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ABSTRACT

A preliminarny evaluation was made of the Menard Pressuwremeter test (MPT)
and the cone penetrhometern test (CPT). Basic principles and test

concepts are discussed, with particularn nefernence to the devices employed
dwiing the {§ield program.

Field tests were conducted on Sea Isfand where the s0il types possess an
Antenesting variety of engineerning properties. Progiles were developed
and compared with those obtained using a standand penetration test (SPT).
Additional comparisons between the CPT and MPT ftest nesults are made
whesre applicable.

Some of the Limitations and advantages of the two Test devices are also
discussed. Preliminarny recommendations on peossible areas oﬁ fuithen
reseanrch and development are made. :
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INTRODUCTION

Purpose of the Study

The development of numerical modelling techniques has significantly improved
the ability of the soils engineer to manipulate data on the strength and
deformation characteristics of foundation soils. Further refinement of the
foundation design approach depends upon the development of more sophisticated
in-situ testing devices, which will improve the quality of data obtained

during the foundation investigation.

Several in-situ testing devices have recently been introduced to the Lower
Mainland. The Menard pressuremeter, (developed in France), has seen
extensive use in Europe for several decades, and is a device which is used
to obtain information on the stress-strain behavior of the soil. The cone
penetrometer, (developed primarily in Holland),has also seen extensive
deployment as an apparatus suitable for use in determining the strength

characteristics of the soil.

This study represents a preliminary evaluation of these testing devices,
and their applicability to the soil conditions encountered in the deltaic

deposits of the Lower Mainland.

Objectives

The Menard pressuremeter and the cone penetrometer were evaluated with the
following objectives in mind:
1) To obtain information relevant to the engineering
properties of the soil.
2) Evaluate the difficulty in applying these tests in the
field.
3) Develop correlations between the test parameters and
the soil type.
4) Compare the test results with parameters obtained during
a conventional test procedure; the Standard Penetration
Test.
5) Determine features of the tests which would be of

importance for future research work.



THE MENARD PRESSUREMETER TEST (MPT)

Introduction

The Menard Pressuremeter’Test“(MPT);cnnsists:ofvthe radial,expansion of a
cylindrical cavity within a borehole. A record of the volumetric
increase of the cavity as a function of applied pressures is obtained,
from which the deformation characteristics, (stress-strain behavior),

and limit pressures of the soil can be determined.

The application of the MPT to foundation design relies not upon the
determination of classical Mohr-Coulomb parameters 'c' and 'd' , but
rather the ability of the test to model the behavior of a foundation
by creating a stress field in the soil similar to that developed
around piles or footings. Settlement and bearing capacity formuli have
been developed using theoretical methods, and subsequently modified
using actual field results. ' Experience has shown that correlations
between observed and predicted behavior are very good, (Baguelin et
al, (1978) and Tavenas, (1975)), however the unilateral acceptance

of the MPT as a foundation-design aid is contingent upon its observed
performance in difficult soil conditions, where conventional testing

and undisturbed sampling methods are inadequate.

MPT Apparatus

The pressuremeter unit used in this study is the model G-Am system
manufactured and distributed in Canada by Roctest Inc. The unit
consists of a control unit, pressure vessel, and a cylindrical
probe attached to the control unit with coaxial tubing. Figure 1
illustrates the principal components of the system, and a schematic

view of the probe itself.

The probe itself consists of;
A) a cylindrical metal body,
B) a central measuring cell which is formed by a
rubber membrane secured around the cylinder,
and into which the inner tube of the coaxial

tube injects water,
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C) two guard cells at the ends of the probe
which are formed by the outer rubber membrane,
and into which the outer coaxial tube
Injects air,

D) and an optional metallic sheath, similar in
form to a Japanese lantern, which surrounds
the outer membrane and protects it from

puncture by downhole materials such as gravel.

The guard cells serve a two—fold purpose. Firstly, they maintain the
shape of the central measuring cell by preventing the longitudinal
expansion of the rubber membrane along the borehole. Secondly, they
maintain the shape of the borehole as the expansion of the probe
causes failure in the soil around it. As a result, they ensure that
the soil deforms radially around the probe, thus simulating con-

ditions of plane strain.



Test Procedure

The basic test procedure involves the inflation of the measuring cell

at equal increments of pressure, and recording the volume of water
injected into the cell at predetermined time intervals. (For the purpose
of standardizing the test, readings are normally taken at 15, 30 and 60
second intervals before the pressure is then increased to the next level.)
The magnitude of the pressure changes will depend of course upon the
anticipated limit pressures of the soil. It is desirable, both from

the viewpoint of analysis of data and test expediency, to employ
approximately 10 pressure increments during the test. This is usually
sufficient to accurately define the behavior of the soil, and normally
involves increments of either .25 bars (25 kPa) or .5 bars (50 kPa) in

most unconsolidated deposits.

It is essential that a pressure differential is maintained between the
central cell, and the two guard cells. This difference is specified by
the manufacturer of the probe, (1 bar in the case of the Model G-Am),

and is required so that the deformation of the soil is caused principally
by the expansion of the central measuring cell, and not by the expansion

of the guard cells.

Calibration tests are required in order that corrections can be made for;
A) the resistance of the rubber membrane and
metallic sheath to expansion, (this is a
measure of the inertia of the probe in order
to determine its own pressure-volume
relationship), and
B) the volumetric expansion of the entire

system at high pressures.
These calibrations are discussed by Berzins (1979).

Typical Test Results and Inteérpretation

The deformation of the pressuremeter probe is represented by a
pressure~volume curve, which is typically employed in the depiction

of stress-strain behavior (Figure 2).
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The portion of the curve indicated by segment OA is called the

'elastic stage', during which recompression is occuring. The probe

is expanding to fill the cavity, (governed by its own pressure—volume
relationship), and the soil is being displaced approximately back to

its original state, (prior to the release of stress and expansion of

the matrix upon removal of the borehole material). Strains are theoretically
completely recoverable in this range. The disturbance of the borehole
walls during the creation of the cavity prevents observance of ideally

elastic behavior.

Point A (POM) defines the initiation of the pseudo-elastic stage of
deformation. The soil is now deforming essentially in an elastic manner,
which is defined by a deformation modulus, EM . (EM is not the slope

of the curve above, but is determined using Menard's equation which is
discussed later). The assumption of linearly elastic behavior over
this portion of the test is somewhat idealized, and is discussed

further when the limitations of the test are presented later in this

paper. Pseudo-elastic deformation continues until the creep pressure



pf is attained at point B,

The soil at point B is failing plastically, and deformation will continue
even at a constant pressure level. In most pressuremeter tests, this
state is reached as the physical limits of the probe are reached, and

the theoretical limit pressure 'pl' is never actually recorded. Baguelin
et al (1978) suggest that the standard limit pressure should be defined
as the pressure necessary to cause the probe to double the initial volume

of the cavity.

The parameters of importance, from the viewpoint of foundation design,
are the deformation modulus, EM’ and the limit pressure Py- Several
authors, including Schmertmann (1975), suggest that the curve can also
be used to provide an estimate of the in-situ horizontal stresses, and
for this Ko can be computed. While this may be accomplished with the
self-boring pressuremeter, with the MPT it has been found that the

value of Po ,» which has been used as an approximation of in-situ

M
stresses, is more dependent upon the method of inserting the probe
and conducting the test, rather than the initial stress conditions in

the hole.



THE CONE PENETROMETER TEST (CPT)

Introduction

As the name implies, the cone penetrometer test consists of the
advancement of a cone-tipped rod into the soil at a steady rate,

and the measurement of the resistance of the soil to penetration.
Conventional in-situ testing techniques, specifically the Standard
Penetration Test discussed in Section 4, involve the determination

of soil properties using the dynamic advancement of a penetrometer,

such as a cylinder or cone, and are characterized by a large scatter

of test results and poor reproducibility except under optimum laboratory
conditions, (which are as described by Parry (1977)). The cone
penetrometer, advanced in a Astatic (or steady) manner has shown itself

to be a reliable instrument in the determination of many soil properties.

Test Apparatus and Procedure

The cone penetrometer has been developed by several independently acting
groups, consequently there are a variety of designs currently available
(Figure 4). ‘The standard cone itself has a 60° apex angle, andcas
projected surface area of 10 cmz. The general shape of the cone, and

the CPT procedure, have been outlined in the ASTM Designation D3441-75T.

The Mechanical Friction Cone

Tests done during this study were conducted with the mechanical friction
-cone of the Begemann type (Figure 3). The ASTM designation defines
this apparatus as '"a penetrometer that uses a set of inner rods to
operate a telescoping penetrometer tip, and to transmit the components
of penetration resistance to the surface for measurement. The test
procedure basically consists of:
A) The entire cone apparatus is pushed to the

desired test depth, at which‘only the inner

rods are pushed. This initially advances the

cone tip, independently of the friction sleeve,

and determines the cone resistance.
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B) By continuing to apply a thrusting force to the
inner rods, the cone tip and friction sleeve
are now advanced, and the total resistance of

the apparatus is determined.

The rate of advancement of the cone is generally 2 cm/sec at a test depth; but
may depend upon the operators interest in pore pressure effects, and
objectives. After completing the test, (the total thrust of the cone and
sleeve at a particular test depth is for 6 cm.), the entire apparatus

is advanced to the next test depth. As the main push rods advance the cone
and sleeve, they retract and are in turn prepared for the next test.

Soundings are made every 20 cm in a typical test.

The resistance of the soil to the penetration of the cone, determined in
Part A above, is labelled as 'qc'. (It is the total resistance divided
by the projected area of the cone). To determine the resistance of the
soil to the advancement of the friction sleeve, the total cone resistance
is merely subtracted from the total resistance measured in Part B. This
yields the total sleeve resistance (FS). To obtain the unit frictional

resistance, 'fS', FS is divided by the total area of the friction sleeve.

The Electric Friction Cone

One profile obtéined during this study was made with a Fugro electric
friction cone (Figure 3). Instead of using a series of inner rods to
advance the cone tip and friction sleeve, the electric cone uses only
one set of rods which advance the entire apparatus. Load cells, located
behind the cone and friction sleeve, then measure the resistance imparted
by the soil. This resistance is transmitted by cable to the surface,

where it is recorded on chart recorders.

The electric cone produces a continuous profile, consequently the apparatus
is advanced for the entire one meter length of the push rods. The cable
must be threaded through the entire set of rods prior to use of the

apparatus in the field.
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Interpretation of Typical Test Results

After the completion of the test hole, and the 9. and fS values at the test
depths recorded, a depth versus resistance plot is constructed. Ideally,
a sampling hole will have been drilled in the vicinity of the CPT hole,

and the stratigraphy encountered correlated directly with the CPT data.

With such local correlations then, it is possible to use the CPT data to:

A) derive information on the lithology at the
site — generally it is easy to distinguish
between cohesive and non-cohesive soils by
using the friction ratio F_ = fs/qC x 100%

B) get an indication of the engineering properties
of the soil from q, and fS - these properties
can be E, 4,

C) estimate the compressibility and density of
cohesionless soils

D) determine the bearing capacity of the soil

E) estimate the strength of fill materials.

The theoretical treatment of CPT data depends upon the most likeiy mode
of failure around the advancing tip. Two theories currently exist on
the possible mode of failure:

1) a bearing capacity failure of the soil, or

2) cavity expansion around the advancing cone tip.
Durgungolu et al (1975) postulate that the most likely bearing-capacity
failure-mode is in the form of a logarithmic spiral (Figure 4). Their

model studies on the failure of soil around a wedge penetrometer advanced

o
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13.
under similar test conditions to that of a cone, show good agreement between

the predicted and observed failure surface.

However, direct observations of the CPT test suggests more of a compres-
sibility~displacement failure around the advancing cone (Schmertmann, 1975).
Consequently, the cavity expansion theory of failure is considered superior
because it naturally considers the compressibility of the soil, and takes
into account pore-water pressure effects. Vesic (1972) and Al Awkati (1975)
felt that the failure was a combination of both. Al Awkati presents the only
theory which takes into account sand compressibility; however, special lab-
oratory tests must be conducted in order that strength parameters can be
determined.

Factors Affecting CPT Results

The interpretation of q, and fS values must take into account other factors
in addition to those attributable to just differences in soil type. The
following factors more dramatically affect CPT results (assuming that the
test procedure remains the same):

A) wvertical stresses — particularly in normally consolidated sands,
where a reduction in the effective vertical stresses leads to lower
values of .

B) wvarying groundwater conditions - a rise in the groundwater table

results in lower values of q

C) radial stresses — in-situ horizontal stresses control the R_ values,

f
and are particularly evident in overconsolidated materials

D) soil composition - including density, cementation, angularity,
mineralogy, fabric, particle size and distribution, all of which

affect 9

E) pore-water pressure effects — the degree of saturation of a sand
and its effects on the dissipation of pressures dramatically affect

. and fs

F) layering effects - the cone tip senses interfaces which are within
approximately 5-10 cone diameters of the tip; this reduces the ability

of the CPT to detect small layers of interbedded material.
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THE STANDARD PENETRATION TEST (SPT)

Introduction

The Standard Penetration Test (SPT) is perhaps the most widely used
in-situ testing device, particularily in cohesionless soils. It is

a dynamic test, involving the advancement of a cylindrical penetrometer
with repeated blows of a hammer. It offers a rapid means of approximating
the density of the soil, and is easily incorporated into the drilling
phase of a site investigation. While in the past it has been used in

the design procedure almost to the exclusion of other in-situ testing
methods, its limitations in more complex foundation problems have

become all too apparent. It has however, seen extensive use in almost all
types of soils, and is often used to aid correlations with other

in-situ testing methods such as the cone penetrometer.

Test Apparatus and Procedure

The SPT test is performed in accordance with specifications presented

in ASTM Designation 1586. It is performed using a split-barrel sampler
(Figure 5), which is connected fo the end of a series of drill rods.

The sampler is then driven into the ground by means of a 65 kg hammer (140 1b.)
dropped a distance of 760 mm. (30 in.) onto the top of the rods. The

sampler is driven into the soil a total of 450 mm., with the number of

blows necessary to advance it each 150 mm. interval recorded. At the
conclusion of the test, the sampler is brought to the surface and the

disturbed sample extracted.
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Interpretation of Test Results

SPT results are normally presented adjacent to the stratigraphic log
produced during the drilling program. The blowcounts, called 'N' values
are then used in conjunction with empirical curves which have been
developed with experience. The SPT test, when used in sands, can be
used to:
A) determine the relative density of the sand
(Terzaghi & Peck, 1967)
B) determine the allowable width of footings
(Terzaghi & Peck, 1967)
C) determine the allowable bearing capacity for
raft footings, (Terzaghi & Peck, 1967)
D) correlate N with the liquefaction potential in
sands - Schmertmann (1978) indicated that the
energy transfer from hammer to the sampler is
similar to that developed during earthquake loading.
In clays, there has been considerable debate over the applicability of
SPT results. It is felt that SPT results can be used for:
A) determining the unconfined, undrained shear
strengths (Terzaghi & Peck, 1967)
B) allowable bearing capacity for continuous and

square footings. (Terzaghi & Peck, 1967)

Corrections must be applied to the SPT values before they can be applied
to the empirical relationships developed. These corrections are for the

influence of the water table, and overburden pressure.

Factors Affecting SPT Results

As is the case with any in-situ testing device, the interpretation of
test results must take into consideration many properties of the soil
or apparatus which may yield misleading test results. The SPT, though
having been in extensive use for several decades, has shown itself to

produce results which are quite variable and difficult to reproduce.
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Mechanical variables, such as the manner in which the hammer drops,
the length and width of the rods, as well as the competence of the
technician significantly skew the N values obtained during the SPT
sounding. (R.E. Brown, (1977) in his paper concludes that the rod

weight and stiffness have no effect on SPT results).

Dilatancy effects in sands and silts produce SPT results which are
high and must be interpreted comservatively. Arching of the sand grains
within the sampling barrel may also lead to higher than anticipated

N values. Blowcounts are reduced, however, when the sampling apparatus
is withdrawn too quickly while conducting a test below the water table.
In this case, the rapid drop in the water level in the hole below the
natural water level may result in the liquefaction of the sand at the
bottom of the hole. In fact, some silty sands which exhibit some
'cohesion' may behave in this manner in spite of any precautions taken
to avoid this phenomenom. Consequently, test results in this material
will exhibit extremely low values of resistance for the initial advance

of the apparatus.

The use of the SPT in clays has been questioned in such notable works

as Peck, Hansen, Thorburn (1974). It has been found to produce a

gross misconception of the strength of sensitive clays, and is far too
crude a test to use in soft or even saturated clays where compressibility

effects are quite pronounced.

One should be careful not to become too critical of the validity of the
SPT test in clay. Work such as that conducted by Stroud (1974) on insen-
sitive clays points out that the scatter in SPT results at a particular
gsite is considerably less than that in triaxial tests on materials from
the same site. Here the SPT may be considered a more reliable test than
the triaxial, particularily if discontinuities are present in the clay,

which make sampling difficult to achieve without sample disturbance.

On the other hand, Parry (1977) shows that a family of curves correlating
SPT N values with relative density and overburden pressure for all

cohesionless soils is invalid.
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Schmertmann (1978) deals with the majority of influencing factors,

and his conclusjons on the quantitative effects are summarized below.

Table I - Some Factors Affecting the Variability of Standard

Penetration Test N (after Schmertmann (1978)).

Cause Estimated %
- by Which Cause
Basic Detailed Can Change N
Effective stresses at bottom 1. use drilling mud versus +100%
of borehole (sands) casing and water
2. use hollow-stem auger +100%
versus casing and water
and allow head imbaldnce ,
3. Small-diameter hole (3 in.) 50%
versus large diameter
(18 in.)
Dynamic energy reaching 4. 2 to 3 turn rope-cathead +100%
sampler (All Soils) versus free drop
5. Large versus small anvil +50%
6. Length of rods
Less than 10 ft +50%
30to BO ft 0%
more than 100 ft +10%
7. Variations in height drop +10%
8. A-rods versus NW-rods *10%
Sampler design 9. Larger ID for liners, —10% (sands)

Penetration interval

11

but no liners

. Noto12in. instead Mo o 18in.

N121024in. VErSUS N o 18 in.

- 30% (insensitive clays)
—15% (sands)
- 30% (insensitive clays)
+15% (sands)
+30% (insensitive clays)

Metric conversions: 1 ft = 0.3048 m; 1in. = 2.54 em.
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FIELD PROGRAM

Introduction

Fieldwork commenced in January 1979, and consisted initially of MPT

testing using hand auger to produce the test hole,

Considerable difficulty was encountered in preparing the test holes

beyond the surficial plastic silts, consequently arrangements were made

to use a BB-17 drilling rig operated by B.C. Department of Highways.

CPT profiles as well as an SPT profile were developed during the fieldwork.
Further CPT testing was conducted using a recently developed penetrometer truck

rig assembled at U.B.C.

Preparations involving the drilling rig, including the smoothing out

of procedural difficulties, were conducted at the (B.C. Department of
Highways) work yard south of the Oak Street Bridge. After it was as-
certained that the MPT was compatible with the testing rig, and that

it was possible to produce a reasonably well calibrated hole, the

equipment was moved to the site of this study.'

Location of Study

The study area is located on the east side of Sea Island, south of the

Sea Island Bridge (Figure 6). The lots involved in the testing are
located adjacent to the Delta Inn, and are currently unoccupied. The
initial MPT testing was conducted on DOT property adjacent to the approach
to the Sea Island Bridge, and on DOT property south of the hotel.

Testing in conjunction with the Department of Highways was conducted

as the locations shown.

General Geology and Site Conditions

The stratigraphy at the site is typical of that encountered on Sea
Island, and throughout much of Richmond. Generally the soil is composed
of fluvial deposits representing various stages of the advancement of

the Fraser River delta.
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Testholes at the site encountered plastic silts and silty clays near
the surface to a depth of approximately 4-5 metres; loose to dense
silty sands to a depth of about 22 metres; underlain by soft, highly
compressible clayey silts. The presence of dense sands at depth,
underlain by loose sand seems to represent a beach facies, where the

sand has been densified by wave action, rather than by consolidation.

As the site is located adjacent to the North Arm of the Fraser River,

high ground water levels were anticipated and encountered. As a rule, the
groundwater level was within 1 meter of the surface, however no effort

was made to monitor this level outside of the conventional drilling
records. In areas where the silty clay was penetrated, the flow of

water into the hole was quite rapid, and it is felt that the aquifer
(silty :sands) is confined by this surface layer. These rapid flows
contributed to the deterioration of the hole if drilling mud was not

employed.

Tt was difficult to determine the preload history of the site upon which
the testing was conducted. (An air photo interpretation over the last
several decades was beyond the scope of this report). It is felt that
at the most, light vehicular travel had taken place on the lot, but

the softness of the surficial deposits seemed to indicate that they are
normally consolidated. The hotel itself stands upon soil which at one

stage had up to 4.5 metres of preload placed on it.

Special Features of the Test Site

Selection of this particular site was made upon recognition of the unique
soil .conditions found throughout much of Richmond. Information on the
stratigraphy and relative densities of the soil were available from borings
made on the adjacent hotel lot. In those borings several important
features were observed:
1) The existence of a highly compressible surface layer
of plastic silt (often described as a silty clay),
which is known to produce settlement problems in

smaller structures.



