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ABSTRALT
’ .
The o;erconsolid;ted ;oils and soft rocks which form a

.

lafge proportion of foundation material in Westerﬁ Canada -
typically W?V? a'substaﬁtiql component of their total deforma-
tiQn of an iﬁmédiate (timb-indepéndent) naturé. This makes
them partfcul;;ly suitable for the'application of pressuremeter
testing Qzen'deformation characteristics are sought for settle-
ment analyses.

This thesis describes ffrst‘the development of a new pres-
suremeter probe which é}iminates some of the shortcomings
agsociated with the older, ﬁore conventional type. Thé instru-
" ment has been specifically designed for use in matérials such

1

as gravel, glacial till, lacustrine sediments and soft bedrock.

ﬁ Secondly, it describes, in detail pressuremeter testing on

three sites in Wesfern Can}da where well documented case "his-
- i

tories of deformation behaviour were available.

The first site was Biacksgrap Mountain)near Séskatoon,
Saskatchewan which is énartificiaily fiiled ski hill founded
6ﬂ very &eep till strata. The second case history was ;‘pile
load test at the new Calgary"Airpogt where iﬁe pile was
emSeddgd in Cretaceous bedrock. The third site was 683 of a

grain elevator, also in Calgafy, placed on" a layer of dense

gravel. - Lo .
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L}
The pressuremeter derxved moduli were used in back-

analvsxb of settlement -and the results were Lompared w1th
actually megsured field behawxour ‘ .-
Gsod .agreement between tne back-analysis ahJ field data

in some cases .and discrepancies in others indicated the limit*

ation of pressuremeter testing in this type of foundation .
material. The results are discussed and directions for-
. ,/

1

improvement ‘of this test;ng technique are proposed if ' the

present limits of confldenCe are to be extended

) - -
-



ACKNOWLEDGEMENT

-
<

-

\ R
The author is gratefuwl for the encouragement, assistance

- -

:and direction provided by Professor . Eisenstein and the
Civil Engineering Department in the coﬁrse oﬁ'this study.
Financial assistance prqvided by the NatidnalnResearch Council
and R. M.'Hardy § Agsociates L'td - is"gratefully aqknowledged.

The ma?or contgibution of Mr. 0. Wood and Mr. A. Muir

to the des{gn, c&nstruktion and fi;ld testing of the equip-

ﬁent is acknowledged. ' i *

fyping’&as done by Mrs. E. Hazen, to whom the author is

grateful.

In particular thé support and enéouragemenf of my wife

-~
+

Marion is acknowledged.



TABLE OF CONBENTS

. CHAPTER .

NI INTRODUCTION
1.1 Scope of the Thesis

1.2 Theory Relevant to the Pressure-

M . 4 meter Test .

.3 Soil Properties from the Fest

t

EVELOPMENT OF THE U OF

Il -
2. Lifiitations of. the NX Probe
2.2 *Modification to the NX Probe
’ Design .
. 2.3 Preliminary Laboiatory Trials.
I11 " FIELD STUDIES

-

3.1 Settlement Study of Mount
Blackstrap, Saskatoon .

'3.1.1 Site Description:
3.1.2 Field Test Progfam
K] E 57‘63 Settlement Apalysi;
-3.1.4' Summary )
3.2 Pile Load Tesp &Study, Calgary
'3.2.1 Site Description /

3.2.2 Field Test Program- it

3.2.3 Analysis of Pile Performance

3.2.4 Summary

vii

PAGE " °

15
16
17
20
23
23
24
25

. 26 e



IV

APPENDIZ A

APPENDIX B
. APPENDIX G

APPENDIX D

*

P

TABLE OF CONTENTS (Cont.}

-FIELD STUBIES

-

3.

3

3.3,

Séttlement Study Canada Malting
Storage-Silos, Calgary

3.3.1 Site Desg;iptionv

2 Field Test Program °
3.3.3 Test Reguigs ‘
3.3.4\ Settlement Analysis
3;3.5 Summary -

DISCUSSION OF DEFORMATION MODULI

4.

4.

4.

4,

t9

4

Introduction

Tests in Granular Soils

Tests in Soft Bedrock -

“~

Summary

CONCLUSIONS

BIBLIOGRAPHY

~

/

Interpretatjon of the Pressuremeter

Test and Sample Calculations

Results dﬂ:Field Test Prbgf&hs " ‘
Recommended Fiqld'Pidcedures and
Operation of the Probe . . ,
Techyrical Dqgumenvation of tde U of A f

Pressuremet .

viii

T8
38
41
13
de

. 48

73

110

-



'FIGURE
1

[ %)

11
13
14

15
16

LIST OF FIGURES

DESCRIPTION

Volume change dd&xn@ expansxon of

measure cell ) p)

Rate of volume-change of measure cell

Volume change of the probe under :ero
external resistance

. v .
Settlement profiltes, Mount Blackstrap

Load-time-dettlement data, Mount
Blackstrap . -

Modulus profiles, Mount Blackstrap

o
Results of Laboratory Testing (trom

‘"Hamilton and Tao, 1972)

Finite element mesh, Mount Blackstrap

Calgary tést pile construction detail
. - J

Test hole locations, inferred strati-

graphy .and .pressuremeter test depths,

Calgary test pile

Calgary test pile“Finite Elemen

Mesh No. -1 (complete bonding at pile- -

-bedrock interface)

Calgary test pile Finite Elemont

Mesh No. 3 ‘(no contact at pile- bedrock
interface)

Lead-deflection curves, Calgary- test
pile

Results of analysis, Calgary test pile
Results of analysis, Calgary test pile

Calculated shear stress distributions
at pxle -bedrock xnterface

ix

58
59

60

61

62

63

64
65
66



FI

Bl
BZ

"B3

B4

.BS

B6
B7
B8
B9
B10"
Bll

VAR

LIST OF FIGURES (Cont.)

UE§C5IPTION : S S

f\1 Calculated axial load distributioas

over sembedded portion of pile

Bedrock stgatigraphy ahd modulus
profile, C&gary pile site

Canada Malting Storage Silos - load-

time-settlehdent observations and
results of the settlement analysis

Canada Malting Storage-Silos /- plan
yiew and inferred strati y

Finite element mesh and modulus

' *

Test Results, Calgary Airport,.Sfb
Test Results, Ciigary'Airport, 46"
'Test Re;uléi, Calgary Airporf, 56
.Test Results, Calgary Airport, 66°'
T;st Result;, MoJ;t Blackstrap, 9'
Test Result{, Mopnt Biackstrap* 17
Test" Results, Mount Bléckstriﬁi 20"
. Test Results, Mount Blackstrép, 23!
'Test Results, Moﬁnt Blackstrap, 45
Test Résults, Mount Blackstrap, 70

Test Results, Mount Blacfstrap. 89"
/ ) :

o

APPENDIX B - 3

profiles used in storage silos analysis i

PAGE

68

84
85

8o

91 .

-
-

93

94



P . LIST OF FIGURES (Cont.)

¢ N
4?¥URE o DESCRIPTION . | PAGE
@ , .
.t © APPENDIX B (Cont.)
\__ Bl2 . vTest Results, C#hada Malting, 150 o0
B13 . Test Results, Canada ﬁalting, }6( Jo
Bl4 TesF'Resufts} Caﬁad; Malting, 40" 9-
B1S - _Test-Resdits; Canada Malting, 45° . 03
~ Bl6. Test Result;, Canada Malfing. 50" “39
B1° Test Results, Cinada.Malting; 60" , 100
) Bl8 - Test‘ Results, Canada Malti-n'g, 78" ' . l.l)\ll
APPENDIX D
D1 Schématic Diag}am of Prabe ) - 111
D2 fi‘ﬂ chematic Diagram of Control Panel 112

D3 Explanation of Symbols, Control Panel 113

-



CHAPTLR 1 4

CINTRODUCTION L .

scope of The Thesis \
, BN
The pressuremeter 1s an instrumeng with which an
. ’ ! ® -~
insitu deformatiorn or strength test cdn be performed 4n

g

4 soif or rock mass. It is particularly 1uited-for.the
foundation coﬁditlo;s in Western Canada where the immed -
late portion of the deformatlpn of foundation "soils, 1n
ﬁany cases, Ls a sxgnxfxcant part of the total Jdeforma-
tion.. In add1t1on! the relativelv high satety facrtors
used in most fophdatioh engineering‘make a 1inear‘clast{c
approach £o.design‘possiblg.

Most of Westenn‘canada is overlain with glacial
deposits, the pnedominaqf type being'glacial t1ll of
either actiée or ‘stagnant ice in‘o{igih. The glacial
deposxts overlie relatxvelv soft bedrock-of Cretaceous
age over much of Western é‘hada : Both the glacial till
-and the soft bedrock are, 1in general, difficult to
samdle with a view to obtaining Aeformation parameters
that'can be used with coqfidgpce in the.prediciiop of
foundatioﬂ performanée. _ .

.In the bast, foundation loading has been determined
largely on" the bisis of strpngth parameters wiih safety
factors of 2 or' 3 employed to limit imposed shear

stresses to roughly!l/4 to 1/6 of peak deviator stresses

—

- L

).

2 o



and thereby control foundation deformatien. Thi- jproce-
dure cannot produce_@ quantitative picture of deforma- °
4
' . _ “« - , o
tion and 1s known to res&ft often in conserVative design
i /
loads. /

An alternative approach to foundation design con-

ceTrns the direct prediction of foundation deformation

using insitu deformation parameters and the»powerfﬁl
finite element method of analysis. A linear-elastic
analysis 1s then justified in most foundation engineering
in the overconsolidated'soils.and rock that are so preva;
lent in this region. The stress-strain characteristics
of these materials cgmbined with the relatively high
safety factoérs commonly used, restrict in most cases
foundation deformation to the linear-elastic region.

This approagh requires the determination of a repre -
sentative deformatjon para;eter for use in the above
method of analysi;.

The deformation modulus is known to be highlv sen-
sitive to sample distwrbance which cannot be avoided in
obtaiﬁing conventional laboratory speciméns; The insitu
measurement of this parameter using the pressuremeter is
a means of overcoming the problem of samplé’disturnance.
(Morrison, 1972).

The subject of this thesis is the deveIOp;\nt of a
new pressuremeter and its application in field sfudies.

Restrigtions inherent in the design of commercially

available NX probes (3 inch diamete;) required the con-

Y .
*
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struction of a more versatile probe‘for use in méterials
other -than soft pedrock, particularly glacial till, laké
sediments and granular soils. .

Tﬁe confidence thh'which the pressuremeterqdeter-
mireed deformatlon parameters can be applied to the pre-
diction of t. behaviour of soft bedrock glacial.till ’
and'graVel is considered fundamental to thevstudy. The
case-history, approach is'pursued»here with theﬂaﬁove in
mind. Emphasis 1is placed on acpragmatic approach to
the relevance of the results of the pressuremeter test
An attempt is made to accurately obtain a deformation
modulus, using thé pressuremeter, that can be used with
confidence in a Litear-elastic, two dimension plane

. . . o )
strain or axisymmetric finite element program.

Theory Relevant to the Pressuremeter Test

The pressuremeter test is an example of the expan-
sion of a thick-walled cylindrical cavity. Early solu-
tions to this problem can be found in the wo;k of Lamé
(C.1830). Modlflcatlons to the theory have been made to
account.for fundaméﬁta{ differences in the behaviour of
soils and metals. The derivation of material properties
from measured cavity expan51on 15 the inverse problem of
that studied in metal .plasticity. ThlS derivation became
possible with the construction of instruments such as
the pressuremeter.

Earlier intefpretations of the pressuremeter test

/ €.



were based on an elasto-plastic stress-strain relation-
.ship for soils (Gibson and Andefson, 1961). Ladanyi
,(£961, 1963a, 1963b) has presented solutions to the
(/ _ ,groblem of expanding cavities that require no presump-
o tion of stress-sirain behaviour'and can include the
effect of volumetric stréining around the caQity.
Ladanyi's earlier work involved cavit& expansion 1n a
clay méaigm (19633). He'derived the state of s%ress
and.strain iq the soil mass affected by cavity expansion.
The solution for stresses involved the infegration of
the équations of equilibrium for the case of radial
<

plain strain using a numerical procedure. Shedr strain

(distortion) was defined by geometric conditions only.

1.3 Soil Properties from the Pressuremeter Test

%

" The pressﬁre-volume change relationship obtained ’\
from the pressuremeter test can be used to define a
number of soil properties. These include the undrained
stress-strain characteristics, the deformation modulus

in loading and unloading, the effective angle of shear-
fng resistance and cfeep parameters in the use_of frozen

¥

Lédanyi (1972) has shown for sensitive clays that

soils.

the undrained shear strength obtained from the pressure-
meter compares well with the results of -deep cone-

penetration tests and exceeds strengths obtaine@ in the

2

laboratory. The increased strengths are attributed

to decreased sample disturbance, contained plastic flow



which diminished the influencevof inherent blanes of
weakness and to a loading rate that exceeds that used
in' the laboratory. The pressureméter test cén furnish
post-peak stress-strain behaviour which is difficult ©
to estgblish in the laboratory, particularly in the
case of sefisitive, strain softening clays.

Ladanyi 61963b) and Vesic (1972) have published
analyses from which the angle of shearihg'resistancek
for gtanular‘soiis'can be AeLermined from the preséure-
meter test. Both methods are ;terap}vg dﬁ trial préce-
dd?és and include the effect éf volumetric straining
within the stréssed, soil mas§{/ VesiC shows that the
consideration of volume change within the zone of plastic
deformation around a stressed cavity iélimportant for
tQ; determination of a strength envelope. The modulus
of deformation is shown to be inéensitive to thisrpon-
sideration. Vesic's analysis ié a general one for both
sphérical and cylin&rical cavity-expansion and émploys
tabulated parameters. Ladanyl's analysis is not so
generai and is considered somewhat more cumbersome.

Baguelin et al (1972) report.énlpressuremeter tests
in cpheéive soiis. Their study was made with a\self- ’
placing pressuremeter, a fechnique Qsed‘to minimize
soil remoulding at the bore hoie wall. Undrained
. shear strengths obtained with their pressuremeter are

. ]
shown to exceed strengths f*‘w vane tests by roughly

50%. The determination of shear:strength in soft clay

,
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is.sﬁown.to be very sek}itive to remoulding at the bore )
hole wall due to disturbances that muét_occur in the’
course of cdnventiodal teat hole drilldng.

Palmer (1972) has deri;ed a relatively simple
1nterpretat10n of the pressuremeter test that is U>ed
in the derjvation of the undrained stress- s:raln charac-
-teridtics of a‘soi;. His analysis shows the principal
stress difference to be twice the gradient of a pressure-
'log voldqétrir stfain relationship at any.sgége of the
pressuremeter test, the same relationship derived by
Ladanyi (1972). .lhe metéods differ with regard to the
:def1n1t10n of shear strain around an expand1ng cavity.

The modulus of deformatlon can be dervived on the ,
basis of thf’analysis of Gibson and Anderson  (1961).
The solution to the problem of the expanaion of an
infinitely thick-walled cavity contains the same formu-
la. A simplified versidn of this’ formula was employed
by Morrison (1972) and is used in this atudy. The
siﬁplification involves the éxélLsion bfvSecond power
strain termscand results in insignificant erroréfor the
range of volumetric straining encountered in the pressure-
meter test. . &

The modulus of deformation can be obtained in load-
ing and unloading in rhe pressuremeter tesY, the ratio
of the moduli being related fo rock'quality for the

case of fractured rock (Dixon, 1970).

Ladanyi and Johnston €1973) have derived creep
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)
‘parameters from pressuremeter tests in frozen fine-
grained“ﬁfd&mepts found in northern xanigoba. The
tests were of rather limitpd duration with regard to
the defini;ion of these parameté;s,‘a consequence of
the capacity for vélqme chan%e of their NX probe. This
and other limitatjons of commercially available probes
are discussed in Séction 2.1 e
A comparisoa of strength'énd deformation properties
obtainea frém ihe pressuremeter.tesf ;ith those obtaineq
Sy other means has been made in few reported cases.
Deformation parameters obtained in soft bedrock in
the Edmonton area have been shown to relate well to
building settlement &nd to heave experienced in excava-
tion in these materiald (Eisenstein and Morrisonz 1973) .
Empifical and‘semi-empirical relationships have
been derived by Menard (1965) and others, Mori and
Tajima (196§b that relate various aspects of the prés-
suremeter test to the performance'of'deep and shallow
foundations. The relépidnships(reflect an éftemptua;\A
quantify the similarities between the expansion of-a
pressuremeter and the performance of a loaded foundation.
A more nationtl'approach-would appear to be the

. application of strength or deformation parameters from

“‘the préssuremeter test to proven conventional analyses.



CHAPTER II |

\ t.
.8 | —
DEVELOPMENT OF THE .U OF A PROBE

\

.Limitations of the NX Probe

*

A nufiber of limitations inherent in the dési n of
g

the 3 inch diameter (NX) probe, which is available on

a commerci basis’, have led to difficulties in it
field use (Morrison 1972). The probe used by Morrison
has a limithd capacity for volume change. For this
reason the instrument could not be used in soft soils

'd . d
or in test holes in which a close tolerance could not

N
be obtained between the exterior of the probé.and the
test-hp}e wall.‘ This 1imitat%on req;ired the use of
non-s;andard drilling,equipment and extra care during
drilling. The &above NX probe was not equipped wiéh a
device ihat permitted its operatioﬁ in a dry test hole.
When the probe is lowered down a test hole a piezometric
head is created én the measure cell and is equal to ‘
the difference in elevation of the water supply reée;-

voir and the measure cell of the probe. This head ¢an

be countered by an all-round pressure applied to the

f the qpasufe cell. This pressure can only

be s pplibd’to the .guard cells by fluid in the test
such as drilling mud.

The commercial model used by MorriSon had a rather

complex and cumbersome control system. Considerable

L
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& : v
effort and experience on the part of the operator was

required in the operation of the probe.

Modifications to the NX Probe Design

. To overcome; the shortcomings of the probe déscribed

above sand by Morrison (1972) a new instrument was con?

structed at the Uﬁi@gr%i}y of Alberta ané.is named the

U of A probe. Thi; instrument was larger than the NX

probe, having aa overall outside diameter of 4 3/4

inéhes and a length 9f(60 inches (See Figuré# D1).
Incorporated in the design of the U of A probe

were featurls that resulted in a more Qersatile instru-

- 4

ment. These included: .
1) a pressure relief .valve on the probe,
2) a more flexible measure ce11 ﬁi;h a satisfac-
tory capacity for volume change,
"8) a simplified control system.
To permit the use of the probe in a dry test'hole,
a pfessure relief valve was constructed on the new probe.
The ;;lief valve is ngustable and can be set to open

at a predetermined pressure. <Jduring lowering of the

probe, the piezometric head in the water supply line

to the measure cell acts on the pressure relief valve

and not on the measure cell until the valve opens at
a desired pressure. In this manner, drilling fluid is

not required to counter the piezometric head. The

\

4



. water SupplY”VGIVe on the control ﬁanel cah be left
open to avoid the occurrence of cavitation in the LVater
supply line. - ' l - T N

Measure cells constructed from 1/16 inéh cured
gum rubber sheet.were foqund to be sufficiently flexible
to permit essentially cylindrical expansion to large:
'volumetr;c strains. In ad(itioh, their cohtribution
to probe inértia was found ins}gnificant: An air-
water pressure differential of 10 psi was found suffi-
cient to perMit expansién of the measure cell at rates
in excess of that encountered during testing in even
the softest tills. This pressure diff;rence had to be
minimized to avoid stress concentrations at the ends of
the measure cell portion of the outer mehbrane.

During expansion of the Qrobe, it was essential
that the measure cell portion of the probe was able to
expand in a radial direction onlx. The measufe cell
portion of the probe consisted of the middle third of
the expandable part of the probe. During expansion of
the probe in rigid tubing in the laboratory, the exter-
.nal membrane was seen to be in full contact with the
restrainiﬁfr?ESing withih several inches of the ends of
thé“gi::ﬂdable portion' of the probe. Fﬁr this reason,

the condition of radial plane strain was met over the

measure cell portion of the probe.
4

Preliminafy Laboratory Trials

The key featuré of the U of A probe‘was the dggree

10
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to which ekpapsloq ©f the measure Tell approximated tgq
that of cylindticai_expanslon and at*whdt flow rates ®

this would occur. ., Theoretical analyses of the expansion

of a cylindricak cavity ‘dssume that % .state of radial
- \ . . :

plane strhin is ohltained. 'Measurement'of volume thangg

such that its expan51on closely piral ﬁ'!d{tﬁat‘éf a, .’

th various

coaxlal‘ -

rxght circular cyllnder Eg
membrane desxgns preSSute d1' rent!als
tubing sizes resuLxed 1n a satlsfactory design. “As
ment1oned above,‘measure cells constructed from 1/16
inch cured gum rubber weré found most suitable. These
membranes were installed such that a .15 inch lenfth of.
measure cell was fitted ?o the middle 13 inch section
of the probe, as depicted in Figure Dl. The measure
cell was expanded in several pipes with diameters of’4,
5 and 6 iﬁche;. Volume change was measured for various
pfessures onkthe cell and flow rates were recorded.

A plot of volume change versus the square of mea -
sure cell d1ameter is shown on Flgure 1. From this
graph, a pressure of 9 - 10 psi is seen to produce
essentially cylindrical expansion of .the mea;uré cell.

A pressure of 9 - 10 psi on.the'water reservoir

was suff1c1ent to produce a flow rate at the probe of

500 cc/mlnute This rate requ1red a water line of 3/16



-inch O.D: thin-walled thermoplastic tuhing. As indi-
catéd in Figure 2, a flow rate of 504Q c;/minute proved o
satisfactory for the soft till at the nine foot 'h

at Mt. Biacks;rap. In the case of harder materials,

the above flow rate qon}ributed to an elastic time
increment of as little as five seconds. (Sée Figure Bl).

‘Volume chahge of thé control system was measured
and considered insignificant at pressures up to 200 psi.

Probe inertla w;s determined for a new, 3-ply outer
membrane. The results are shown on Figure 3. The
pressure required to inflate the probe undéf zero out-
side résistan?e'is required only for shear strength
calculations, in that applied pressure at the . bore hole
wall is requiréd. Over the pseudo-elastic portion of
the pressure-volume curve, the change in volumetric
.Strain is of the order 6f a féwipercent. The pressure
requ{fed to inflate the probe itself (inertia) can be
considered constant over the small volumg change under-
gone in deformation tests. For this reason probe iner-
tia need not be tonsidered in @eformation tests.

Tests were conducted to determine whether the
pressure relief valve design was édequate. A dry test
hoie‘situation was simulated by elevating the rese;VOir
and control 'system to as high as 60,f§et above the )
probe. With the probe and reservoir sigyxied~at ground

elevation, the probe was inflated in a 1ength~6f PVC

pipe and the cracking pressure of fhe pressure relief

t
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valve det;rmined. The valve was adjusted until a
desired cracking presgure was attained. In practié%, .
this pressure onld be equal to 10 psi less than the
piezometric pressure on the méasure cell when the probe
had been lowered to a desired test elevation. With

the cracking pressure determined the probe was deflated
and the reservoir and control system were elévated.\‘The
probe was then inflated. in the PVC.housini,and water flow
was allowed at this point, to detefmine.whetﬁer
the‘desired pre;sure (the cracking pressure) had been
attained. Several pressure increments were applied to
the probe to determine whether the air-water pressure
différenti#l remained @onstant.

The cracking pressure determined with the'probe 
“and reservoir at the same.elevation could not be
attained upon deflation and elevation of the reservoir.
An attempt was made to deterﬁine-the required cracking N
pressure on the basis of flow rates to the probe. This
method proved unsatisfdctory.

The incorporation of a pressure telief valve on the
probe to facilitate testing in dry test holes was
attractive in view(of soil conditions in Western Canada.
Such a valve could be used in boringé put down in form-
ations within which the cifculation of drilling fluid -
cannot be maintained. In such cases, oniy;tﬁk gfoun¢:
water table can be gelied upon for the provision of an

all-round pressure on'the'probe to courfter the piezo- \



metric head Fhat develops on lowering of th; deflated

wprobe. Problems in avoiding cavitation in the water
line to the probe became acute if the groundwater level

"is at considerable depth. Although it was not tried
in.the course of this work, a viable alternafive to the
reiief valve would be an electric solenoid valve. Such
a valve could be kept closed during lowering bf the
prébe until the required depth was achieved at which
time the probe could be inflated, the piezometric head
countered and the electric valve then opened” Such a
valve would require extensive waterproofing of the

probe housing for submergence but could easily be

incorporated for testing in completely dry borings.
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CHAPTER 11
FIELD STUDIES

Field Studies - Mount Blachstrap

Site Description

x Mount Blackstrap was constructed southeast of
Saskatoon, Saskatchewan for the 1971 Canadian Winter
Games. The artificial mountain is essential}y conical
in shape having a‘’base diameter of 600 feet and a height
of 130 feet (Hamilton and Tao, 1972).

The underlygng strata cog51st ot two Jdistinct till”
sheets overlying the Bearpaw Formation. The ti1lls are
partially satwted and are differentiated on the basis
of dolomite content and weathering :bnes. In addition,

<

the upper sheet is divided into two formations. s
[+ 3 Kl
Excellent settlement data were obtained by means

of a fluid settlement gauge placed diametrically across
the base of the fill. In addition pore pressures and
slope movements were monitored during construction.
Extensive laboratory tests werg conducted on the three
till formations for the purpose of defining the compres-
sion. characteristics of the foundation strata. The

results are shown on Figure 7, from Hamilton and Tao

(1972).

15
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The site was considered suitable for a pressure- ’
meter field study in that a high percentage of total
settlement was considered immediate and substantial

' .
data existed on soil properties and foundation settle-

.k
ment. The case provided a means for comparison of
deformation moduli obtained from the pressuremeter and

laboratory tests. ¢

.2 Field Test Program

A sampling and testing program was undertaken in
October, 1973 in co-operation with the Division of
Build}ng Research, NRC, Saskatoon. The drilling was
provided by the Prairie Farm Rehabilitation Administra-
tion, Saskatoon.

Deformation moduli were obtained to the 90 foot
depth only.

Adverse weather conditions arriving unexpectedly
early hindered drilling operations and necessitated
experimentation with various fluids for volume change
measurement with the pressuremeter. Consequentfy,
tests were not conducted to a desired depth.

Drilling was done with a Failing 1500 rig using a
5 5/8 inch diameter rock bit. A concentrated drilling
mud mixture was used to minimize moisture content
changes at the bore hole wall and an attempt was made
to keep the drilling rate compatible with thaf at which

pressuremeter tests could be conducted. The 5 5/8 inch
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bit used with a stabilizer.proved well éﬁited to p;es:,
suremeter testing. Bore hole alignment problems were
eliminéted using tb;; arrangement. In addition, the
probe could be inserted in a slightly inflated caondition
ensuring the application of an all-round pressure on

the probe by the drilling mug tz counter the piezometric

head on the measure cell.

Settlement Analysis

| Several analyses were made using an axisymmetric
finite element program originally developed by Wilson
(1965). The analyses we%e limitéd to'thP.Iinear elastic
case with varlatlons in modu}l assig- i * the fill and
mesh size. In view of the foundation :epth over ~which
przgvuqemeter tests were conducted, the effect of the
position of a r1g1d lower boundary on dlsplacements
had to be explored for thMs case. The finite “element
mesh used in the analysif/js presented on Figure 8.

Variations were mad;\sn deformation moduli assigned.
to the fill m;teriai for the load application.

All loads had to be applied as equivalent nodal
loads, as the program did not distribute gravity load-
ing on an elemental basis. All loads were considered
"t hose acting on a one-radian segment of the mountain.
Nodal loads were assigned on\ihe hssumption that the |

centroid of each element occurred at its mid-p&int. The

deviation between this.location and the actual location
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weight of 120 pcf was used in deriving nodal loads.

Load'application was made 'in two stages to stmulate
actual construction. The stages are indicated on Figure
4. A modulus of 50,000 psf was assigned arbitrarily

-

to the fill material. A variation in the £i1l modulus
of one order of magnitude was.found to~produce“a 1.3
inch variatiogﬁin foundation settlement, the settlemegt
decreasing wi'.th higher moduli for the fill. Placing a on
fixed boundary at the bottom of the‘Floral *ill, the ’
depth to whicﬁ modulil had been obtained with the pres-
suremeter, produced centerline settlement that differed
by S inches from that obtained with a fixed boundary
located'in the Bearpaw shale. Because a réiiable rela-
tionship was believed to be established between pressure-,
meter and laboratory determined moduli the lower fixed
boundary was used in subsequent gnalysis.

A'comparison of pressuremeter-détermined moduli
with laboratory data from Haﬁilton and Tao (1972) is
shéown on Figure 6. The pressuremeter moduli are seen.
to be double the'laboratofy figures with. the exception
of moduli obtained in thed field at a véry shallow depth. X
Little,incréQSe in deformation mod3uli with depth was
observed for the Floral till. For this rea;on a single
modulus was applied to the Sutherland till, this figure
being double that repofted by the above aughors. ‘ \

A load-settlement-time relationship was constructed

for the centerline portion of the mountain. and is shown



on Figure' S. The shape of the time-settlement gurve
for the period November 1969 to April 1970 w;s estimated
as settlemeht readings were not available at the comple-
tion of the first stage of cénstruction. Measured total
settlement at the beginning of Stage Il of consttyction
was 8.5 inches. Predicted immediate settlemeﬁt for the
first stage of construction was 7.2 inches. Measured
total and predicted immediate settlements for the period
of the second stage of construction only are 22.5 and

15 inches respectively. -

The following reasomring was used to establish what
portion of;ﬁ?fggred total settlement could be considered
immediate.; Sigﬁificant settlement continued for only
a 4 month pg;ﬁod following the end of coﬁstrﬁctioﬁ.

Over this period, 11 inches of settlement was reco}ded.
Considering/that 11 inches of time-dependent-settlement

i .

occurred in 4 months under full load, it was reasoned
that one-ﬁalf of this amount woulﬁ have occu?red during
the constructioﬂ period had it lasted thefsame 1ength
of time. On this basis, the time<dépendqnt portion’ of
-settlemen§ that occurred during loading would be

1/2. x 11 x.3.5 = 4.8 inches. Subtracting this from

"‘,
Jmeasured total settleﬂi%% yields an immediate settle-
ment totalling 17.7 inches. The predicted }mmediate |

settlement amounted to 15 inches for the segond stage
' S~

of construction. The results of the settlement analysis,

are indicated on Figure 4. The modulus profile used in

19
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the study are indicated on Figure 6. . .

Summary : .
Deformation moduli obtained by the pressuremeter in
the Floral till are essentially double the laboratory

determined moduli. This relafionship appears reasonable

‘considering the possible sample disturbance encountered

in. obtaining specimens for laboratory tests.
The 1oad-timé\fett1ement relationship shown on .
Figure 5 i3 con51dered typical of overconsolidated sofls

For the second stage of construction, measured total

‘settlement during construction is 2/3 of ulgimate total

settlement. U51ng reasonlng outlined in Section 3.1.3,

measured immediate settlement is approximately 3/4 of

measured total settlement for the second construction

peridd.

‘The fact that the mountain was not constructed in

"a single stage complicates a generalization as to what

portion of ultimate total settlement (excluding secondary:

consolidation) can be considered jmmediate. A desirable

'approach to the predlctlon of settlement or dlsplace-

ments of structumes founded on these soils would be a
realistic estimation of immediate settlement using

bressdremeter moduli coupled with a known relationship
between this and total ultimate eettlemcnt. - This sort

of approach can be refined only through field experience
. : .

‘with these soils or with a theoretical application of a

consolidation thegpry for unsaturated soils (Fredlund,
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1972). A more practical appfoach to the prediction of
settlement would be the one outlined above. Ig is
likely that for relatively large loaded areas such as
under. large spread footings, belled piles or raft founda-
tions, a sufficiently reliable relationship could be
established between iﬁ%ediate and total (or time inde- ’
pendent and time dependent) settieﬁent. This relation-
ship would apply only to specific soil typés peculiar to
a region and would be.valid for only those csgditibns
that appro*imate to the iinear elSEbﬁs case. !

Where time dependent movement becomes dgminant,
settleﬁent predicted on the.basig/of conveﬁtional co;-
solidation testing méy be more appropriate.

The engineering behaviour of partially saturatéd
soils has been explored with an emphasis on the applicﬁ-
tion of the ;rinciple of effective stress to these ioilsl
There is wery little documentation in the literature of
cases that”involve the deformation eof these soils on a
field scale. To the author's knoﬁledge, Fredlund's:
fheory is fﬂe only one for the prediction of the time

dependent portion"of deformation of.these soils.
The settlement analysis described in Seétion.S.l.S
supports the validity of the deformation moduli obtained
from' the preésuremeter test. The test'iﬁterpretation
adopted for glacial tills "appe s‘easonable.
It is realized that the a§:1¢§1§'ihvoives the
assumption that the pressuremeter moduli are double the

~
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laboratory moduli for the Sutherland till and that‘
rather limited laboratory data were available for this
till sheet. The deformation modulus can be con51dered
to increase with degth however, in.that each till sheet
has a higher modulus ‘than its overlylng one For this
reason, straining in the Sutherland till 1‘!probab1v

less significant than predicted by the finite element

method. This statement is made on the basis of investi-

gations into the depth to a rigid boundary in finite

element studies made by Matheson (1971).

Even after provision has been made for consideration
of the time-dependent portion of‘the total settlement a
certain discrepanéy reﬁains betweeh the cqlculated prob-
.able and the observed settlements. The calculations
'under estimate the deformation by some 15 percent.

’ ~ An explanation of this feature can be found in the

.
~

following:

Mt. Blackstrap is a structure which has a'foctor of
safety 1n the convent10nal limit- equ111br1um sense of the
order of 1.5.. This is small when compared to the other
structures analyzed in this study. It'is obvious that
appreciable parts of the foundation are stressed rather
close to shear failure, if not already failed. The-
stress,-strain behaviour of s0ils is markedly non-linear,
with modulus decreas£ng at high stress levels and thié
is not donsidered in the linear elastic analysis.

The Mt. Blackstrap case history is important in

to
3
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that it demonstrates the limits of the gpplicability of

this approach. :

Pile Load Test, Calgarz

Site Description

The Calgary air terminal site, under construction
o .

‘at the time of writing was chosen for additional field

studies: A large-diameter, cast-in-place, concrete
pile had been load tested at the site in the course of
design work undertaken by the Ministry of Transport and
R. M. Hardy and Assoc1ates Ltd. The pile was well su1ted
to this type of analys1s in that shaft fr1ct1on had been
e11m1nated over most of the p11e length and\ th€ pile was
embedded in bedrock. N
‘ The site is located immediately north of the exis;-
ing facilities at McCall Field. Stratigraphy at the
site consists of a bouldery till underlain by the
Paskapoo Formation, comprised at this location of clay
shale, sandstone and siltstone strata. Tﬁe siltstone
stratum in which the pile is founded is considered weak
and moderately fractured within the upper six to eight

feet. A major transition'in deformation moduli occurs

‘within the clay shale. For f1nancxal reasons; coring

'was not undertakern at the pressuremeter test hole =

direct confirmation of ths siltstone-shale bound-

could not be made.

Shaft friction was eliminated over all but
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lower S5 foot length of the pile. This was accomplished
by using concentric steel housings through the till éng
a bond preventive feature ip the bedrock above thé 5
foot tip section. A 1oad cell hfd been installed in
the pile tip in aﬁ effort to indirectly measure'éhaft
adhesion over the tip portion.. Tell-tales had been
instélled to eliminate piiq compression from defleciion\

data. The test pile‘details are shown on Figure 9.

-~

Field Test Program

Financial assistance for the program was.provided -

by the Calgary office of R. M. Hardy and Associates Ltd. /

The investigation'was carried’out with the co-operation
of the Ministry of ?ransport, Government of Canada.

A Failing 1500 rig was used-in the drilling-program.
Wet drilling with a S inch carbid® {;sert was used in
conjuﬂction with a stabilizer 'shaft to maintain bore
hole alignment. Four pressuremeter tests were conducted
in tﬁe bedrock at intervals shown on Figure 10. Test
Hole 748 had been drilled in' the summer months of 1973
in whicl coring and visual inspection had been carried
out by R. M. Hardy and Associates Ltd. As indicated on

Figure 10, the pressuremeter test hole was approximately

25 feet from Test Hole 748 and 38 feet from the pile. -

Pressuremeter tests had been performed at the site in

Test Hole 748. Both probes produced modilus profiles
of_néarly identical patterns with regard to variation

) ) . .
with depth. This feature was employed in arriving at
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the inferred s®ratigraphy shown on Figure 10. Field
data in sufficieﬁt detail was not available such that a
comprehensive comparison of test results for the two
probes coulg be made.

The pressuremeter tests weye corfducted using 4 to

"6 increments of 15 - 20 psi, commencing at pressures

considered roughly equal to'origina;-lateral ground
stregses. At the 46 axrd 66-foot depths, significant
volume change occurred with time after the applicaéion
of a pressure increhent.‘ In these cases the immediate
d;formation was considered to occur up to the point at
which volume changegj?ried linearly with time. (Se€e
Figure B-2, B-4). Bedrock stratigraphy and the modulus

prdfile aYe indicated on Figure 18.

Analysis of Pile Performance

-

Several finite element analyses were attempted vary-
ing the mesh size and material properties. Different
assumptions were made as to the nature of bonding over
the lower §>feet of the pile. The analyses are depicted
graphically on Figures 11 and 12. '

Contact pressures across the pile,tiﬁ were ionsid—
ered uniform and nodal loads veré calculated from a
uniform pressure over a one radian segment of the pile.
Wilson's axisymmetric program was used assuming {inear
elasticity and(single step load applicaELpp.

Loads were applied at the top of the bonded embed-

ment portion of the pile to simulate prototype loading
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and to avoid stress concentra{ion at the pile tip.
Pile loading was limited to SSOK, chnsidered a design
load.. The pile had been load tested to 900K in seve;al
stages. Measured load-deflection dd;a are presenEed on
Figure 13. |

The results of the analyses are presentéd on Figures

14 and 15.

Summar)

A linear elastic analysis of, large-diameter piie
performance 1is cbnsidered valid up to d;sign or working
loads. Such loads are usaally defined on the basis of#®,
allowable beariné stfesses, pile stresses and/ar pile
deflection crite;ia. . The validity of ;he linear-elastig
analysis is substant;ated by the load-deflection data
of Figure 13 and by Osterberg and Gill (1973).

It is obwiqus that assumptions pertaining to bonding
at the pile-bedrock interface are tritical,in predicting
pile deflection, even under working or design loads. The
measured load-deflection éurVes suggest that peripheral
bond destruction occurred at an axial load of the order
of 100K and that a cohesive form of bonding was not
restoredlﬁpon unloading. Osterberg and Gill (1973) sug-
gest that shear stresses are set up over the embedment -
in accordance with a.strengtg envelope having a cohesion
intercept and an angle of shearing resistance of the

order of 30 degrees. Their findings are based on para-

metric finite element studies.




Measured pile performance tor this case is consid-

ered best simulated with mesh number 1. Complete bond-
‘%ng is assumed to occur over the embedment ‘portion of

the pile. Under an applied load of SSOK; the calculated

or predicted tib displacement is 0.21 inches. Measured
| displacemen&Ayﬁ; 0.30 inches.

Theoveralldih@nsions for mesh mumber 1 are con-
sidered adequate, as a larger mesh (by a factor of two)
profuced th? same displacements. ‘Bﬂ diménsions of mesh
number 1 are considerably smaller than those. recommended
by Osterberg and Gill (1973).

The above authors concluded on the‘basis of para-
metric finite element analyses, that the presence of a
softened layer immediately below the pile tip for the
rcése of embedded piies does not significantly affect tip
displacement, the reason Being fhat Su;h a condition has
little inflyence on load traﬁsfer over éhe pile efMbed-
ment. This observatlon is supported by analyses per-
formed in the course of ;hxs study. Confxrmatlon on the
basis of field §éhaviou£ is not possrble from Fn}§ one-

case.. -

Because of uncertaintie§ in detailed bedrock str;ti>
graphy, a number of analyses were conducted for which '
the depth of relatively low modulus material was varied
below the pile tip. The finite element analyses would
suggest that socketted piles, for which the embedment to

diameter ratio is of the order of 3, devélop their capa-
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cfty underhworking loads largely by mobilization of shaft
friction. A variation in the thickness of the low modu-
ius siltstone from 15 t® 40 inches produced a variation
in tip displacement of only .05 inche;f\‘The distribution
of shear stress over pile emﬂdeent, as determined using
mesh number 1 is indicated on Figure 13. The pattern of
shear stress distribution is reasonable and variation in
magnitude is very glall. The axial load distribution
obtained for mesh numbér 1, shown on Figure 17, is
reasonable and compares favourably with the measured
distributions reported in the litérature (Freeman et al,

4

1972) .

[
-~

Discrepancies between observed pile deflection and
calculated displacements age possibly a function of the
degree to which the stressed rock will undergo/time
dependent deformation, the presence of disturbed material
below the pile¢ tip and the anisotropy of the deformation
modulus of layered media. Although the time dependent
portion of’B{ie displacement was not determined 1in tﬁe
course of the actual load testing, the observed deflec-
tions indicated on Figure 13 suggest this mode of wnove -
ment was significant, even at working loadsf.

The eff;cts of disturbed or softened material at
the pile tip are difficult to account for and, on the
basis of the analysis done in this study, are not very

significant for piles that develop most of their capa-

city through mobilization of shearing resistance over

™~




the embedded portion of theur shatts. Disturbed or
softened material at the tip would have a more obvious

cffect on the behaviour ot piles which rely primartly on
~'s

end-bearing. - —
Burland and Cooke (1974) present .an interesting
method for predicting the behaviour of belled or under-
reamed piles constructed in stiff clay. Their observa-
tions wouldjéonfirm the validity of the use of linear-
elastic methods in the prediction of pile behaviour up
to working loads. )
For design purposes, the results Qf this study
would suggest that working loads for socketted piles may
be a;signed on the basis of displaceﬁent criteria. One
such method may include the prediction of pile movement
based on finite element apalyses using pressuremeter
moduli, the multiplication of this predicted movement
by some factor to account for time dependent 3ef0rmation
and the assigning of a design load on the basis of accept-
able pile displacement. The empirical correction factor®
would also account for the mechanism of bonding along
the pile shaft and the efféect of the softened zone below "
the tip. Such correction factors would have to be derived
from load tests for a particular construction technique

and geological environment.

Settlement Study; Canada Malting Storage Silos, Calgary

-



.1 Site Description
L

Reinforced concrete storage silos located in »>outh-
east Calgary were chosen as a site for field studies of
the pressuremeter application in granular soils.. The
silos are of the order of 120 feet in height And are
foundéﬁ on a concrete raft having dimensions of 75 by 130
feet in plan and a thickness of 5 feet. The silos are
used for grain storage and well-suited for éettlement
study purposes.

Information regarding soil stratigraphy and general
geology of the area as well as settlement records were
obtained from the files of R. M. Hardy and Associates
Ltd., Calgary, Alberta.

The site is located on a wide, flat, alluvial ter-
race within the present Bow River valley.

The terrace is overlain with a layer of coarse,
well-rounded gravel together with sand, silt, cobbles and
occasiongl boulders. The gravel has been de%psited
directly onto the'Cretaceous bedrock which exhibits an
undulating surface that may be the consequence of pre-
glacial incision or erosion. Bedrock is of the Paskapoo

Formation and is comprised of siltstone and clay-shale

interbeédded with sandstone occurring in layers and lenses.

Bedding is essentially horizontal.
More detailed information on the nature of the bed-
rock strata was not obtained in the course of the field-

work. Coring of these members was not undertaken and
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visual-ekamination of the cuttfngs, during drilling, pro-

vided littie opportunity for differentiation of tge
. strata which were encountgeged.

Stratigraphic variations in the horizontal and ver-
tical directions below the structure were relatively
minor. The soil and ‘bedrock pro}ile indicated on Figure
20 1s believed to be representative of conditions over

~_the area bounded by thg structure and was used in the

settlement analysis. .

3.3.2 Field Test Program

Test drilling was performed using both cable tool
and Failing 1500 rigs. Initial drilldng was done with
the cable tool drill whichvis considered better suited
for work in coarse gravels. Pressuremeter tests had not
been performed locally in gravels, and hence a technique ’)
had to be establishgd for testing im such soils. The
probaBility of caving in the course of testing was con-
sidered. Casing was advanced to within 5 feet of the
Rottom of the test hole to prevent caving above the probe
during testihg. Pressuremeter tests were performed immed-
iately below the ~-asing. In addition the test hole hdd
to be cased to t.. bedrock prior to tests in that mater-
ial. The groundwater lewel was within the gravel ldyer,
approximately 20 feet from the surface. M

Bore hole disturbance was considerd@ significant
when drilling with the cable tool drill, the hit bging

advanced bys impact of the tool. The dynamic loading in
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the vicinity of the bore hole was considered to seriously
. . . P d . . .

affect the deformation modulus gf the gravel. Test holes

put down in the course of a foundation investigation prior

to construction of the silos revealed the gravel to be in

. a relatively dense state. Dynamic loading in the course

of test drilling would likély lead to a ‘reduction in the
relative density of the gravel at the bore hole and have
a corresponding effecf on measured moduli. }

For these reasons, additional test holes were put

down with a rotary drill, the Failing 1500. -Difficulties

were experienced but two test holes were considered

'suitable for t dng. The test hole locations are indi-

cated on Figure 20. The test holes were located such
that representative-soil and bedrock condit;ons could be

encountered without having to perform the tests within

the zone of material influenced by the building load. A

6 1/4 inch diamter- rock bit was used in conjunction with
relatively heavy drilling mud. Caving of the test holes
in the course ofhtesting abové the water table was not
experienced. Tests were performed at the same elevations
in Test Holes 2 and 3 for purposes of - comparison. In

addition, tests were conducted to the 75 foot depth in

Test Hole 1. ’ . /

Test Results
Time-volume change and pressure-volume change curves
qbtainea at this site are presented in Appendix B.
The results appear to confirm the adverse effect

- n



the cable tool drill had.on the soil surrounding the bore
hole. The time-volume change curveé were considered
invalid within the gfavél'layer in Test Hole ij Tests
conducted in the rotary-drilled holes were éonsidered
valid.

The production of a borehole having a relatively

smooth or uniform wall is not possible in a coarse gravel.

The test results do not appear adversely affected by this

bore hole condition, though the degree to which this

effect can be evaluated is not clear. The non-uniformfty

of the bore hole wall is not reflected in volume change
behaviour. Direct bore hole diaméter measurements wefe
conducted in one of the test holes, revealing variations
of fhe order of an inch or two over the length of the
probe. It is likely that the existence of excessively
large irregularities or Vbids would result in rupturing
.0f the outer membrane in the co of testing. Volume
change behaviourliggociated with the filfing of bore
hole voids or irreguig}ities would produce a-distinctly
non-linear pressﬁre-volume change relationship, This
. e

was not the case at the studied site.

For the above reasons, the tests éonducted in

gravel are considered acceptable with regard to the per- .

formance of the pfobe. ®



3.

3.

3

Settlement Analysis

The load-time-settLement relationship indicated on
Figure 19 was obtained for the period of November 25,
1971 to December 14, 19/3. Settlement obser;;tlons were
obtaéned by means of convent1onal level surveys referenced

to a deep bench mark. Settlement plugs were located gt

"a number of interior points at the base of the silos which

had been constructed monolithically with the foundation
raft. The settlements indicated on Figu:e 19 are average
centerline settlements in the longitudinal direction of
the structure. -

-Indicated on_Figure 21 are the finite element mesh
and representative soif\stratigraphy,and defermation
paramekers used in the analyais. A plane strain, linear-
elastic program utilizing constant straln, triangular
elements was used in the analysis. The'ﬁrogram was orig-
inally developed: by Wilson (1965). "

In view of thee¥act that pressuremeter tests were
conducted to only the 75 foot depth, several analyses
were conducted. ‘

An analysisowas made using the measured moduqi and
assuming that a constant value was apTllcable from the
75 foot depth t? the base of the mesh. Another analysis
was made assuming a linear increase in modulus with depth
as indicated on Figure 21. The deformation moduli were

considered to increase in magnitude in accordance with

the relationship defined by test results at the 40, 60



‘The calculated settlements are considered immediate and

-

and 75 footrdepths.

On the basis of a large number of triaxial and

-oedometer tests, a relationship between deformation modu-

1i versus depth was estab1i§he§ by‘Jaﬁbu (1963). Howeve;,
apparent iﬁérgase in modulus with confining stress does
not correlate well with this relationship. ‘Janbu's para-
meters for rdck.or moraine produce éssentially a constant
modulus with depth. The increase with depth observed at
the s{orage ﬁilos'must be more a function of"stratigfa-
phic changes than confining stre;s. Consequently, a
relationship for moduli versus depth based on Janbu's_
work could not be utilized. .

"Values for Poisson's ratd of 0.30, 0.35 and 0.25
were chosen for gravel, bedrock and conc;ete elements
respectively. Foundation loads were applied in a single
step to weightless media in the finite element simulation.

" Although the silos were ofilled in stages, a reason-

able approximation used in the analysis éonsisted of
o

loading. to 50 percent and to - 100 p&'cént of full load.

°

are indicated for illustrative purposes as time-indepen-

dent on Figure 19..

Summarz

A settlement. analysis utilizing the deformation
moduli determined with the pressuremeter at ' the site of
. . 4
the storage silos correlates reasonably well with obser-

vations.



The best correlation was obtained using the linear
increase in moduli with dépth; as.indicated on Figure 21.
The analysis utilizing a constant modulus of 30,000.bsi
from the 75 foot depth resulted in settlements.that
exceeded the bbéefved,by approximately 10 percént. The .
linear increase in moduli as defined by the relationship
6btained at the 40, 60 and 75 foot depths was considered -
rea}istié. The results of the analysis using this rela-
{ionship are iﬁdicatéd on Figure 19. |

‘For this case it was not possible to differen;idte
between immediate and total, observed settlement using
rationale presented in éection 3.i.3. The .shape of the
loading curve .had to be estimated during the second stage
and .it is co;sidered that insufficient readings were
obtained just after fulf loading to accurately define the
time-settlement curve. . . "

The calculated displacement can be considered to
over-estimate the probable immediate settlement'and to
correlate closely with observed totﬁ}NQettiement.

Although the modul® obtai?ed with the piessuremetet
relate reasonably well to the foundation performance, the
test results in the gravel do not compare well with the
results of plate bearing tests performed in similar .
‘materials in doyntowh Célgary by Cla;k and Robinson (1972).
Initial tangent moduli obtained by the above authors
are more than double those obtained with the pressure-

meter. The pressuremeter moduli appear to compare more

\
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favourably with the secant modulus from plate tests,

as observed by Meigh and Greenland (1965). Differences ‘{
in the nature of the test methods and the stress—defqrma-
tion characteristics of the gravel are probably factors

of significance related to differenceé in moduli.
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CHAPTER IV
A. DISCUSSION OF DEFORMATION MODUEI . .

4.1 Introduction ‘
. . *

Deformation moduli are requifed in analysis in
"various geotechnical problems, primarily in foundation
engineering. Stress;displacément analyses in this field
have been.consideraﬁly improved with the developmen% of
the finite element method. Fundamental to the reiiabil-
ity of these analyses is the use of realistic and repre- .
seritative deformation moduli. Insitu moduli obtained ‘
by‘the pressuremeter ar§ considered to better rep{esent
field conditions than ﬁoduli obtained by conventional
means in the laboratory. Although non-linear analysés
‘are p0551b1e, factors of safety commonly cmployed in
foundatlon engineering result in worklng stress levels
that are of the order of 1/2 to 1/3 of shear strengths
For this rea;on a 11near;e1ast1c approac@ to stress-
.displacemént anélyses is jbstified and deformation moduli
‘obtained by tRe pressuremeter- are potentially applicable.

- A rather pragmatic approach to the applica;ion of

" deformation parameters obtained. by the pressuremeter is
pursued in this study. The validity of the test results
is conéidered better assessed from a case-hiStory
approach than from a solely theorefical Qe. Consfder-
ations regarding stress paths taken in the pressure-

.
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‘behaviour of foundation scils are not advanced. The {

meter teSt,‘anisotropy, the influence of éonfining
stresses '‘and the volume of material that is stressed
in fhp course of testing are not elaborated oﬁ in this
sfudy. Arguments regarding the theoretical félevance
of the test results to the .prediction of the field

°

results of case histories presented here and elséwhere
suiégst that deformation parameters at least, obtained
from the pressuremeter test, relate reasonably well to
the field behaviour of fﬁe tested material;.
The low degree of confidence with which mSduli
obt;ined from4convenfional labora§ory specimens can be
applied has been demonstrated. Morrison (1972) and
Dejong (1971) réport that moduli obtained in the labora-
téry are SmaI?.} by as much as an order of magnitudé than
pressuremeter moduli. The ratio of lab to field deter-
mined moduli for the Saskatcpewaﬁ tiils is 1:2, tben
laboratofy moduli having been mea#ured in both oedometer
and triaxial tests. Prpssuremeter moduli have also been

found to be lower than laboratory moduli at-a given

nlocation. (Dixon,- 1970).

There is some question a$ to what modulus of
deformation is measured in the pres§ureméter test,
particularly with regérd to that in granular media.

The question arises from the fact that soil adjacent
to an expanding cavity is under failure deviator stresses

while so0il beyond the region of plastic deformation is

39
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under,str@s below failure in magnitude, approaching
zero at a &Estance,of approximately 20 radii of the bore
hole from its centerline.

The findings . of Meigh and Greeland. (1965) afd Clark
and Robinson (1972), commented on in Section 4.3, sugge%‘\\\-
the pressuremeter modulus does not compare with an ini-
tial tangent ﬁpdulus from plate bearing tests. It is
possible that the modulus relates better to a second
loading modulus determined for laboratory speciméns, in
that these moduli are considered to relate reasonably
well (for cohesive soils) to foundation deformations.

As ﬁointed out elsewhere 'in this thesis, a purely pragma-
tic approach to -the vali%ity of the p,essuremeter modulus
and its rélevance to foundation settlement in the geolol
gical environment of Western Canada ié\adopted in this
study. | '

In the writer's ﬁpinion the pressuremeter can be
considered a useful tool with regard to the investiga-
tion of the insitu deformation properties of -glacial
till and soft bedrock. The deformation moduli of ti1ls
and soft bedrock 6btained with a probe of this design '
can be uﬁed with confidence in the prediction of immedi- ‘ PR
ate deformation of these materials. - ’ (o
"~ Menard (1965) and others have developed empiricai x}}
methods for the detfvation of the bearing capacity of
ddép‘and shallow foundations and strength parameters of

variou$ soils that are based solely on several aspects



a1

é‘)’ ‘ 4
of pressuremeter test results. As mentioned earlier in
this study, this approach to employment of the instru-
ment is not recommended.

Only meagre data has Been published concerning the
validity of strength parameters obtaine& from the test.
The theoreticai"analyses are soundeith regard to -the
evaluation of strength parameters and thg}r application

y
as documented in published case histories is increasing.

-
Tests in Granular Soils

‘The regplts of tests performed in the coarse dense
gravel at the Canada Malting Co. site in Calgary are
considered -reasonable for the condition of first time
. loading in that they combare with moduli reported in
Lambe .and Whitman (1969). They suggest a secant modulus
to 1/2 of peak deviator stress of S,OOO and 15,000 psi
for angular-bréakable and hard-foundéd particles respec-
tively. The moduli are reported for a confining pres-
sure of 1 atmospﬁere.

Clark and Robinson (1972) report on a field test
programlperformed in Calgary, Alberta. The investiga;
tion involved Ehe determination of the'deférmation
properties sf a gravel &eposit underiyihg the ‘Calgary
Tower. glate bearing and seismic tests were conducted.
The results of the seismié tests were used to evaluate
" the variation with-depth and the anisotropy of Poisson's
ratio ahd the elastic modulus of the gravel. Anisotropy

of these properties was related to a preferred particle



orientation that was established by a pstrofabric a@aly-
515. The authors quote initial tangent moduli for first
loading of 25,000 and 72,000 ps: for a 12 inch plate and
25,000 psi for an 18 inch plate bearing test. Average
deférmation modul} were back-figured ffom 1oad45ett1ement
data of the Calgary Tower. A clEsed-form solution was
used” and. the moduli were ¥hown to increase with increas-
ing foundation load to 40% of maximum applied dead load.
To what degree this behaviour is a funct;on of the gravel
lay;r is speculative in that the thickness of the\graVel
layer was roughly 1/3 the width of the ring foundation.

Vesic and Clough (1968) have shown the deformation
modulus of sand to increase at a variable exponent of
confining stress. They also indicate a variation in
the relative compressibility of sand with mean normal
stress. The ;atio of shear modulus to initial sgear
strength or rigidity index is shown to be toughly
inversely proportional to the squafe-root of confining
pressure.

Vesic (1972) reports pressuremeter data from a test
at the 45 foot depth in a medium dense sand. The deforma-
tion modulus and angle of she&ring resistance weré calcu-
lated to be 1,500 psi and 33 degrees respectively. Taking
volumetric straining into account, repeated calculations
resulted in an angle of shearing resistance of 37 degrees.
g\m to be insensitive to

The deformation modulus was sho

the consideration of volume change within the zone of



of plastic deformation afound an expandipg cavity. .The
angle of shearing resis@ance was shown to be highly
sensitive to these volume changes, requiring that thev
be estimated to an accuracy of 0.1%. Calculations of @
from pressuremeter tests using Vesic's analysis results
in a conservative estimate when perYormed with no regard
to volume change.

Gibson and Anderson (1961) report angles of shearing
resistance for a medium to fine, uniform sand of-37 to 49 .
degrees. They report a deformation modulus of 2,700 nsi
for the same soil. They do not consider their theory
pertainihg to sands to be entirely satisfactory, in that

they had to as e€linear elastic behaviour.below vield.

(Galhoon ) reports on the resutts of a large

number of pr¢ ter investigations in the United
States. The results are presented in.the form of settle-
ment predictions based on pressuremeter test results and
data from the SPT test. He concludes that the pressure-
meter results relate better to settlement prédiction for
a variefy of spils than do SPT data. The i-‘.%nation he
presents is of limited value gn that the actual moduli

are not reported. »

Tests in Soft Bedrock .

Dixén (1970) reports deformation data obtained from
pressuremeter tests in Californiqz The tests were con-
ducted in interbedded sandstone and shale of the Castaic

Formation. Rebound moduli were measured at the site to

V4
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~Varying fr 5,000 to 18,000 psi with rebound moduli

44

provide an indication of the degree of fracturing. Thé

: o
ratio of rebound to compressive moduli varied from 1.5
té 10 and was considered indicative of modérately to
heavily fractured rock. This fact was verified by visual
inspection. Modulus values for the sandstone werg con-
sistently lower than for the siltstone, dveraging 1/2
the véluelfof the latter. Comptessive strengtks and
densities were also lower for the sandstone. Moduli
from the pressuremetér tests were lower than those from
laboratory samples but were considereé more representa-
tive of. the insitu properties and subsequently used for.
design purposes in the construction of a surge chamber.
Pressuremeter tests were performed oy Dixon in. s

-

clayey #s1lts e near Los Angeles. He reported moduli”

~
.

indicative of virtually intact rock.

Mdrrisoﬁ (1972) obtained deformation moduli varying
from 13,000 to 130,000 psi for fractured and intact shale-‘
respectively of the édmonton Formation. | ’ {

In €4he course of field work for this study, tests

-

were conducted in soft bedrock of the Paskapoo Fqrmation

in Calgary, Alberta. Deformation moduli as low as 9,800
\ :

el

and 12,000 psi were obtained for weathered zpale and

siltstone respectively. Representative values for shale

below the weathered strata of this formation are of the '
M &

order of 25,000 to 65,000 psi.

’ . »

The best documented correlq‘ﬁbn study of deformation
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and strength parameters from several sources 1is ihag of

Meigh and Greenland (1965). Tést% Qere performed in

Coal Measure mudstone and sandstone, Keuper marl a‘h

Bunter sandstone. Deformation moduli were obtained in

.the field from plate bearing and pressuremeter tests.

Strength tests were performed with the pressuremeter

ahd on dr111 cores, open-drive and block samples The

regults of the study in general are summz;){gh below:

1) Pressuremeter tests in\| the Coai MeasQre sediments
jelded significantly lpwer deformation moduli below

the ground water level than above it.

2) In a number of cases, air-flushed drill holes yielded

higher moduli than water £lushed.

3) Deformation moduli from the pressuremetef test appear

to compare favourably with a v"secant' modulus
obtained from plate bearing tests. Initial moduli
from the plate bearing test are significantly higher
than moduli from the pressuremeter.
4) The undrained shear strength of ;;;y soft, very
v~close1y fissured siltstone, was dgfermined from

pressuremeter,plate bearing and triaxial tests on

block sanples. For this material, all three tests
‘'yielded essentially the same strength.

5) Shear s;rengths from the pressuremeter tests in the
Coal Measure sediments were significantly higher
than the results of triaxial tests.

6) Typical deformation moduli obtained from.pressuro--

L

//'7\" P . '. -
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:ﬁeter tests are li;ted below. Moduli are given in
pounds per square ‘inch. |
Silty Mudstone: 7,000 - 21,000 (above GWL)
‘ 1,400 - 6,000 (below GWL)
Keuper Matl :.
(thin layered sand- 3,000 - 37,000
stdne, siltstpne)
Weathered Sandstone: 9,500

Summarz

Deformation *moduli obtained from pregsuremeter tests
in general are significantly H.ss than initial tangent
moduli for first loading from plate beariné tdsts. Thev
probably relate better to moduli determined at 51gn1f1-
cant plate movement, a form of secant modulus. It is
likely that the results of pressuremeter teifs in gravels
correlate with the relative density of-these soils. To
the degree that pressuremeter tests can beieaéily
""'standardized" thié test could prove more effective than.
the SPT in the evaluation ef the Hnsitu properties of
granular soils |

Deformatlon moduli obtained from the pressuremeter
tets in soft bedrock in the Calgary area appear reason-

abl; They are somewhat lower than modulus values

.4
$aineg for” ‘similar sediments of the Edmonton Formation
- c.

by Morrison (1972).

The influence of discontinuities is believed evident

from the tests performed at the 50 épd 60 foot depths at

2772
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the Canada Malting Co. site in Calgary. The modwudus

value at higher stress lévels is seen to exceed that at

lower levels. These are fepresented as initial and

& condary moduli in Figure 16 .and 17, Appendix B. The
influence of crack closure is ¢onsidered separable frpm

the effect of the restoration of initial ground streskes.

An examination of the résul;s of a te;t at the 75 fopt

depth at the same site suggests the original ground stress

was apprgx

L}

Wy 70 psi. The inflection in the pressure-
volumeQEh ﬁtf;g;fves at the 50 and 60 foot depths occurred
at pressﬁre of 90 and 85 psi respectively. .Linear behay--
iour is indicated prior tao and after’ the inflection point,
but this need not represent crack closure. The restora-

tion of original horizontal ground stresses by the pres-

suremeter is a’'distinctly non-linear process. . m

©



CHAPTER V v

CONCLUSIONS ‘ .

3

s The U 6} A probe constructed in;thelcourse of this study
was found well suited to the measurement of the deformatipon
moduli of glacial till, coarse gravel and soft bedrock. The
instppmént is not considered suitable for the determination
of the deformation properties of intact rock having deforma-
tion moduli of the order of 200 000 p51 or more. Thg.measure;
ment .of volume chawgé during testlng in t@g{: mater1als would
requlfe ; m;re sensitive measuringssystem than can be attained
with a prqbe of thig design.

. . 'Stréngth gésfs yith the probe require high rates of fluid
flow to the mea%;ré cell of the instrument. It is likely that
such tests would be difficult to-perform in relativeiy soft
soils having thé consistency oéflightly overconsolidated lake
sedlments or normally qonsolldated soils. Strengé‘ test1ng in
these, materials would require fluid flows in excess of that
obtainable with a probe of this design or the use of ;:ry small
pressure increments, a complicating féctor.

The preliminary laboratofy ttials that were conducted to
assess.the operation.of the ﬁressure reduction valve on the
probe indicated a need for a different valve, such as the .
solenoid'type. The trial and error proce&ure presently required
in the setting of the reductien valve for testing at depth in |
a‘dry hole is not adequate. Utilization of an electric solenoid

’
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valve as outlined in Section 2.3 would solve thig problem.

fhe results of the field studies suggest thot doforma~
tion moduli obtained‘wibh the S ‘inch probe in the Saskatchewan
“glacial till and the ?askapoo Formation are.;alid.. The moduli
can be used with confldence in the prediction of 1mmedlate
settlement of structures founded in these materlals

Deformation moduli of the Sas(atchewan tills obtained
wifh the pressuremeter are approximately twice the magnitude
of laboratory determined moduli. For the case of tﬁe Saskat-
chewan tllls, immediate settlement constitutes 2/3 g¥ 3/4 of
totfl settlement. The time-settlement relat1onsh1p for Mrt.
Blackstrap is considered typical of that for overconsolidated
soils. o o

The working-capacity of end-bearing drilleo piles in‘soft
bedrock can be estimated on the basis of a linear-elastic
stress-displacemenf analysis incorporating pressuremeter-
determined deformation moduli.  Pile tip displacement was
predicted within 30% using moduli measured in the horizontal
direction. The.designation of destgn or working loads for end
bearing piles founded in soft bedro;k can be.made on the basis
of deformation criteria alone. For pileé foundgd on bedrock
having moduli in excess of 100,000 psi, working capacity should
be assessed on the basis of allowable stresses.in the sérucfural
‘member.

The assumption of complete bonding at the concpete rook o

1nterface for embedded end-bearing piles will-lead to an under-

est1mat1on of tip displacements. These d1splacements are over-



estimated for the assumption of no rock-éonc;gfe bonding. It
is likely that bonding is incomplete at relatively small shaft
displacemeﬁts, that shear stresses at the interface are\ﬁobil-
ized and that éhese shear'stressgs are not %gifofmly distri-
buted along the émbedded‘shaft .The finite element simulation

of a more realistic load transfer mechanism requires the use

of speCIal elements at the pxle surface} such as those used by

Osterberg and 0111 (1973). The parametfic study done -by- the
above authot; supports the validity off{ the linear-elastic

ver pile embedment

analysis incorporating complete bonding

in estimating wdfking loads. )
Pile tip displacements are felatively insensitive to
variations in Poisson's ratio for bedrock. A realistic value
is considered to be 0.35. |
Displacements predicted -on the basis of the pressure-
meter-determined modu11 were in each field study less than
‘measured dlsplacements For the case of the Saskatchewan tills,
a rigorous assessment of the time-dependent portioh of settle-
ment was beyond the scoﬁe of this study. The separation of

time-dependent and immediate settlements made on the basis of

. judgément outlined in Section 3.1.4 resultedd}n what is con- @ -

sidered a reasonable estimation of each mode, of defofmation.

A detailed evaluatlon of s:ttlements associated with each mode
would be required before one could consider the effects of
anisotropy of the modulh; of deformation in the horizontal

and vertical directions. The anisotropy factor would be 1less

dominant for the case of 1ial tills in comparison with that

S0
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of sediméntary bedrock, from the point of.vigw of structure of'
the materials. The more structurally isotropic natpfé of
glacial till would lead one to expect avsmall variation in
‘deformation moduli in the horizontal and vertical directions.
The stratified nature of local bédrock strata would suggest a
significant varkation in maduli measured in different direc-
‘tions. An evaluation of the ani§§tropy factor is complicated
by the qxisténcq gf discontinuities witﬁin a bedrock mass and
thé effect of these on d?fornatign moduli. -In a&dition,.there
is a prbbable anisotroepy. of'qu?son's ratio for layered bedrock,
 though.the deformation modulus is not especially sensitive to
this ratio. The anisotropy factor may be more relevant to the
prédiction of pile performance than to the prediction of di§4
placements un?er large loaded areas. The existence of rela-
tively large'horizohtal coﬁpressive stresses below a pile tip
is a'compligating factor in/the assessment of the effect of

‘structural aniso¥rgpy-. For the case of the Calgary test pile,

’ ‘l“_ . - - )
it is suggested that a definition of the load transfer mechan-
- . L} °

ism is more relevant tha nisotropy to thé prediction of pile
performance using methods vdtlined in this study.

Pressureméter moduli obtained in coarse, dense gravel
'appea} reasonable and can be employed in finite element studfes
for the prediction of building settlemeptroﬁ these materials.
The moduli for the gravel deposit tested at Calgary appear
conservative when compareq to results in the literature but

can be considered to relate realistij'ﬁly to foundation per-

formance,
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APPENDIX A

INTERPRETATION OF THE PRESSUREMETER TEST "
~. AND SAMPLE CALCULATIONS

2
]

Several iéterpretations of the pressuremeter .test are

‘ N
possible, thgse varying mainly with the soil or rock type

and whether sgrength or deformatigq aerties are required.

The immediate portion of Kormation is

reqd’red in_the calculation of ipn modulus™ With

‘he ewception

tity is an.r vident and is subject to some judgement.
In nearly al
" for bore hole ﬁQtion‘under.ap'applied pressure,” a con-
VSéqyence of discoﬁtipuities within the rock mass and the
cha;ges in effective stresses within the stressed soil or
rock mass. ) “ .

v "Pressuremeter t;st; ;?re performed in glacial till,
r/ gravel and soft be_&;ock in the courseof field work for this

-

"study. The results of these tests are presented in Appendix.
B. The calculation of deformation moduli in each case was ’
sksed on-considezétions'iq@icated on Figure 81.\\Tﬁé immedi -
ate.porfioh of bore hole deformation for a given pressure

increment was considgred to be that volume change whic
g . ,
¢ ~pccurred prior to the development of an essentially linear
ti -vp;ume Eﬁange relationship. This interpretation leads

- v .’
77



e

to a somewhgt smaller deformation modulus than that obtained

using other‘interpretations (Morrison 1?72). ‘N

Example (1): -Calculation of the motglus of deformatidn
of the Floral till at the 4S‘£§ot depth at
Mount Blackstrap, Saskatchewan('.The field

. ’ record is indicated on Figure B9. Frop this

. . ]
data the following calculations were made. |
. Y

FIELD TEST RE.*LD: Mount Blackstrap - b
e ] [

DEPTH: 45 fe
.
'MUD ELEVATION: Ground level

o 9 “
REFERENGE VOLUME READING: 8.2 cm>
¢

SEATING VOLUME REAﬁING‘E 43.0 cm
L. @

REFERENCE DIAMETER: 4&4 inches

SEATING PRESSURE: 30 psi

FILL TO: 7.4 cm  ~ | . e
#§LEED TO: . ‘ Q
o STABLE AT: 7.5 cm " e /
. AIR WATER DIFFERENTPAL: 10 psi )

Volume Change Readings:

Time (pressure, ps*’

{Sec.) 38 50 62 74 w88 98
0 7.5 17.9 _24.0 30.0 38.z 12.1

5 S 31.8 40.5 14.0

: CLTo ol
10 © 12,0 21.3 26:.8 33.1 41.8 15.5
15 S 3.9 42.5 16.3
. A - [}
20, 13.9 22.2 27.6 © 43,2 17.§
25" ;34.9 43.8 1755
2 17.9

.30 . 1A.B° 2245..28.04 352 44,
. ""

»
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FIELD TEST RECO%): Mount Blac’&st-rap (continued)

Time

gSec.!
35

40
45
S0
60
70
80
90
120
180
240

Ny V4

REMARKS :

. » *
17‘ﬂ . 23.3 29.1 > 37.5« 47.7 21.9 ”

;
Volume Change Readings
- (pressure, psi)
%ﬁ 3¢ ‘\%%;;}:lli L ‘gg
1 35,5 34,6 18.3
1sg 227 28.2  35.7 44.5 18.7
« - ‘ . 45.3  19.0
22.8 28.4 36.0 . 45.5 19.3
"16.1° 22.9° 28.% 36.4 45.9 19.8
.23.0 28.6
16.5 23.1 28.7 L
16.6 . 28.9 " 37.0% 47. 6% 2170 7" e

17.5 23.7 29.5 38.2 48.9 25.4
17.9 24.0 29.9
- probe lowered ugder 10 psi inflation,
- time interval between .volume-change measure-
ments from one ingrement to next = 30 seconds
for increments 38-88 psi; 60 sec. for §8-98 psi.
" - volume change scales: 50 cc?Em during

. seating; 5 cc/cm thereafter.

The\imnediate portion of volume change per pressure

increment is indicated by the arrow on each time-volume

change curve.

Voluhe change occurring over the final 30

seconds of each of increments 38 to 88 psi is subtracted

-«

from the initial portion of the succeeding increment (for



final 60 seconds of ingrement 88 - 98 psi) to obtain the
immediate deformation per pressure increment. These volume
chanﬁes are plotted versus the applied air pressures. A
correctea origin must be used for g;ch time-volume change
<urve. The reason is'that prior to application .of the next
pressure increment, the water sppply to the probe is turned
off to establish a starting point for volume change measure-
‘ n’pt. ‘Often the water level in the.nght glass must be
| ‘t‘eﬂjuttqd to a more conVenlent level. For the *hort period
WW the \:ater supply is turned off, the probe can continue
B 1) exﬁ!‘d ‘under the applied air pressure. This volume change
'%1ncorporated in the first few seconds of measurement when

*

_water supply is opened at the start of a new pressure

',hcrement agh.must be subtracted from recorded volume changi\

o "ﬁnder the higher applied pressure. A convenient time period

f " of either 30 or 60 seconds is utuilly adopted over which the

witer supply is turned off aqd'arraﬁgemehts made for applica-
tion of a higher- pressure.

The borehole volume over the length of the méasure cell

¢ [
A B
‘ A )

-;can be closely estimated from the volume change recorded
du:ing seating of the probe. The ‘outside dia@lter of the
probe is measured prior to lowering and this reference dia-
meter and measurencelitvoluneyteading recorded. From the
volume change require@ to seat the prpbe at a pressure close_
to estimated ground stressés, the actuai borehole di#metér
and volume over the'lenzth qf the(@easure cell can be *

-
PNy

established and is entered a$ Vq A4n the equatioé‘_{ fo_r deter-

80



. v
mining the deformation modulus. The eguation commonly

used is o e
E = 2{1 +v) 4p
av/Vo
.‘where E = deformation modulus (psi)

‘9 = Poisson's ratio

v/ ap

slope of linear portion of the pressure-valume
change curve 'e
vVo = origindl borehole volume over the length of the
measure cell at an applied pressure roughly equal
to estimated original ground stresses.
For the case of this example, the following quantities are
calculated:

1) av = X (D,?- D,?) (L)) (16.4)

where - |
Av = seating volume change

D,2 = diametervof measure cell aftéf seating of probe ,!

D 2 = reference diameter of measure cell prior to

lowering of probe (proﬁe 0.D. minus wall thickness

of external membrane).

o Lo = length of measure cell in inches (13 inches) *
16.4 = conversion factor, cubic inches to cubic centi -
N
meters

-



Rearranging, D,? = (Av + .785 D %) 1.27
214 o
) . <
and AV = (43.0 - /27 x SO
= 1740 cc,
D, = 4.54 - .8
" = 3.74 in.
Solving, D, = 4.93 inches and
. -
Vo = z (4.93 + .8)% (16.4) (13)
= 5500 cc .
' ® ,
. .» . ) .
2) E . P 2(1 + V)_-AB . )
Av/Vo oe

where '
- fyom the pressure-volume t'urve of Figure »A,

AV _ 25.5 ¥ FI
. Ap 100

T A gen g

-~ Vo = 5500 cc

Assuming Vv = 0.40, E = 6050 psi



APPENDIX B

RESULTS OF FIELD TEST PROGRAMS

'3
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VOLUME CHANGE (CC)

15

10

VOLUME CHANGE (CC)

FIELD TEST RESULTS
TEST PILE SITE
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FIGURE B3
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VOLUME CHANGE (cc)

.FIELD TEST RESULTS
TEST PILE SITE
CALGARY AIRPCRT

DEPTH: 66
MATERIAL: CLAYSHALE
MODULUS: 64,000 PS!

40

142
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VOLUME CHANGE (CC)

VYOLUME CHANGE (CC)

FIELD TEST RESULTS
MOUNT BLACKSTRAP

DEPTH: 17
MATERIAL: TILL (BATTLEFQORD)
MODULUS: 3050 PSI '

L L | ] | ] 1

20 40 60 80 100 120 140

TIME (SECONDS)

/
//A————LINEAR SLOPE

e L
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VOLUME CHANGE (CC)

VOLUME CHANGE (CC)
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VOLUME CHANGE (CC)

VOLUME CHANGE (CC)
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VOLUME CHANGE (CC)

120

VOLUME CHANGE (CC)

140
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FIELD TEST RESULTS
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VOLUME CHANGE (CCY
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FIELD TEST RESULTS 5
CANADA MALTING CO. SITE, CALGARY
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VOLUME CHANGE (cc)
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APPENDIX C

RECOMMENbED FIELD’PROCEDURES AND - @
OPERATION OF THE PROBE

The iﬁstrument developed in 'the ceurse of this study
has a 4 5/8 inch diaméter at the largest séction. The probe
can be used in the deflnltxon of deformation modull for
test holes varylng from 4 3/4 inches to 6_}%ches in dxameter
The determlnatlon of strength parameté}s from the probe
requires that it- be used in a borehole having a maximum
diametef of roughly 5 5/8 incges, wh;ch is a standard rock-
pit size. Procedures outlined in this section will refer to
usgﬂgf the probe for moaulus determina;ion. ~

In its present form, the U of A probe must be used in
test holes containing drilling mud. The addition of a
solenoid valve oﬁ the probe would facilitate use of the
probe in dry holes.

The most suitable borehole diameter is 5 S/8 inches.
The probe has been used in boreholes of 4 3/4 inch diameter
but not without diffic ' uring insertion and retrieval.
An air pressure of the o of 10 psi is required in the
probe'during lowering to priovide the external.membrane of
the probe with some stiffness such that an all-round pres-
sure can be applied by the drilling mud. Under zero infla-

tion pressure the external membrane on the probe is able to

102
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¢ollapse sufficiently £y }kﬁminate the effect of the hydro-
static stress imposed by the drilling mud in the hole. Under
these conditions an all-round pressure roughly equgl to the ‘
drilling mud head to the instrument will not be produced.

As mentioned earlier, _this drilling flyid pressure,'as trans -
‘ferrea to the internal air pressuée of the prgUe aﬁd Eonge-
quently to the exteriér of the measure cell is ?quired to
counter the development of the piqzbme;ric'head on the mea-
sure cell d&riﬁg lowering. The specific grav{:r of bentoni-
tic drilling muds exceeds 1.0. Undgr an initial air pressure
of about 10 psi at,ihe com;encement of loygring of.xhe_prcbe,
pfessures in exéess 6f iS psia on the water control valve at
the controi‘pahél cénlﬁe*mainta} éd, eliminating the occur-
rence of cavitation in the water?supply liné below this valve. -
The use of a drill collar or stabilizer bar is r;com-
mended for drilling of test holes of 5 5/8 inch diame:ef or
smaller. This attachment above the drill bit aids in the
production of a borehole having no abrupt directional or
alignment changes that can inhibif passage of the probe. 4
Rotary-d;zlled boreholes are the only type that can be
used with confidence in tests for modulus determination.
Percussién or shqar-displaoﬁ%ent drilling methods utilized
by such rigs as the churn drill (cable tool) or diesel .
hammer-driven tools are considered to produce excessive
borehole disturbance.

Test drilling should be made at rates compatible with

that at which pressureheter tests can be performed. For the

o



case of easily softened mater{als ch as clay-shale and

siltstone, a.thick mixture of dr1111ng mud should be used

(consistency‘such that water pump intake screen O enxngs
_ pump |%

Drilling should be commenced

1
need\g:;tinuous scraping) -
wh nAperformance-of a pressuremeter test is assurved.

only

Sthld.drilling'be advgkce&\to depths greater than can be

tested in a period of several hours, re-drilling of the hole

may be requ{red, especially when'technical groblems can

de&elop and inhibig the tate at which te;}s can be conducted.
Fdf the case of tésting under freezing temperatures,

replacement,of water as a measuring fluid with pure methanol

1s advi;;a\ Mixtures of ethylene glycol or methanol with

water have been found Co have viscosities that produce pro-

0
3

hibitive flow rates in the probe.

OPERATION OF THE U OF A PROBE

The following procedures apply to operations of the

probe to deptﬂs not exceeding 25 feet 1in dry test holes or
to lower levelg in mud-filled test holes.

1. De-Airing the MeasurerCell: oo ' N

Fill the measure cell under an applied water pres-

sure of about 5 psi. Open the bleeding screw on the

water return line and allow flow into and out of the

é

measure cell under 5 psi applied pressure. At the same

time, continuously squeeze the measure cell portion of

the pfoﬁe until no air éUbbles are seen to leave the

measure cell. The measure cell will empty fairly
)

1014
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rapidly when being bled. Close the Bfeed §drew and
allow cell to fill again. Repeat the above .bleeding
and air exgwﬂglon process several txmes until the mea-
sure cell is de-aired. Allow the measure cell to fill
under an applied pressure of 5 - 10 Psi in which condi-
tion tje probe can be. readied for lowering or tran;port.

Storage of the probe with the measure cell under inter-

nal pres ure will obviate de- a1r1ng with successive use.

Seating the Probe
-

1. With the measure cell de-aired, filled and

under a pressure of about 10 psi the probe is
ready for lowering. >
v

F;ll the reservoir ,and note/the volume read-

[3%)

ing. .

3. Measure the outside diameter of the probe at
the midpoint of the measure cell, recording it as
a refgrence diamter. .

4. With water supply to the probe turned off,
apply approximat{ly 10.psi~air presaﬁre to thé
pfobe. - - - —

5. Lower ‘the probe to the desired test elevation.
Observe the air pressure gauge which should in-

L
Crease with increasing all-round pressure on the

probe applied by mud in the test hole. "Occasion-
ally open the water supply valve to the. probe.
Water should return from the probe at all times,

ensuring that pressures greater than atmospheric

-
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are acting on the control vd&ye and that cavita:

tion in the supply line to the probe will not

occur. Z\
The adjustable relief valve at the cpntroi

panel is used to maintain an air-wﬁter pressure

4 ’

differential of 10 psi. The valve\is used on the
air or water phase at ;Ae panel such that the
piezometricuheaa to ;ﬁe measure cell plus the
applied pressure on the wéter phase are at all
times only 10 psi greater than applied air pres-
sure at the probe. Up to piezometric heads of

éS feet, measured from center of measure cell to

. midpoint of reservoir, the air or gﬁard cell pres-
sure will have to be feduced at the control panel,
23 feet correspondiﬁg to a piezometric head of

10 psi. Beyond heads of 23 feet, pressure apglied
to the water phase at the panel will have to be
reduced by the relief valve. For example, if #he
piezometric head to the measure cell is 50]psi,
the relief valve at the control panel will be

btheen the pfressure cylinder.and the water reser-
voir and will be set to a cracking pressure of 40
psi. In this way, no pressure will be applied to
the reservoir until the applied air pressure at
the probe is 40 psi and the following conditions
will be met:

—
Piezometric head at probe: 50 psi

\
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Adjustable relief valve cracking pressure: 40 psi
i) applied guard cell pressure = 40 psi

|
applied water pressure = 0

piezometric pressure = 50 psi . - S
water pressure on Teasure cell = 50 psi
required differential = 10 psi
ii) applied guard'cell pressure = 160 psi
applied water pressure = 120 psi
piezometric pregsure = 50 psi ‘ ;
water pressure on measure cell = 170 psi
required differential = 10, pst
In summary: '
i) for piezometric heads on measure cell up
to 23 feet, G.D. = 10-P, A < W
ii) for piezometric heads on measure ceil
greater than 23 fe;t, G.D. = P-10, A > W
whére Gdﬂ. = difference between air and watex guage
pressures as recorded on the control panel guages.
The guage difference required to obtain the required
10 psi air-water differential at the probe is equal
to the cracking pressure of the adjustable relief
valve on the control panel.
p = piezometric,head in pounds per square inch,
measuredlfrom midpoint of measure cell to mid-
point of water réservoir at control panel

A= applied air pressure (guard cell pfessure) as

recorded on air pressure gauge at panel.

\/
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11.

12.

108
W = applied water pTEssure as recorded on water
pressure guage 6ff reservoir at p;nel.
With the adjustabie relief valve set to'pré-
duce the required air-water differenti*l, air pres-
sure roughly equal to estimated total dorizontal

ground stresses should be applied, flowtallowed to

the measure cell and volume change re ngs observed.
“The volume change can be recorded on g ined-flow
from sight glass and reservoxr * change
with time is essentially zero % ‘seated
%urn off water to the probe, recora' "sight

glass reading and if necessary refill the reservoir.
Isolate the reservoir from volume change mea-

surement, using only the sight glass to record flow

to the probe. ® -
Apply a pressure increment of ls'psi or so

to the air'phase. After 10 seconds have elapsed,

open the flow control valve to the measure cell

and record sight glass readings at 10 second

interyals for 60 seconds, 30 second 1ntervals from;-
N 'S

—l\
then on.

Volume\change will be essentially linear with
time after 60 seconds or less. Continue readings
for another 2 or 3 minuies (maximum)'and then turn
off flow to measure cell, record reading and read-

just 51ght glass 1level 1f necessary.

At some convenient time (30 to 60 seconds)
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after turning oft flow to .probe and making any
required adjustments, apply the nekxt pressure incre-
ment, wait 10 seconds and turn on flow to measure.
cell. Record as noted above.

After 4 or 5 pressure increments in excess of
estimated lateral ground stress, shut off gas sup-
ply tfrom the pressure source and slowly reduce
reservoir pressure until fluid returns from the
probe. Maintain this reservoir pressure until
fluid volume in the reservoir and sight glass has
been res%ored to original quantities prior to
seating the probe.

Deflate ihe probe to approximately 10 psi.

Do not attempt to raise or lower the probe under

applied air pressures in excess of 10 psi.



APPENDTX D . \

TECHNICAL DOCUMENTATION OF THE
U OF A PRESSUREMETER

i
Figures D1, D2 and D3 constitute the technical Jocumen-
tation of the equipment.
In schematic form, the probe and control system are

described.
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SCHEMAT ! OF CONTROL PANEL .
\
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EXPLANATION OF SYMBOLS

3 Way Valve (common at top)
Double line indicates routing or
"on'" position for full pressure
to reservoir, reduced pressure to
probe air. Opposite position is~”
for full pressure to probe air,
reduced pressure to reservoir.

Aitr Regulator (fine adjustment type)

Pressure Sensor or Transducer

Quick-Connect to External Lines

On-0ff Valve

'

~

Compressed Air Source and Regulator

%
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