are relevant also to the 100 psi i
o confining pressure tests. :
. Figures 3.13 to 3.18 show the measured load and y
, displacement data for the tests run at a confining pressure w‘
: of 200 psi. Again the shapes of the load-time plots are i‘
:f similar to one another, but different from the shapes from ;:
-~ both the 50 psi and 100 psi confining pressure tests. They :y
5: too are linear to about 80% of what one might determine as a :i
X maximum load. The maximum load, bhowever, was either never -
» reached prior to a specimen deformation of 13% nominal axial %
- strain (NAS) or it occurred just prior to 15% NAS. The locad o
'& increases gradually and fairly linearly from a point in the {
- test after the sharp deviation from the initial linearity, }&
? either to 13% NAS or to a point just prior to the peak load, :;
j whichever occurs first. Comments on the 50 psi confining T
pressure tests regarding the discrepancies between upper and F o
}’ lower load cell readings and determining zeros for the load ﬁ»
ﬂ plots are relevant also to the 200 psi confining pressure g
P tests. )
‘-: :b'
} It would appear that the specimen subjected to a o
confining pressure of 200 psi really "fails" in shear at a
*' -.:
W ’2 ‘
:.::'- 11 b
. {
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point in the test much earlier than 13% NAS. The higher
level of confining pressure is able to develop sufficient
shear resistance an the incipient and present shear planes
in the specimen so that the specimen can sustain a load that
is actually higher than the load which broke down the
specimen’s initial grain structure. A comparable phenomenom
is also evident in the tests at lower confining pressures.
In the test at 100 psi confining pressure, the load
mobilized after the initial grain structure failure,
happened to be about the same as the load that caused the
failure. In the tests at a confining pressure of 50 psi, it
was less.

The load causing the collapse of the grain structure
must occur during the sharp curvature of the load-time curve
immediately after the initial linear portion of the curve.
In the 200 psi confining pressure tests, it appears to be
275-300 pounds for the slowest tests, increasing gradually
to 300-350 pounds for the fastest tests.

Examination of these twelve test curves obtained at a
confining pressure of 200 psi revealed no fundamental way to
determine the grain structure collapse load for the
specimen. The characteristic shape of these curves,; however,
does suggest a systematic though somewhat arbitrary method.
By extending upward the linear initial part of the load-time
curve before the grain structure collapsed and extending
backward the sloping somewhat linear part of the curve after
the grain structure collapsed, the intersection of these
straight lines gives a load which might be taken as the
grain structure collapse load. The corresponding time at
which it occurred can be read directly from the load-time
curve at the grain structure collapse load. The displacement
of the specimen top at this point can then be read from the
displacement-time curve at the time just determined.

Grain structure collapse locads were determined as
described above from Figures 3.13 to 3.18 for the twelve
200 psi confining pressure tests. Similar data were also
read from Figures 3.1 to 3.12 for the tests with
confining pressures of 50 and 100 psi. However in these
tests, the data were read directly from load-time curves as
the maximum lcad. The data are tabulated in column 9 of
Table 3.1. The grain structure collapse loads are plotted as
a function of the logarithm of test velocity on Figure 3.19.
Though the data are scattered, it is clear that the grain
structure collapse load for remolded CARES-Dry soil
specimens, 0.73 inches in diameter and 1.5 inches in height
and with a moisture content of 3.2%4 and a dry density of
11B.S pcf, increases slightly as test velocity increases
from 0.003 ips to 9.0 ips when the confining pressure is 200
psi. A similar trend at lower confining pressures is not
evident for the range of test velocities shown.

S EE
> ‘,e} ]

V4
ARG e

2
’.l (‘ of

-
y

(s

.))
Qﬁﬁﬁ.

PV

" Al
Voo vy

X )
20!

L
A "y

PP

2o

-
»

/.t’
"y

% % %y

P
«

AR

L

" Pa o IS
R

\'..;‘.'.' ?&




l'\.‘\. F ‘-,_, \-(‘,;‘(~ ’“‘F ‘F - - _-_!_- u -,-..A- " A h ") \). I h.. » L ..‘~ __ N .. . -.\.A\'-- A _'.-\
v o
. -
fn ‘_pf'
= >
S f:
) 3.3 STRESS-STRAIN DN,
\ ™
? A summary of the load-displacement data contained on R'
) Figures 3.1 to 3.18 is tabulated in columns 10-15 of b
’ Table 3.1 and plotted on Figure 3.20. The loads measured by W
% the upper and lower load cells were averaged and the results K
Y reduced to principal stress difference (PSD) by dividing Qt
: them by the specimen cross-sectional area, displacements ﬁﬂ
- were reduced to nominal axial strain (NAS) by dividing them o]
* by the specimen length, and then the results from identical
- test pairs were averaged. The values of PSD were obtained at o=
el NAS values of 0.5%, 1.0%, 2.0%sy 4.0%, B8.0%; and 15.0%; these C‘
:3 values of NAS were chosen to allow a clearer and simpler ;‘
o presentation of the data in aggregate. The six values chosen )
™~ incorporate the linear range of stress-strain behavior e
: (0.0 to 1.0%)s the collapse of the specimen grain structure F
" (1.0 to 4.0%), and the specimen plastic shear behavior 3]
A (4.0 to 15.0%4).
. 0
. Detailed stress-strain data for each of the thirty-six i?
:ﬂ tests are shown on Figures 3.21 to 3.283. These are plotted §~
to 3.0%4 NAS to expand the curves during low levels of PSD e
Eo and NAS. Figure 3.2! shows the data for the two slowest test !
ﬂ velocities, Figure 3.22 for the two middle velocities, and };
;% Figure 3.283 for the two fastest velocities. :H
2", -3
.% The effects of confining pressure on the stress-strain ?
‘ curves are clearly shown on Figure 3.20. With increasing if
W confining pressure,; the slopes of the initial linear part of £
o the curves increase, the PSDs at the grain structure -
» collapse load increase, and the plastic shear failure PSDs )
- increase. o
ot -
w The test velocities for each curve on Figure 3.20 are -
. indicated. Though Figure 3.20 does not show a strong E;
;ﬂ presence of rate effects on the stress—-strain behavior of )
) the soil, it does suggest that the noticeable increases in i;
? PSD at the grain structure collapse load and during plastic y"
" shear failure occur when the tect velocities and confining i‘
e pressures are highest, an observation consistent with the .
grain structure collapse locad data on Figure 3.19. %‘
o '..':
5 3.3 GSTRESS LEVEL-VELOCITY e
7 . 3
. To examine more closely the effect of test velocity on -
s the magnitude of the PSD, Figures 3.24 to 3.26 were o
prepared. Figure 3.24 plots PSD against the logarithm of the :
> test velocity, first at NAS of 0.3% and then at 1.0%. Twelve t#
Co data points are shown for each confining pressure; one point ‘{
{: was obtained for each test by averaging upper and lower load :{

. cell readings. The PSD at 0.5% and 1.0%4 NAS deal with the A
specimen before its grain structure failed. Moreover, these
PSD magnitudes are proportional to the secant moduli for the
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M specimens at 0.5% and 1.0% NAS. To the extent that specimen h.
P stress-strain curves are linear, the PSD maynitudes are also r
A proportional to the tangent moduli for the specimens. ﬁ;
¥ Al though the data are scattered on Figure 3.24, they :;
}: nonetheless clearly show the effects of confining pressure ;1
%) an PSD or secant moduius at low stress levelis —-- an effect o
R consistent with the one observed on Figure 3.20. There is no -iy
r apparent effect of test velocity on PSD or secant modulus at ;‘
: NAS of 0.5% and 1.0%. This is most clear for the tests at a
2 confining pressure of 200 psi where the test data are least 5y
1: scattered, and seems to be indicated also at the lower ;
T confining pressures. There is, however,; an inconclusive K
‘n suggestion that at NAS of 0.5% and 1.04 when the confining -j
N pressure was 50 psi the magnitude of PSD and corresponding tﬁx
: secant mocd 1lus may be less at the deformation velocity of i
) 9.0 ips than at slower velocities. Recall that at these F,
a values of NAS the grain structure has not yet broken down. ]
P ;
[ Figure 3.25 is similar to Figure 3.24 except that the r;
values of NAS used were 2.0% and 4.0%. The PSD values at NAS Qj
of 2.0%4 and 4.0% deal with the specimen during the collapse &
- of its grain structure, and consequently, show data and 7
'E effects similar to those on Figure 3.19 which dealt directly \j,
o with the grain structure collapse load. The effects of o
.}: confining pressure and test velocity are the same as those s:
W observed on Figures 3.19 and 3.20. That is, increasing test 2
i velocity while the grain structure is collapsing increases &"
= the magnitudes of PSD when confining pressures are high, but K
w not when they are low. There is no indication that PSD is -ﬁg
e lower at the 9.0 ips deformation velocity than at slower (o
'ﬁ velocities when the confining pressure is 50 psi. botyt
- K
" Figure 3.86 is similar to Figures 3.24 and 3.25 except 3
N that the values of NAS used were B.0% and 15.0%. The »
:4 corresponding values of PSD relate to the plastic shear o
:: failure of the specimen. Because seating errors and other :}
Q) initial effects are diminished at these larger NAS, the data LN
~, on Figure 3.26 show only modest scatter. Trends at any of N
the confining pressures, if present, are clear. The effects i'
3. of confining pressure and test velocity are consistent with =3
’? those observed for Figure 3.20, and are more clearly shown. ~§
’ The rate effect observed for the grain structure collapse :I
: load would seem to occur also for the plastic shear failure pi
M of the specimen. Namely, increasing the test rate increases Cy
~ the shear strength of the specimen slightly when the .
I~ confining pressures are high, but apparently not at all when Y
: they are low. There clearly is no decrease in the strength ::
“ of the specimen at low confining pressure and high )
g deformation velocity. \$
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3.5 STRAIN ENERGY-VELOCITY

Another perspective of the stress-strain behavior of
the test specimen may be obtained by determining the strain
energy absorbed by the specimen during deformation. Strain
energy density (strain energy per unit of volume) of the
soil specimen is most easily calculated as the area under
the stress—-strain curve from the beginning of the curve to
the poi~t on tne curve where the behavior is to be
evaluated. Hence the strain energy density contains directly
the effects of the shape of the specimen’s stress-strain
curve from 1ts beginning to the point of evaluation,

..y.
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Figures 3.27 to 3.29 are plots of strain energy density
as a function of the logarithm of test velocity. They are
parallel in design to Figures 3.24 to 3.26 just discussed.
The effects of confining pressure and test velocity on
strain energy density that can be discerned from Figures
R.27 to 3.29 are the same as the effects on stress level and
modulus already noted on Figqures 3.24 to 3.2&. Figure 3.27
shows a suggestion of a decrease in strain energy density
with high defarmation velocity when the NAS is low (0.3% and
1.0%4) and the confining pressure is low (30 psi). The
scatter and paucity of the data, however, prevent a
conclusive determination of this effect just as it did on
Figure 3.24.
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3.6 STRENGTH ENVELOPES
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An examination of the test results on the CARES-Dry
soil in terms of the Mohr-Coulomb failure criterion is
instructive. When the specimen is at failure, according to
Mohr—-Coulomb, the Mohr’s circle for its state of stress is
tangent to the Coulomb failure envelope. The equation of the
envelope is:

Vas
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SN
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3

Py

v

»
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ontan¢ where

rr

shear strength of the soil and

the shear stress on the plane of failure,
cohesion intercept,
normal stress on the plane of failure,
angle of internal friction,

tang is the slope of the envelope.
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I

Another more conveniently developed envelope from triaxial
shear data is a plot of the maximum shear stress (or
one-half PSD) at failure versus the average principal stress
{or one-half the sum of the confining pressure and the
nominal axial stress at failure). The equation for this
envelope i1s:
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P tangd where
avg

P4
&

maximum shear stress in the specimen,
= PSD/2,
intercept,

average principal stress in the specimen,
= CP+PSD/2,

angle of the envelope
tan is the slope of the envelope

g Py
APl 4
5 A Vo

These stresses (7 and p ) occur on a plane inclined at
45° from the axis'8F the sgégimen whereas the plane of
failure of the Coulomb stresses is inclined at anm angle of
43°-p/2 from the specimen axis. If the Coulomb envelope is a
straight line, so is the plct of maximum shear stress versus
averaye principal stress. The two envelopes are related as
follows:
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Figure 3.30 shows the plots of maximum shear stress
versus average principal stress for specimens deformed to
4.0%4 and 15.0% NAS. At 4.0% NAS the collapse of the grain
structure was just complete and at 15.0% NAS the specimens
had deformed considerably in plastic shear. Each data point
on the plots are the average of the results from the
corresponding identical test pair. The eighteen data points
for each plot reflect all six test velocities. A linear
regression was used to determine the values for parameters d
and ;5 the associated values of the Coulomb parameters (c
and #) were then calculated using the relations shown above.
The values of both sets of parameters are shown on the
figure.

0

T R A |
PR

B
ks

v
o
.

B,

o
o
1

DR, Ly

LI Y
!
a

Sy
'n'\('f'/. ","q' f.-

s

The linearity of both plots is excellent as shown by
their coefficients of variation (0.995 and 0.999). At NAS of
15.0%, the value of c is less and $ is greater than they are
at NAS of 4.0%. Recall that the load on specimens subjected
to a confining pressure of 50 psi decreased after 4.0% NAS
was reached but increased for specimens subjected to a
confining pressure of 200 psi.
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All test velocities plot close to the same envelope,
suggesting that, for the test moisture content (3.2%4) and
dry density (118.5 pcf), one set of Coulomb strength
parameters applies for the CARES-Dry soil at a particular
NAS after grain structure collapse and within the range of
test velocities and confining pressures used in this test
series. The small increase in PSD at 4-153% NAS observed at
high deformation velocity (2.0 ips) and confining pressure
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Y (200 psi) and shown on the stress level and strain energy :\f'
! versus deformation velocity plots (Figures 3.25, 3.26, 3.28, P:a
" and 3.29) do not show on the strength envelopes. The ,_.:-
increased load due to rate is reflected only in the axial Y
stress on the specimen, and therefore increases equally bocth 5‘;
: the maximum shear stress and the average principal stress in '_:$
i the specimen. Within the experimental accuracy of the test f\r
N results, these increases track close to the strength Ny
b envelopes. ;
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SUMMARY of SPECIMEN DATA,

Test Height

Pl
S
N
ZJ
W
et
- X3t
..-:‘ 134
“:“. 132
-y':t X35
o X33
X34
o X39
N X41
- X10
o X2
X38
..:‘ X’OE
o
oN X8
o 137
N X1
] 1135
X1é
:::» Xt7
(4 xe9
-
o 130
X19
l X217
oy x20
x28
< K21
X24
-, xee
- x2s
- X23
o X
”
' X48
=, 149
. X43
" X4b
e X44
.‘:, Avg
W
'
™
4N
e
/
:fj
~I

V".l L] -« L1 . -
D ‘\ Tﬁﬁfﬁf ?24")?1:'

fin)

1.494
1.488
1.508
1.500
1.498
1,503

1.507
1.507
1.492
1,495
1.504
1.496

303
.302
497
4946
492
.308

.300
503
L
300
.503
490

— . s Mt e -

495
496
497
.309
510
L4935

— A e s e e

499
313
.504
. 309
.503
.301

— Ot e . pa

1.501

Std Dev 0.006

e

Moisture Dry Confining Nosinal
Diameter Content Density Pressure Duration Velocity
{in} (% (pcf) (psi} {esec)
0.736 3.2 119 50 80000
0.735 3.1 119 30 80000
0.75% 3.4 118 100 80000
0.755 3.1 119 100 80000
0.735 3.1 118 200 80000
0.735 3.3 118 200 80000
0.736 3.1 118 50 2000
0.73% 3.1 118 30 2000
0.754 3.2 120 100 2000
0.754 3.4 120 109 2000
0.735 3.1 118 200 2000
0.755 3.2 119 200 2000
0.756 3.1 118 50 900
0.735 3.1 119 50 900
0.751 3.3 120 JQ% 900
0.757 3.5 118 10 900
0.756 3.5 119 200 900
0.754 3.1 118 200 900
0.726 3.2 119 50 250
0.753 3.2 118 50 250
0.755 3.0 117 100 250
0.75% 3.1 118 100 250
0.735 3.3 118 200 230
0.736 3.1 119 200 250
0.755 3.1 119 30 100
0.75¢ 3.1 119 ] 150
0.757 3.2 118 100 100
0.753 3.1 118 100 100
0.736 3.0 m 200 100
0.75¢ 3.3 119 200 100
0.756 3.1 118 30 23
0.756 3.1 114 30 a5
0.73 3.3 119 100 2%
0.756 3.1 118 100 es
0.735 3.2 119 200 25
0.736 3.1 118 200 h]
0.755 118.5
0.001 0.7
AR ‘V'N}H}\}\}N'? .~~*?,?¢»“a,~,

TABL

E 3.1

(ips)

0.0049
0.0044
0.0045
0.0035
0.0034
0.0033

0.31
0.37
0.33
0.31
0.24
0.28

1.07
1.09
1.07
1.04
0.84
0.85

N D o D e— 1
WL w

TEST PARAMETERS,

and TEST RESULTS

PSD at selected values of NAS

Brain
Structure
Piston Collapse NAS
Load 1/2%
{lbs) (psi}
140 100
140 103
170 120
180 195
285 230
305 3o
135 120
140 140
200 50
195 175
e 27
0 3¢
140 60
145 160
210 45
180 195
290 220
285 240
155 120
135 150
175 90
200 150
290 290
340 250
140 180
150 190
220 180
210 60
320 185
330 140
160 60
140 80
213 170
220 130
30 265
360 280

m O « 0 o O
o N oy Vo W

18

Ty

NAS
1%
{psi)

230
240
250
320
400
480

260
233
170
340
463
483

170
290
130
330
390
470

260
250
250
300
430
490

260
300
340
185
340
420

190
160
320
240
443
450

NAS
2%
(psi}

303
310
380
400
360
595

293
305
400
430
610
610

305
0
435
395
530
610

340
300
80
440
585
480

295
340
470
440

ceE
JSJ

630

340
305
440
440
725
650

. e e,
B A A
L

NAS
4%

(psi)

293
304
425
423
L1
860

an
284
455
441
6%
683

283
298
475
410
b1
617

327
292
393
4§34
631
769

283
310
4835
476
682
735

349

482
497
746
820

NAS
8%

{psi}

275
286
425
432
681
"7

24o
233
422
415
763
737

249y
236

457 -

409
692
691

285
264
385
434
698
811

267
233
437
443
740
788

313

452
503
79
842

NAS
15%

{psi)

267
266
432
439
737
739

23t
232
395
408
782
763

246
238
44
408

72¢
724

238
233
379
417
737
807

231
2hl
430
447
74¢
809

288

405
492
818
870
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o CHAPTER 4 o
R o
j\ SUMMARY, CONCLUSIONS, and RECOMMENDATIONS i:
oy Thirty-six individual specimens of CARES-Dry scil were B.
; tested in the FTRXD at confining pressures of 50, 100, and o
'h 200 psi and at nominal piston-ram velocities of 0.003, 0.19, ﬁﬁ
oy 0.30, 1.0, 2.5, and 2.0 ips. The slowest tests took about e
ﬁh 80 sec to achieve 15% NAS and were considered to be static, ::
[t unconsolidated, undrained triaxial compression tests. The o
& fastest tests (3000 times faster than the slowest) took -
o~ about 25 msec to reach 15% NAS; this axial strain rate was z:
the fastest that could be obtained with the FTRXD in its ol
.ﬁ present configuration and still maintain constant i:
.l deformation velocity throughout the test. }j
&
P The FTRXD performed well. Load and displacement as a Q,
N function of time were recorded with sufficient accurany to -0
A determine the desired soil properties. The "identical"” g
Q specimen pairs showed almost identical load and deformation ﬁ:
:‘ responses. The differences that did occur were small and are Q!
X attributed more to differences in the soil specimens -4
¥ themselves than to effects of the FTRXD. Constant velocities !\
> were achieved in each test and were reascnably close to the ic
- magnitudes desired. Procedures developed to prepare .ﬁ(
'F specimer 5, mount them in the FTRXD, and assemble and operate ﬁ\?
:j the FTRXD were reasonably efficient. The most difficult ﬁt
: activity in these operating procedures was ocbtaining good =
>; specimen alignment with the load cells while ensuring that 5
b the piston~ram was in the proper position and that neither -{
e were disturbed during assembly. This difficulty could be :r
f: greatly reduced by modifying the FTRXD so that the specimen \$
. and lower load cell could be moved up or down gently through NG
Y a range of 500 mils after the FTRXD is assembled. Ef
?- The new upper load cell was accurate, durable, and easy ;}
Q to use. During this test series, the earlier recorded 3{
ﬁ consistent discrepancies between the upper and lower load ':
W) cells were essentially eliminated, perhaps due tao the new xr
a upper load cell. However, it was essential to exercise great ")
. care in determining when specimen deformation began in each !
:: test if there was to be agreement between the load cells. o
s
\f Neither the dynamics of the FTRXD nor specimen 1nertia o
}‘ influenced the test results noticeably, despite the fact o
- that some specimens were brought to failure in 2 to 3 msec. AR
In the most rapid tests, a minor lag in the response of the !‘
lower load cell was detected which represented the time 1t 33
, took for the initial disturbance at tre top of the specimen )
b . to propagate the length of the specimen. Consequently, .?
o faster test velocities or 'onger test specimens will reguire :f
3 that specimen inertia be taken into account in ways such as o
d those described in Reference 1. s
& o
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Nﬁ The FTRXD does permit assessing rate effects of soils "~
I : sub jected to triaxial shear throughout meaningful ranges of gx
rle principal stress difference (PSD) and nominal axial strain a:
[« (NAS). During deformation, the CARES-Dry soil appeared to L. e
i pass through three behavior modes, i.e.; (1) initial grain !‘
xﬂ structure response from 0-1% NAS, (2) grain structure .
;:: collapse from 1-4% NAS, and (3) plastic shear failure from :'
s 4~15% NAS. )
s N
K During the first mode, the grain structure of the
- specimen is intact, and the relationship between PSD and NAS !
'f: is essentially linear, increases predictably with increasing N
'}- confining pressure, and at high confining pressure is not ::
?: affected by deformation velocity. At low confining pressure if
4‘ when deformation velocity is high, the results were varied -
' and inconclusive. 'i"f
Pyl The second mode when the grain structure is collapsing g
kﬁs and the third mode when plastic shear behavior dominates g,
y ! show the same effects of deformation velocity. The PSD-NAS N
;: relationship is highly nonlinear during the second mode but x
2 approaches linearity during the third. Increasing confining -
R pressure increases the magnitudes of PSD in a predictable Q;
q manner 1in both modes, and there is a modest increase in PSD 3
LY. at high confining pressure due to deformation velocity. Rate ;
: effects were not observed in these modes at the lower ﬁ
by confining pressures. 5
im
¥

-“"I‘

The CARES-Dry soil at the test series moisture content

ﬁf and dry density has single linear Coulomb failure envelopes .;
:} for particular values of NAS from 4-15%4, although the ::
5; envelopes are not gquite the same at different values of MNAS. -{
s The observed increase in PSD in this range of NAS due to =
. deformation velocity is not reflected on the envelope. The n”
o increase causes both the shear strength and the average Q
™y principal stress to increase equally, so that within the .-
Q accuracy of the test data these increases track close to the .
p envelope. >
'»: ‘:\
% The test series moisture content (3.2%) and dry density -
v (118.5 pcf) were slightly different from those used in )
. uniaxial strain compression testing for rate effects in the
{k CARES-Dry soil (3.5%, 115 pcf) as described in Reference 3.
. However, the rate effects observed during testing with FTRXD
" were small enough to suggest that small changes in moisture
" content and dry density ought not to influence rate effects
- significantly so that the FTRXD results might be compared )
- with the uniaxial strain compression results. However, -
= further testing in the FTRXD will be necessary to achieve }u
L: deformation velocities comparable to the fastest velocities @:
) achieved in the uniaxial strain compression device; :Q
-? deformation velocities of 35 to 50 ips in the FTRXD will be r'
- required.
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Based on the results obtained and the experience gained
during this test series, the following recommendations are
made in order to improve and extend the results obtained
from future test series:

Far

(1). Install a mechanism at the base of the lower load cell
in the FTRXD that will allow the lower load cell with the
specimen mounted on it to be raised and lowered through a
range of 0.5 inches (500 mils). The mechanism should be
manually controlled from outside the triaxial chamber; it
should not rotate, jostle, or otherwise disturb the specimen
as it moves up or down. It must be rigid enough to hold the
specimen steady and sturdy enough to withstand the loads
imposed during testing. The purpose of the mechanism is to
allow the gentle and precise seating of the piston-ram on
the upper load cell after the FTRXD is assembled, or the
precise setting of the back-off distance of the piston-ram
from the specimen. This will permit improved determination
of the start of deformation of the specimen and therefore
improved test data at very low nominal axial strains.
Moreover, it will also allow the test operator to minimize
the possibility of specimen disturbance or misalignment
during the assembly process.
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(2). Install an eccelerometer on the piston-ram. For testing
when specimen inertia is not significant, such as in the
current test series, an accelerometer on the piston-ram
would greatly assist in determining when specimen
deformation begins. For more rapid testing, such as is
anticipated in the future, an accelerometer on the
piston-ram will also greatly assist in defining the motion
of the top of the specimen. The nature of this motion plays
a dominant role in deducing the constitutive behavior of the
specimen from the load cell and displacement gage readings.
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(3. Install a two tube manifold on the lower chamber of the
load cylinder with larger tubing and orifices than the
current single line uses. The manifold should feed into a
single large diameter exhaust tube and be controlled by a
single solenoid valve with an opening larger than the
current ane. The exit orifices and manifold tubing from the
lower chamber of the load cell should be at least twice the
inside diameter of the current single orifice and line. The
iwo orifices should be diametrically opposite to one
another. The number of turns in the tubing and their
severity should be minimized. The inside diameter of the
single exhaust tube should be twice the inside diameter of
the tubing used for the manifold. The opening in the
solenoid valve must be at least as large as the inside
diameter of the single exhaust tube. This represents an
eight-fold increase in the area through which o0il flows from
the lower chamber of the load cylinder during testing, and
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given the likely head losses during flow should result in
maximum constant test velocities of about 35 to 50 ips.

(4) Extend the current test series on CARES-Dry soil to test
specimens at faster deformation rates -- up to 50 ips.

# Firgst with the FTRXD modified as recommended in (1)-(3)
above using oil in the lower chamber of the load cylinder so
that constant deformation velocities are possible.

* Second with the FTRXD modified as recommendedn in (1)-(2)
above but with no oil in the lower chamber of thte load
cylinder and this chamber open to the atmosphe e. In this
second series, an effort would be made to determine an
"effective'" deformation velocity from the variable test
velocity that occurs.
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