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FRESS5UREMETER TEST: IN LEDA CLAY

by

J.H. Schmertmann

FREFACE

Professor John H. Schmertmann, Department of Civil Engincering,
University of Florida, was a visiting scientist with the Geotechnical
Section, hivision of Budlding Research, from September 1971 to
Augast 1872, Duving patt of his stay he conducted inmvestigations on
three in situ test methods In semsitive clay; the static cone
penetrometer, the hvdrauvlic fracture method and the Menard
prassuremeter,

15 work o the hydraulic fracture method has subsequencly bBeon
itcarparated 1w the publication, "Minor principal stress measurciiensts
in marine ciay with hydrawlic fracture tests™ by M. Bozozuk,
Mrocesdings, Conference on Subsurface Exploration for Underground
Fxcavation and Heavy Comstructlion, Henniker, N.H., ASCE, 1974,
pp. 333-349, His work with the modified Menard pressurcmeter and
the static coneé penetrometer 15 now presented in DBR Reports 450 and
i5F a5 a record for the benefit of ensuing work on these fwo test
methods,

drrawa C.B. Crawford,
May 1974 Mrecror, DPBR/KRC
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INTRODUCTTON

Because of the potential of the pressurcseter test for
investigating the stress-strain properties of soll, this method
has attractive possibilities for the Ceotechnical Section of
the Division of Building Research, The Menard unit purchased
by the Secticn has been used in Leda clay. Ladanyi (1) has
provided significant theoretical and practical background for
the present study.

The purpose of the present study was to determine the
feasibility of pressuremeter tests in the brittle, sensitive
cldays of the Leda type. The possibility of using pressuremeter
test results to detérmine in sity lateral stress, Po » undrained
modulus, E, undrained shear strength, s, + Ppreconsolidation
stress, p., and the general nature of undrained stress-strain
behaviour in such clays was dalso investigated.



After some preliminary tests it seemed that it would not be possible
to test satisfactorily in Leéda clay with the pressuremeter then available
and the calibration methods commonly used. Accordingly, several
madifications were made to the meter and a different calibration
procedure wWas devised.

An important part of this work was to find the best method of making
the horehole for the pressuremcter. For the sameé reasons. that
investigators wish lab samples disturbed as little as pessible,
pressuremeter testing requires that the sides of the borehole are
disturbed as little as possible. Three methods of making the borehole

were investigated.

After modifications to the pressuremeter were complete, eleven
pressuremeter tests were carried out at the trial research area behind the

DER building.
MODTFICATIONS TO THE PRESSUREMETER

Figure | shows the schematic of the modified pressuremeter;
Figure & lllustrates the neéw seétup. The most important moedifications
cunsisted of the following (keyed into photes):

fal am air-bubble bleed line at the bottom of the pressuremeter;
(bl copper tubing replacing plastic;

(¢} & larger, moTe accurate water pressure gauge, plus a gauge for
precision in the low range;

{d) high-quality pressure regulators to control the final measurTing
and guard cell pressures;

(e} a mercury manometer o measure the differential gas pressure
between measuring and guard cells;

(f) replacing most valves with ones of the Circle Seal type;

(g) replacing the metal-sheathed outer membrane with & low-inertia
Tubber one;

(h} a rapid, positive valve for switching between the two burettes,

4

CALTRRATION METHOD

The Menard pressuremetler cmploys a central, water-filled cell to
measure. volume changes and hence voluse strain., This cell is im turm
covered by a longer cell, called the puard cell, which is inflated by gas
pressure, The puard cell expands the borchole for some dizstance bevond
the ends of the measuring cell and thereby better assures an approximate,
two-dimensional axi-syvmmetric expansicon of the sort required by the theory
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used to analyse the test results., This measuring and puard cell deszipn
Tequires B pressure differential hetween the cells to assure that the
measuring cell is always expanded in contact with the inside of the
enveloping guard cell.,

Appendix A present: the logic and formulae for the calculation of
this differential pressure, as well as the determination of K,', pore
pressure and borehole water or mud pressure. Figure 3 illustrates
schematically the inner and outer membranes and the measuring and guard
cell configurations discussed in the following.

The conventional method of performing a pressuremeter test involves
establishing a fixed differential pressure bhetween inner and outer
membrane, held constant throughout the test. Choosing a high énough
differential pressure to assure contact during the final, high-volume
expansion part of the test, results in the measuring and guard cell
configuration during the early part of the test shown in Figure 3(a].
This is perhaps far from the ideal cylindrical shape. Choosing a
differential pressure that assures a more cylindrical shape during the
early, low volume expansion phase of the test [the phase from which one
interprets the important early-strain stress-strain behavicur and soil
deformation modulus) may mean that the inner membrane barely contacts
the osuter during the final stages, a3z shown in Figure 3(b}. HNote that
with a constant differential pressure, the shape of the inner membrane
continually changes during the test, making it difficult and perhaps
impossible to interpret volume changes in terms of cylindrical-expansion
volume strainm. It seems clear that the problem requires a variable
differential-pressure method of conducting the test to assure 1) an
approximate cylindrical shape of the measuring cell membrane through all
stages of the pressuremeter test, and 2} a positive contact between
inner and outer membranes, over & fixed reference length, throughout the
test.

For these requirements, an alternate methed for pressuremeter-
membrane inertia calibration was devised., During the first stage of this
calibration, one tests wWith the inner membrane only, in & sequence of
transparent plastic ¢vlinders of different diameters [covering the range
of diameters expected during the expansion phase of test). Different
contact lengths were obtained between the membrane and tube wall by
wetting the outside of the inner membrane and applying different levels
of water pressure in the measuring cell. After conducting this series of
tests, the contact length that would be held constant throughout a
pressuremeter test was determined. The length of the inner cell was
21 cm for the pressuremeter uséd in this study. It was decided that a
reasonable contact length would be 17 cm.  The voelume of water actually
injected into the measuring cell to achieve the 17 ¢m contact length in
the different tube diameters was compared with the volume required for a
perfect right-cylinder of different lengths with the same tube diameters.
Tt was concluded that for a contact length of 17 om, the measuring cell
was behaving, approximately, as a right-cylinder with an equivalent
length of 18 cm.



The second stage of the initial calibration involved using both
membranes and different values of gas pressure between the inner and
outer membranés to cxpand the ocuter mémbranc: to various diameters
{within the range expected in a pressuremeter test with this equipment},
The average diameter of the outer membrane over the length of the
measuring cell was measured at cach gas pressure of the guard cell,

The pressure differential required to obtaim the 17 ¢a contact length
at each average diameter was known from the previous work, This
differential was then imposed, which in turn chanpged the outer diameter
somewhat. The cycle was repeated a sufficient number of times, usually
one or twa, until the outer membrane diameter had the differential
pressure required for that diameter and 8 17V cm comtact length.

The prossuremeter test was concluded inm such a way that the
differential pressure between inmer and outer membranes always
{incrementally] remained consistent with the current expanded volume of
the pressuremeter to assure the selected (17 om] contact lemgth. This
is the reason for the differential pressure gauge in the modified
pressuremeter design,

Computations for the pressuremeter test require the results of still
another calibration to give the volume change observed in the burette
systen under conditions of no volume change at the borehole. JSeveral
laboratory-test calibrations of this type suggested, in agreement with
previous experience, that the indicated volume change varles approximately
as the logarithm of water pressure. It is believed this effect is not
a major one and such a log approximation should usually be adegquate.

The following procedure is recommended in the field, just prior to each
test: sot & reference pressure, note the burette reading at that
pressure, increase this water pressure tenfold and again note the
burette reading. The difference in readings then represents the volume
change per log cycle for volume correction use in that test,

LADANYT CONVERSTON THEORY

gefore the fieldwork reported here bhegan, Ladanyi (1) made available
a method for the direct conversion of pressuremeter test results ipto an
equivalent stress-strain curve as obtaimed from an axi-symmetric
compression test, His principal assumptiomns include: Poisson's
ratig = 0,50, 8 plane strain radial expansion of the horehole, and
homogeneous, isotroplc materigl that does not fail in tension. 1In a
complately independent study using a different mathematical approach,
Palmer (1) arrived at a solution of the same problem which confirms part
of Ladanyi's work. Both papers were reviewed in detail and, according
to this writer®s interpretation of the equations and assumptions used,
the autheors evaluate the stress-sttain behaviour of the soil tested by
the pressuremeter only in the immediate vicinity of the borehole.
Ladanyi disapgreed with this interpretation during subsequent discussions,
stating that the pressuremeter sensed what was happening over a
considerable distance from the borebole and that his analvsis produced &
stress-strain curve for the soil in the entire zone stressed. From a




mathematical viewpoint this question is academic; because both Ladanyl and
Palmer assumed homogeneous soil it would not matter whether the analysis
method evaluated soil immediately at the surface of the borehele or scome
larger zone. In the field, however, this may be an important consideration
because of the unknown effects of surface disturbance on boreholes.

Tm the analysis of subseguent field tests the Ladanvi method was used
to convert the results to equivalent compression stress-strain curves.
These curves are more familiar and can be more readily evaluated relevant
to previous experience, sample disturbance, etc.

(ne observation concerning the modulus E from these field results
supports the validity of the Ladanyi method., One can, of course, determine
E directly from the zlope of the initial portion of the egquivalent
compression test stress-straln curve. In all cases investigated, E
determined from Ladanyl's equivalent stress-strain curve compared
favourably with E detérmined directly by other establiszhed methodz., Some
difference was to be expected because each comparizon involved two
different graphical interpretations of test curve zlopes. The values are
presented in Table 1.

METHOD OF MAKING BOREHOLE AND EFFECT ON TEST RESULTS

Disturbance of the s0il tested represents a serious problem when one
attempts to evaluate the in situ properties of brittle, sensicive Leda
clays. This problem exists with the sides of the borehole for a
pressuremeter test as with 3 sample in a Iaboratory test. In an attempt
to make a borehole with as little wall disturbance as possible, the first
approach was to wash and rotary drill, or auger, to a depth a few feet
ahove the fimal test depth and them to use a cylindrical sampler to
carve the final test wall. Efforts were made to sample with the best
techniques that could be devised, which included the use of a thin-walled
sampler with the cutting edpe bevelled to the inside of the sampler,

a fixed piston, and a grooved cutting shoe to reduce sampler-wall comtact
area and permit some¢ relief of bottom-sample suction during withdrawal
[even though the slowest possible withdrawal rate was wsed). 8Six
pressuremeter tests were conducted using these borehole techniques.

Figure 4 presents the & equivalent Ladanvi stress-strain curves,

Mo difference was detected between making the borehele with a shoed or an
unshoed sampler. Judging by the low imitial moduli and the 5 to 7 per cent
strain at peak strength, the test results seemed seriously affected by
borehole soil disturbance. Appendix B presents the pressure-volume curves
for the 11 tests; the first 6 were conducted in holes made with a sampler,
A further indication of borehole disturbance was an unusual ''scallop" noted
at the beginning of some of the conventional pressuremeter curves.

See test numbers 5, 6 and 11 for examples. Although one can perhaps
account for this scallop effect in 8 number of ways, it most likely
Tepresents the early top-bottom extrusion failure of a badly disturbed
faver at the surface of the borehole.



After the apparent fallure of sampling methods for the borehole,
drilling mud and augering were tried. The auger used was a simple,
flat-bladed device that ejected drilling mud downward through an axial
hole. It is understocd that the French investigators use and recommend
thiz design for making hand-augered, drilling mud assisted, pressuremeter
holes for testing in clav.

Figure 5 presents the eguivalent compressive sStress-strain curves
from the five tests conducted in aupgered holes made with drilling mud.
The first three tests showed an immediagte dpamatic improvement in the
quality of the test results, judpging by the much higher initial moduli
and the much lower strain to maximus strength. The last two tests using
drilling mud gave poor results for unknown reasens that may be related to
the drilling mud technique used, Test number 11 was completed despite an
air leak from the pressuremster obzerved from the beginming of the test.
The Ieak had an unknown, but probably serious influence on the test
results.

A rocent paper by La Rochelle, Roy and Tavenas (3] clearly confimms
the great improvement in pressuremeter test results when augering and
drilling mud are used instead of sampling methods to make the borehole.
In the writer's opinion researchers should perform pressuremeter tests in
gsensitive clays only in holes made with drilling mud and augering;
refining this method should be made a matter of top priority.

POSSTBLE SIGNIFICANCE OF TESTS 7, 8, O

The results from testz: 7, 8 and 9 (see Figure 5 and detailed date in
Appendix B} clearly show the bond, or cementation, strength peak at the
beginning of wundrained strength mobilization. This peak appears
superimposed on the ordinary mobilization of the matrix strength of the
clay, with a "dip" between the two mobilizations, This dip was determined
only after an unusual, but seemingly consistent, "wave' pattern was noted
in the log volume strain vs p-p, intermediate graph used in the Ladanyi
conversion, This pattern, and the dip-results computed from it, became
apparent only after carefully drawing the intermediate curve through the
test points instead of assuming experimental error and drawing a smoother
curve sometimes passing between the polnts, The data from tests ¥ and 8,
shown in Appendix B, imglude the Ladapyi conversion results with and
without this data smoothing.

The peak undrained shear strength determined by these three tests
averages about [.57 kgftmz* or about 2 to 2.5 times that measured in the
same Ared using the Geonor vane. From this comparison it seems possible
that the disturbance effects of vane insertion, combined with poszible
serious progressive action during vane rotation, result in a computed
vane undrained strength much less than the peak deduced from a pressure-
meter test, Such a conclusion, while not proven, seems rveasonable in view
of the approximately 1.3 to I factor between the block sample compressiom
test and vane shear test strengths reported by Eden (47 from the Dttawa
sewape plant site. La Rochelle, Koy and Tavenas (3] -also report a factor
of 2 te 2.5 hetween pressuremeter and Geonor vane atrenpgths,




The Mn factor was computed [(Appendix C) using average results fFrom
tests 7, B, and 9 and the Ladanyi theory for the N, factor (using hils
three-slope approximation). His theory and these results predict
Ko = 5.87, Usimg average Fugro cone bearing values {see Internal Report 45]
and the average undrained strength (1.57) determined from tests 7, 8 and 9,
an N. Ffactor of 5.41 is obtained. This excellent agreement pravides
further support for the validity of these three pressuremeter test results.

SENSITIVITY TO IN SITU LATERAL STRESS (pg)

The computation for the egquivalent compressive stress-strain curve
requires the subtraction of an estimated in situ lateral total stress, Py
from the corrected pressuremeter lateral stress, to give the excess total
lateral stress acting on the sides of the borehole, The stress-strain
curve seems somewhat sensitive to the value of p, used, Table II
illustrates this point by showing the computed test results from tests Z,
3, 4, using two different values for p,. A given percentage decrease
in p, results in approximately one to two times that percentage increase
in s,, but has only a minor effect on E.

Thus, accurate estimates of s,; reéquire accurate estimates of p, .
The hydrauliic fracturing method [3) cam play an important part here. oT
best results, these two in =itu test methods should supplement each other.

Because of the relatively high membrane inertia, the high pressure of
the drilling sud, and the differential pressure required for proper membrane
contact, the pressuremeter tést method of determining p, by interpreting
the early, Teverse-curve part of the test results seems too insensitive.

It was difficult to obtain more than one or two data points below pg.
In view of the greater potential of the hydraulic fracturing method,
attempts to determine p, from the pressurementér test with the present
equipment should be abandoned.

SOME UNRESOLVEDR PROBLEMS

Some problems Telated to the préssuremeter test are not yet resolved.
As mentioned previously, further refinement of the drilling mud and auger
technigues is necded to minimize borehole wall disturbance. There is much
work to be done to confirm or reéfute the rather revolutionary nature of the
strass-strain curves obtained from tests 7, & and 9.

The best method of calibrating and performing the test has not yet been
found. For example, the effect of the time allowed for each increment of
the test should be investigated.

COMCLUS [ONS

1. The Menard preéssurémentér TequiTes majer venovation and improvements if
it iz to be used in sensitive clays.



The conventional method of performing a test with constant inner-outer
membrane pressure differential is nmot acceptable,

Making a borchole for a pressuremeter by sampling methods is not
acceptable.

Pressuremeter tests should only be made in holes prepared using drilling
mud technigques, these techniques should be refined.

Some of the results obtained to date suggest that pressuremeter tests
will lead to a new, perhaps revolutionary, understanding of the
undrained stress-strain behaviour of brittle, sensitive clavs such as

Leda chiay.

Because of sensitivity of the computed results to the value of p, used,
and the possible importanco of temsile stremgth, it appears highly
advantageous to use hydraulic fracturing tests in conjunction with
pressuremeter tests,

The present equipment and methods for pressuremeter tests do not appear
to be suitable for determining pg.
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TABLE 1
COMPARISON OF MODULUS E  DETERMINED FROM

PRESSUREMETER TEST AKD LADANYT CONVERSION

E
kgfcm?
KB Ten Test Ladanyi
method method
| o6 a7
2 47 55
3 56 B2*
d 45 TEs
3 50 63
5 a0 5B
7 212 3=
8 200 290*
9 138 235%
10 51
11 57 83

* slope adjusted to exclude initial "seating"

TABLE II

EFFECT OF DIFFERENT ASSUMED VALUES OF FD M

.
RESULTS FROM PRESSUREMETER TEST (kg/em”)

Caleculated from

fasimey pressuremeter test
Test Pl PnE Eul 5.0 El E
DER-2 1.87 1.20 1.30 1.90 &g 76
DBR-3 Z2.18 1.35 1.25 2.00 G2 B2
1.60

DER-4 : e 1.95 2.65 62

68
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FIGURE 1
SCHEMATILC DIAGRAM OF PRESSUREMETER



fa} FRebuilt pressuremeter Controls (b} ERebuilt pressuremeter probe
FIGURE 2

REMODELLED PRESSUREMETER USED IN THIES RESEARCH

outer (gas filled)

L— inner (water filled)

side borehole
alde borehole

{a} Too much differential (b)Y Mot enough differential
during early part of during final part of
pressuremeter test pressuremeter test
FIGURE 3

POSSIBLE CONSEQUENCES OF USING A CONSTANT PRESSURE DIFFERENTIAL
BETWEEN INNER AND OUTER MEMBRANES THROUGHOUT PRESSUREMETER TEST
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FIGURE 4
LADANYI EQUIVALENT COMPRESSION TEST CURVES FROM PRESSUREMETER TESTS
MADE IN BOREHOLES MADE WITH FIXED=PISTON SAMPLING
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FIGURE 5
LADANYT EQUIVALENT COMPRESSTON TEST CURVES FROM PRESSUREMETER TESTS
MADE IN BOREHOLES MADE WITH DRILLING MUD AND AUSGERING
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A-1

How to evaluate different water pressure effects in test?
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Mate: Effect of water or mud in the hele

1. To expand the outer membrane at all, pp must exceed the effective "mud"
pressure [hp-yy) ¢ membrane inertia, This, plus the differential pressure
Ap" Tegquired to assure inner-outer membrane contact ocver the standard length
chosen, establishes the least value of p at which test can begin.

2. Whether to use uw in situ before the hole, or hg'ry for u seems
uncertain. Does mud in hole raise pore pressures in zome a few diameters
from hole? Don't know but assume so. Use whichever is greater in the

caleulation for pg .
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APPENDIX C



C-1

Using the hest 3 pressuremeter tests
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COMPARISON OF Ec FREDICTED BY LADANYI'S 3-S5LOPE THEORY

AND AS MEASURED BY FUGRD CONE AND PRESSUREMETER



