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ABSTRACT

Due to its simplicity, the cone penetration test (CPT) is a popular in-situ testing method. CPT is
especially desirable in characterizing sand where it is difficult to obtain undisturbed samples. Because
of the large strain which occurs during a cone penetration, theoretical analysis of CPT results has been
difficult and, hence, limited. Accordingly, interpretation of CPT data is mostly based on empirical
correlations. Some of the empirical correlations are based on CPT in the calibration chambers. An important
drawback of interpreting CPT in a calibration chamber is its boundary effects. Correction factors have
been proposed to account for these boundary effects. However, the validity of the use of correction factors
and the mechanisms of boundary effects have not been independently verified. The authors have developed
an axisymmetric field simulator in which CPT calibration tests can be conducted under substantially reduced
boundary effects. A series of CPT calibration tests has been performed in the new simulator system to
correlate the cone tip resistanag)(with the stress state. Results show that the correlatiap ahd
the initial effective mean normal stress (prior to cone penetration) is clearer than the other components
of the initial stress state. However, under the same initial effective mean normal gitess,a consistent
localized relationship with the initial horizontal stresg. is affected by the horizontal stress near the
cone tip, where there exists an obvious correlation between them. This paper introduces chamber calibration
tests of CPT, describes this new field simulator system, presents available CPT data obtained using the
new simulator and discusses the stress state affegtedlues.
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l. Introduction et al, 1997). In the first casey is related to the
strength and stress parameters through a limiting equi-
Because of the lack of cohesion, it is essentiallyibrium under an assumed bearing capacity failure
impossible to obtain undisturbed samples in sand. Thaechanism. In the second casg,is related to the
Cone Penetration Test (CPT) is an efficient tool usedavity expansion limiting pressur®,), which in turn
to determine the engineering properties of sand, in situs a function of the soil strength and stress parameters.
Results of CPT in sand typically include the cone tipCPT is a large strain problem, and the success of these
resistance ), sleeve friction fg) and friction ratio theoretical analyses has been limited.
(Fr=f/qc). The main purpose of CPT in sand usually The laboratory chamber calibration test offers an
is to determine the in situ state of stress, relative densigxperimental or empirical way to interpret results of
(D) or void ratio €), and friction angle ¢). The CPT. Uniform sand specimens can be prepared in the
combination ofg. and Fg can be used in soil classi- chamber with known stress conditions and density.
fication (e.g., Robertsort al, 1986), and available Results of CPT obtained in the chamber can then be
methods generally agree with one another. Howevecompiled to derive empirical interpretation procedures.
such agreement is less obvious when the interpretatioh typical method that useg; to infer D, or the shear
of CPT goes beyond soil classification. strength parameter (i.eg) normally involves the state
Over the past few decades, many theories andf stress. The initial (prior to cone penetration) hori-
experimental procedures have been proposed to intezental stressdj,,) (Houlsby and Hitchman, 1988), ver-
pret q. values. These theories basically treat congical stress §,,), and mean normal stresg() (e.g.,
penetration either as a bearing capacity failure (e.gSchmertmann, 1976; Villet and Mitchell, 1981;
Janbu and Senneset, 1974; Durgunoglu and Mitchellamiolkowskiet al., 1988) have all been proposed for
1975) or a cavity expansion (e.g., Vesic, 1972; Balighcoupling with eitheD, or ¢ as part of the interpretation
1976; Yu and Houlsby, 1991; Salgado, 1993; Salgadtor g.. No consensus has been reached, however, as
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to which one of the above postulations is morerable 1. Boundary Conditions in Conventional Calibration Cham-
acceptable. The main obstacle in reaching a conclusion ber Tests

is that the conventional calibration chamber imposes
significant boundary effects on CPT. Theories anql30undary conditions 2P_& bottom boundary Lateral boundary

S

empirical methods (Baldet al., 1982; Mayne and Stress Strain  Stress  Strain
Kulhawy, 1991; Salgado, 1993) have been proposed to B1 Constant - Constant -
correct for the boundary effects. These correction B2 - 0 - 0
factors again have different views on the relationship B3 Constant - - 0

B4 - 0 Constant -

betweeng, and state of stress. There is little physical
evidence where CPT is performed in a controlled
environment with known initial stress conditions and
no (or insignificant) boundary effects to validate anydouble-wall is used to assure rigidity in the lateral
of the above statements regarding the relationshipgirection when zero lateral straiig) conditions are
amongdq., D, (or ¢) and the state of stress. imposed on the specimen. By maintaining a cavity
As part of a research project funded by the Nationabressure that is equal to the chamber pressure, full
Science Council of the R.O.C., the authors have derigidity of the inner-wall is effectively established.
veloped a calibration chamber system in which CPT A typical cavity-wall calibration chamber is ca-
can be performed under simulated field conditions. Apable of creating four types of boundary conditions as
series of CPT calibration tests have been performed ishown inTable 1. Beenet al. (1988) indicated that
clean, uniformly graded quartz sand using the newoundary conditions on the top and bottom of the
simulator system. The. values obtained in the simu- chamber specimen have little effect on CPT test results.
lator have been compared with some of the existingarkin (1988) stated that of the four boundary conditions,
postulations or interpretation methods. This papethe most significant are B1 and B3. Houlsby and
introduces the basic concept of CPT calibration testsitchman (1988) stated that has no consistent cor-

describes this new field simulator system and presentg|ation wheno,, is applied in the chamber under B1
available CPT data obtained under simulated fiel&onditions.

conditions. The calibration chamber has been an important
research tool for use in establishing interpretation

[l.Chamber Calibration Tests of CPT procedures for CPT in sand. According to statistics
in Sand obtained by Ghionna and Jamiolkowski (1991), there

were 19 calibration chambers in the world in 1991.
The idea of calibrating CPT in sand is believedMore calibration chambers have been built (e.g.,
to have been developed by Holden (1991) at the Countiyeterson and Arulmoli, 1991; Hsu and Huang, 1998)
Roads Board (CRB), Melbourne, Victoria, Australia,since then. The applications of calibration chambers
in the late 1960’s. The calibration chamber as showhave also been extended to other types of in situ testing
in consists of a large cylindrical specimen ofmethods. These applications have included the
sand, enclosed in a rubber membrane and loaded laftarchetti dilatometer (Borden, 1991), pressuremeter
erally by a water jacket. The chamber itself is some¢Huanget al., 1991), hydraulic fracture (Been and
what similar to a large triaxial cell. A cavity-wall or Kosar, 1991) and calibration of pile foundations
(Kulhawy, 1991; O’Neill, 1991). Table 2shows a
summary of the currently available calibration cham-
rcme | bers in the world. The National Chiao-Tung University
j (NCTU) operates two calibration chamber systems.
. —— One of them is a medium sized conventional calibration
o L o — chamber originally built at Clarkson University in the
U.S. The other is the newly developed field simulator,
|| e which will be described in detail later in this paper.
Some of the most significant advantages of
conducting CPT in a calibration chamber include: (1)
repeatability of the test and use of the specimen, (2)

ﬁ—i uniformity of the specimen, and (3) controlled and

s vone =7 v, N known boundary conditions and stress history. These
advantages, plus the fact that it is essentially impos-

Fig. 1. Setup of a conventional calibration chamber. sible to obtain undisturbed samples in sand, make cali-

Sand

i
i Cavity Wall
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Table 2. Current Calibration Chambers in the World

Calibration chamber Spemmen Spe_mmen Boundary conditions
(Owner and location) diameter height

m Radial Bottom Top
Country Roads Board, Australia 0.76 0.91 Flexible Cushion Rigid
University of Florida, U.S.A. 1.20 1.20 Flexible Cushion Rigid
Monash University, Australia 1.20 1.80 Flexible Cushion Rigid
Norwegian Geotechnical Institute 1.20 1.50 Flexible Cushion Rigid
ENEL-CRIS, Milano, Italy 1.20 1.50 Flexible Cushion Rigid
ISMES, Bergamo, ltaly 1.20 1.50 Flexible Cushion Rigid
University of California, Berkeley, U.S.A. 0.76 0.80 Flexible Rigid Rigid
University of Texas at Austin, U.S.A. Cube 2211x2.1 Flexible Flexible Flexible
University of Houston, U.S.A. 0.76 2.54 Flexible Cushion Cushion
North Carolina State University, U.S.A. 0.94 1.00 Flexible Rigid Rigid
Louisiana State University, U.S.A. 0.55 0.80 Flexible Flexible Rigid
Golder Associates, Calgary, Canada 1.40 1.00 Flexible Rigid Cushion
Virginia Polytechnic Institute and State University, U.S.A. 1.50 1.50 Flexible Rigid Rigid
University of Grenoble, France 1.20 1.50 Flexible Cushion Cushion
Oxford University, U.K. 0.90 1.10 Flexible Cushion Rigid
University of Tokyo, Japan 0.90 1.10 Flexible Rigid Rigid
University of Sheffield, U.K. 0.79 1.00 Flexible Rigid Flexible
Cornell University, U.S.A. 2.10 2.90 Flexible Rigid Rigid
Waterways Experiment Station, U.S.A. 0.80-3.00 Variable Flexible Rigid Rigid
National Chiao-Tung University, Taiwan, R.O.C. 0.51 0.76 Flexible Rigid Rigid
National Chiao-Tung University, Taiwan, R.O.C. 0.79 1.60 Flexible Flexible Flexible

Source Ghionna and Jamiolkowski (1991)

bration chamber testing a rather desirable tool in «
tablishing correlations between CPT and engineeri
properties for sands and other materials.

Among other drawbacks of performing tests i
freshly deposited sand is the finite dimension of tl L NCB
chamber specimen. A standard cone penetrometer G'y =50 kPa /l/

a diameter of 35.7 mm. The diameter raf)(of the 10 y . Dense
chamber specimerD{ to that of a standard cone i
approximately 42 even for a relatively large 1.5n
diameter chamber specimen. IdealRy,is infinite in 5
the field. Previous studies on the use of chamt L
calibration tests have indicated that the field conditio O
for CPT where the soil extends laterally to infinity i
expected to be between the B1 and B3 conditia 2
(Veismanis, 1974; Parkin, 1988). The cone t
resistanceq., under B3 confinement, continues to ir i
crease with the depth and does not reach a “plate [ T - T
in dense sand (Parkin and Lunne, 1982; Parkin, 19¢ 10 0 50 100
Parkin and Lunne (1982) compiled CPT data unae: d

different boundary condition®), andRy are shown in  Fig. 2. qc under different boundary conditiond, andRy. [Adapted
Fig. 2. For loose sand, chamber results are relatively ~ from Parkin and Lunne (1982)]

independent of boundary conditions, even wiRgns

as low as 21. For dense sand, all calibration chamber

results are affected by boundary conditions, even foHoulsby and Hitchman, 1988).

an Ry value of 60 or greater. For tests under Bl In order to account for boundary effects, Baddli
conditions,q. is mostly a function oby,, at least up al. (1982) proposed an empirical correction factor
to the overconsolidation ratio (OCR) of 8 (Veismanis,(referred to as) which is a function oRy, and increases
1974; Chapman and Donald, 1981; Parkin, 1988with D, and the overconsolidation ratio. However,

CRB 10c¢m 2
CRB 5cm 2
NGI 10cm 2

qc,MPa
T T 11
o
o~
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2
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Reaction

L Frame controlled only. The vertical stress is applied through

four airstroke actuators attached to the reaction frame.
Steel The lateral boundary consists of a stack of rings. This
Plate is the main difference between the conventional cham-

ber and the new simulator. The simulator rings are

lined with an inflatable silicone rubber membrane on

the inside to facilitate boundary displacement measure-
Rod ment and stress control. Four air bellows inflated at
constant pressure are placed at the bottom of the ring
stack. This system, similar to the concept of a floating
ring in an oedometer, reduces frictional forces between
sand and rubber membranes.

A sand rainer similar to that described by Rad and
Tumay (1987) is used to prepare the specimen. The
specimen is prepared by pluviation from a hopper
through a perforated plate and two diffuser meshes.
The uniformity and density can be well controlled by

Airstroke
Actuator

T 7
T T 1

T

Steel Ring

it Ao s B s
LI L L L L L At L N D BN B |

Base Plate

m\ I O I O T S I S T Yy Sy |

/ L S~ Air Bellow  Means of this arrangement and by controling the di-
7 v, ameter of the holes in the perforated plate. The lateral

boundary is set to be rigid, simulatifkg conditions,
during sand pluviation.

The membrane expansion measuring system con-
sists of a wax lubricated, heavy duty fishing line wrapped
based on analysis of their database, Mayne and Kulhavground the membrane. The ends of the fishing line are
(1991) proposed thatis related toD, andRy only.  attached to a piece of delrin chain and then to a spring
Salgado (1993) stated that the major influential factortoaded extensometer. The extensometer, instrumented
are Dy, Ry, the state of initial stress and some of thewith full bridged strain gauges, tightens the fishing line
intrinsic parameters of sand. The validity of theseand senses the circumferential displacement of the rub-

Fig. 3. Schematic diagram of the simulator.

correction methods has yet to be verified independentlger membrane. shows a schematic and cross
by performing CPT in sand with known density, stressectional view of the simulator ring and its membrane.
conditions and under no boundary effects. A field simulation consists of a physical cylin-
drical specimen and a numerically simulated soil mass
I1l. Calibration of CPT under Simu- that extends laterally from the physical boundary to
lated Field Conditions infinity. Numerical simulation of the soil mass is

Huang and Ma (1994) used the distinct element
method (DEM) coupled with the boundary element
method (BEM) to simulate CPT in a granular material
with infinite boundary conditions. Results obtained by
Huang and Ma (1994) have indicated the effectiveness

of minimizing boundary effects using BEM simulations. p
The success and experience gained in earlier attempt ‘ El
inspired the authors to develop an axisymmetric field — ety 2
simulator in which CPT calibration tests could be con- ?—‘T
ducted under substantially reduced boundary effects
(Hsu and Huang, 1998). Membrane

The new simulator system at NCTU consists of o

. . . . Delrin Chain and g
a sand rainer, chamber rings, an electronic data logging Fishing Line c s
and control unit, a pneumatic system, a reaction frame
system, and a hydraulic system. Steel Ring ———am]
shows a schematic diagram of the fully

assembled calibration chamber system. The diamete W—J
and height of the sand specimen are 790 mm and 160 _
mm, respectively. The vertical boundary is stress Fig. 4. Cross sectional view of a simulator ring.
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200 obtained from the lateral compression test and the

correspondingP,,—¢&;,, curve. During penetratior,,

. for each ring level is adjusted pneumatically and con-

160 |— tinuously updated with the change A€C.

A hydraulic piston equipped with a proportional

. . valve, capable of accurate speed control, is used to push
. the cone penetrometer. The cone penetration rate is

s set at a constant value of 2.0 mm/second in tests. The

. . slow penetration rate is necessary to allow the reaction

of lateral air pressure to reach an equilibrium in all the

stress control units. However, the penetration rate is

‘4 not expected to influence the test results (Dayal and

b (s ) Allen, 1975).

: A series of cone penetration tests was performed
in Da Nang sand, a clean uniformly graded quartz sand,
using the simulator. The characteristics of Da Nang
0 ' ' ' ' sand will be described later: shows theq,

0.00 002 004 0.06 008 %1% profiles under simulated field conditions (referred to
€ro % as B5), whereo;,=43.7 kPa andr,,=22 kPa, withRy
Fig. 5. @(&) and theP,y—&, curves. values of 18 and 22 and, values of 65% and 84%.
The average of the; values at depths from 600 to 1200
mm was taken as the representative value. Results
conducted based on the cylindrical cavity expansioshow thatq. of two Ry values agree within 6.9% for
theory. The stress-strain relationship of the san®, of 65% and within 0.1% foD, of 84%. The simi-
specimen is directly measured by means of a laterdarity of q. under two differenRy values indicates that
compression test on the specimen. The relationshifhne boundary effects were substantially reduced.
between stress(,) and radial straing,) at the physi-
cal-simulated interface is then derived by means of\/. Characteristics of Da Nang Sand
integration from the physical boundary to infinity:

120 —

¢( &r ) or Prg . kPa

— A
80 .

»

o+

> e
g

A batch of quartz sand from Da Nang, Vietnam,
£ro e, was used to provide specimens for laboratory experi-

2¢, de; , (1) ments. According to the grain size distribution curve

Pro = Jho +
0

where
@&, )=the stress strain relationship measured b

means of a lateral compression test on the
sand specimen; 200

& = the strain in the radial direction. 100

The derived P,,—¢,, relationship is stored in the 600
computer. During cone penetration, the boundary dis
placements and stresses are measured and individua g s
controlled at each ring level. The circumferential dis-&
placement at the boundary of each ring level, is 1000

converted tog.,:
1200

_AC +
Eo= 5 (2) .
0 D 1400 |- B
—@— 18
whereD = the diameter of the physical specimen. . It Dr=65% Dr=84%
1600

P, in response t&,, under simulated field con-
ditions is determined in accordance with the recordedlig. 6. q. profiles under simulated field conditions wibh values
Pro—&o relationship. shows theg(¢,) value of 65% and 84%
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shown in , Da Nang sand (DNS) is uniformly Table 3. Variables Applied in the CID Tests
graded, has an average grain diameddgg; of 1.1 mm,

and a coefficient of uniformityC,, of 1.74. The spe- D, % 50 65 84

cific gravity Gs of DNS is 2.61. The maximum dry 5 ypa 43.7 98.1 1472 245 3 392.4

unit weight §ma Was 16.87 kN/rf) and the minimum
dry unit weight {4min) was 14.13 kN/hAccording to
scanning electron microscope (SEM) photographs taken
of sand particles, DNS is sub-angular to angular.

A series of isotropically consolidated drainei
triaxial (CID) tests was performed with volume chang
measurements to determine the strength and dilatal
characteristics of DNS. The triaxial specimens we
sheared by means of axial compression. Dhand
effective confining stresso() applied in this series of
triaxial tests are summarized irable 3

Bolton (1986) used a saw blade model of dilatan -
to describe the shearing behavior of sand. The tre
of shearing development is similar to the shape of
saw blade between the contact surfaces of particles.
the inclined surface, the friction angle.(,) can be
considered as a shearing occurred under in the criti
state, where shearing continues without volume chan
In order to slide upwards along the saw blade, anott
dilatancy angle () is necessary. The friction angle o Lo T L g
(¢,;) on the sliding surface and the overriding capi 10 100 1000 10000
bility comprise the apparent angle of shearing resi Py  KPa
tance (#). ¢, is a function of the mineral content of
the sand and can be obtained under the critical state.
The characteristics of the dilatancy of sands are af-
fected by sand density and confining stress. Boltof1986) proposed a relative dilatancy indgxo present

the global effect, which can be expressed as

D
U.S. Standard sieve numbers = ﬁb(Q =In pF") -1, 3)

4 810 20 30 40 100 200
— . . 100 where

§'eric , deg.

peak

¢

Fig. 8. heak ~ it versusp.

100

90 — — %

Q= an empirical constant that varies with the
—{ %0 crushing strength of the grains; for quartz and
7 feldspar,Q=10;

80 [—

I il ! | I I
I [} | I 1 I
I [l i } I I
t [} I | I I
i [l | 1 I I
| i Do i i
| (] I | I I
I (] I I I i
S 0 Dl Do | |
°\« ) 1 [ 1‘ : -7
= - ! [} I I i I -1 . .
i I ! L [ [ [ 60 p!=the mean effective stress at peak deviator
o T T T T T T p
=k \ L Lo - stress.
v 0 T — I i 50
L 1 [ [ 1 1 . . .
& whe | e . ! ! 10 The correlation betweely and the friction angle
gt E ii E i }' ! | is given by
QG: 30 [ 30
i [ 1 I i | , o)
[~ t [ | I I t -1 —_ L=
eak @ t 3IR ’ (4)
20+ o . | : —{20 % o
L I [ I I I I !
I [} I | | I I -
op—t L w  Where
o ¥ I \LA__A_.I__LL;_A_L_A_A_A_—
I (] | I I
O IL‘O"'“ o " %ea= the friction angle at peak deviator stress.
Sieve Opening , mm shows a plot off,., — ¢ versusp), from
Fig. 7. Grain size distribution of Da Nang sand. triaxial tests on DNS, wherg is obtained by J)ropping
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Table 4. Variables Applied in the CPT under B5 Conditions Table 4summarizes the variables applied in the
calibration tests under B5 conditions. A standard size
D, % 50 65 84 cone with a cross sectional ardaof 10 cnt (R;=22)

was used for all of the tests.

The g, profiles of differentD, from CPT under
Og kPa  29.2 43.7 98.1 147.2 the same initial boundary conditions;(,=43.7 kPa and
K=1.0) are shown ir The results show that a
plateau of theg. value is generally reached at depths
of 250 and 300 mm fdD, of 50% and 65%, respectively.
For D,=84%, a stabilizedy, develops at depths in
excess of 300 mm. In order to analyze the test results,
the averagey. values were taken at depths from 400
to 1000 mm foD, of 50%, and from 600 to 1200 mm
for D, of 65% and 84%.

shows theAC measurements anié,

applied to ring No. 10 (midheight of the specimen)
during the tests depicted in Fig. 9. The depth in Fig.
10 is in reference to the cone tip level and is normalized
with respect to the cone diametBgy,e Figure 10
clearly demonstrates that under simulated field
conditions, the lateral boundary is neither constant
stress P,, is a constant) nor rigidMC=0). It appears
that AC of medium dense sand(=50%) reaches a
maximum near the cone tip and then maintains a

K 0.5 1.0 2.0

"o =504 +20h)

200

400

600

800

Depth , mm

1000

1200

Dr.% constant value. Th&C measurements of dense to very
1400 = —A— 50 dense sandd;= 65% and 84%) reach maximum values
—&— 65 ahead of the cone tip at about 3 td5,,. and then
1600 — 3 g decrease slightly but consistently as the cone tip passes.

It should be noted that &, of 84%,AC is smaller,

Fig. 9. qc profiles of differentD, values under simulated field butPy, is much higher than that B of 50% and 65%.
conditions. For very dense sand, the rigidity causes the applied

pressureP,, to grow rapidly and to limit the dilatancy

a tangent from the origin onto a single Mohr circle of
effective stress. AQ value of 10 would give a rea- AC, mm Py, kPa
sonable fit to the data points in Fig. 8 using Eq. (3 ~0¢ 0! 02 03 04 05 06 40 60 8 10 12
This would indicate that DNS is comparable to th el ' ' '
guartz sand (e.g., Ottawa sand) reported by Boltc
(1986). ¢, is 33.4 from triaxial tests on loose DNS
specimens.

Dilatancy is believed to have a marked influenc
on g, values, as indicated by the results of previol
studies (Yu and Houlsby, 1991; Huang and Ma, 199. g
Salgadoet al, 1997). The boundary effects under B:&
or B3 in a conventional chamber a direct reflection%l
of the sand dilatancy, as will be discussed later. &

20 =

V. Evaluation of g, in Sand under
Simulated Field Conditions

A series of cone penetration tests under B5 co
ditions was conducted in the simulator. For comparisc
purposes, a limited number of additional CPT were
conducted under Bl conditions in the same simulator. Fig. 10. AC and P,, measurements at ring No. 10.

40
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of the sand. Table 5. Comparison of Tests under B1 and B5 Conditions

showsq, versusa,,. For a givenogy,,
the corresponding. can vary by as much as 50% from
L . est No.
the mean value. The test results indicate there is no
unique relationship between andg;,. Similar find- 51 B5 50
ings have also been reported by others (Houlsby angk-2 B5 65
B5-3 B5 84

Boundary D, Oho Tyo Ohe Qc
condition % kPa MPa

43.7
43.7
43.7

43.7
43.7
43.7

53.5 6.1
73.1 11.6
98.5 18.2

40

B1-1
B1-2

B1
B1

50
65

53.5
73.1

43.7
43.7

- 5.7
- 10.9

Dr,%

30 — o

q. MPa
[
<>
|

10 —

o | | |

0 40 80 120
C' ,kPa

VO

Fig. 11. Measuredq; versusoy,.

O' ., kPa

00

1472

292 437 98.1
I 1 [ I

40

160

Dy, %

30 —

~
—

0 40 80 120
G, kPa

Fig. 12. Measuredq; versusoy,.

160

200

B1-3 Bl 84 98.5 43.7 - 18.5

Hitchman, 1988).

As shown in , the correlation betweegy
and oy, appears to be scattered. This is different from
previous studies that relateg to oy, (Baldi et al,
1986; Houlsby and Hitchman, 1988; Jamiolkowski
al., 1988). This scattering, however, is not random.
When the scale is large, there is a positive relationship
betweemg. and oy,. WhenbD; is larger than 50%, there
exists a localized (i.e., under the salbgand g;,)
negative relationship betweegp andoj,. Apparently,
the higher value ofrj, prohibits dilatancy; hence, there
is less lateral expansion on the physical boundary during
cone penetration.

In most cases, the horizontal stress at the physical
boundary P,, in Fig. 10) remains more or less a
constant after reaching a peak value. This pegk
is chosen to represent a stabilized horizontal stress
measured at the physical boundary after cone tip
passage and will be referred to a§. For all the
available tests under B5 conditions, a clear and posi-
tive relationship betweeq; and g, was obtained as
shown in This result parallels the findings
reported by Houlsby and Hitchman (1988), where
comparisons were made betwegnand gy, under Bl
conditions.

For comparison purposes, a set of calibration tests
under B5 conditions (i.e., tests B5-1, B5-2, and B5-
3 in Table 5 were duplicated under Bl conditions
(i.e., tests BI-1, B1-2 and B1-3 in Table 5). The
respectiveo;, values recorded in tests B5-1, B5-2, and
B5-3 were applied as the corresponding horizontal
stress values in tests Bl-1, B1-2 and B1-3. The results
show that ifoy,, or the terminal horizontal stress expected
at the physical boundary is applied, even B1 can prop-
erly simulate the field conditions. Tlygvalues obtained
under B1 and B5 conditions agreed within 7% in these
tests.

Two empirical equations, which relatg to the
initial stress state (i.eqg;, andgj,), proposed respec-
tively by Jamiolkowskiet al. (1988) and Baldet al.
(1986), are chosen for comparison with the CPT results
under B5 conditions (referred to gsgs). Both equa-
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40
Dr., %
A 50
Wl O 6 =
— O
O s o
O
g . o
Eﬁ 20 — o 6% o
o o &
O
o, A &
iy
L & as
an®
. | | ! | 1
0 40 80 120 160 200 240
G, kPa

Fig. 13. Measuredqc versusoy,.

tions were developed based on tests in Ticino sand,

the boundary effects were corrected. According

Baldi et al. (1986) the cone tip resistancg is related

to the initial state of stress amdl as follows:
Uog = zzma(%)o'oes(%)""“‘exp (2.93D,),

a

b, (5)

where
P.= the reference pressure (1 kPa).

Jamiolkowskiet al. (1988) related the cone tif
resistanceq. j to o, as follows:

0y =205, ) “exp293D,). (6)

a

Comparisons ofj; ; with gc gs and ofqc g with
Oc.gs are, respectively, shown in and
The g¢ #dc,ss and g g/dc gs Values range from 70 to
100%. qc Jqces is not a constant under the samg,
even thoughy. ; depends upow, according to Eq.
(6). Wheno(,=43.7 or 98.1 kPag /0. gs increases
with K (or gy,) for D, of 65 and 84%. Similar trends
are also found in the comparisons betweggs and
0.6 (Fig. 15).

According to the available CPT data under E
conditions, a relatively consistent relationship is pc
sible only between, and g,, as shown in
Based on the statistical optimization method, the e
pirical equation is similar to the pattern proposed
Jamiolkowskiet al. (1988):

o
q,.= 492pa(p—<m)°-45exp (2.23D,). (7)

a

Equation (7), depicted in Fig. 16 as solid curves, has
a coefficient of correlation of 0.97 with the available
test data. For comparison purposes, Eg. (6) is also
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Fig. 14. Comparison ofgc gs andqc j.
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Fig. 15. Comparison ofgc gs andgc .
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40 to be used in a conventional chamber for CPT calibra-

New method, Eq. (7)

- - - - Jamiolkowski et al. (1988)
30 —

0 40 80 120 160 200 D
G’ kPa

00

Fig. 16. Measuredqc versusoy,. Fr

plotted in Fig. 16 using dashed lines. K

VI. Concluding Remarks NC

A CPT calibration system that is capable of simu-2CR

lating field conditions has been developed. The boun al
ary effects can be substantially reduced using this new,
system. For the first time values obtained from CPT Pp
calibration tests in the new simulator can be used withouy
the need to account for the boundary effects. Based
on a series of CPT performed in the new simulator, thé
following conclusions can be drawn: Ge.8

The relationship betweeq, and the initial hori- ¢ ..
zontal streswy, is not nearly as strong as has beerny,
reported by others. Under certain circumstances, there
may even be a negative relationship betwggmand Ry
Opno- The initial mean normal stressy,, appears to |
have the most consistent relationship wgh An
empirical equation developed based on CPT performeg@nmin
in the new simulator has a coefficient of correlationAC
of 0.97 with the test data.

The strong correlation betweep and the hori- ZD
zontal stress, observed earlier in conventional chamber
tests under B1 conditions, is most likely a result ofo,
boundary effects. The lateral boundary stress is forceet
to be constant during cone penetration under bec
conditions. Under simulated conditions, the boundar)?,10
stress varies as cone penetration continues. Test resu&%
indicate thatq. has a strong relationship with the ¢
maximum lateral stress measured at the physical spedit
men boundary;,. during cone penetration. If Bl is

- 588-

tion tests, it is apparent that,, not g;,, should be
imposed on the lateral boundary of the chamber
specimen.
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Nomenclature

cross sectional area of cone

coefficient of uniformity

relative density

average grain diameter

diameter of the sand specimen

cone diameter

void ratio

sleeve friction ratio

sleeve friction resistance

specific gravity

relative dilatancy index

ratio of horizontal stress over vertical stress

at rest lateral earth pressure coefficient

normally consolidated

over consolidated

over consolidation ratio

reference pressure (1kPa)

limit pressure

lateral stress at the physical-simulated soil mass interface
mean effective stress under peak deviator stress conditions

empirical constant that varies with the crushing strength of
sand grains

cone tip resistance

gc obtained from the empirical equation proposed by Baldi
et al. (1986)

gc obtained under simulated field conditions (B5)

g. obtained from the empirical equation proposed by
Jamiolkowskiet al. (1988)

diameter ratio of the physical sand specimen over that of
the cone

chamber size correction factor

maximum dry density

minimum dry density

circumferential displacement at physical boundary of the
ring chamber

radial normal strain

radial normal strain at the physical-simulated soil mass
interface

initial or field horizontal stress

effective confining stress applied in the triaxial tests
peakp;, under simulated field conditions

initial (prior to cone penetration) horizontal effective stress
mean effective normal stress3 g4 +201,)

vertical effective stress

drained friction angle

drained friction angle under critical state, where shearing
continues without volume change
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