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In Situ Testing in Overconsolidated Clays

AN-BIN HUANG

The usefulness of several in situ test methods in the determination
of engineering properties of overconsolidated clays is described. The
majority of overconsolidated clays have a stiff to very stiff consistency,
which is favorable for most in situ test methods. Four popular test meth-
ods are considered: cone penetration, pressuremeter, vane shear, and
Marchetti dilatometer. The test equipment for these methods is readily
available, and they are likely to yield useful data if used properly.
For each test method, details of the apparatus, test procedure, and inter-
pretation of the test data are given.

Except in highly overconsolidated, very hard clays, there is little
physical limitation in conducting in situ testing in overconsolidated
(OC) clays. It is often possible to bore relatively deep holes in OC
clays using a solid stem auger without the need for either steel
casing or drilling fluid. The soil conditions are often favorable for
methods such as the pre-bore pressuremeter test, where a borehole
is needed. There are many in situ test methods, and most of them
can be used in OC clays. A few commonly used in situ test meth-
ods that are known to be effective in characterizing OC clays are
described.

- Essentially all in situ tests involve complicated and often
unknown boundary conditions caused by the installation of the test
device. The situation is further complicated by the anisotropic and
strain rate-dependent nature of clays. As a result, the test data are
valid only if standard equipment and test procedures are followed.
It is rarely feasible to interpret the in situ test data rigorously. Lab-
oratory tests performed on relatively undisturbed specimens have
been used to establish empirical correlations between in situ tests
and soil properties. The validity of an empirical or semiempirical
interpretation method should be considered as being site-specific
and test-method-specific.

The in situ test methods described in this paper are cone penetra-
tion, pressuremeter, vane shear, and Marchetti dilatometer tests.
One of the most common tests, the standard penetration test (SPT)
is not included because the SPT blow count is known to be sensi-
tive to hammer efficiency and to not have a consistent relationship
with cohesive soil properties.

The aim of this paper is to provide brief but sufficient informa-
tion to highway engineers and to assist in their selection of an in situ
test method. For each method, the apparatus, test procedure, and a
means of interpretation of test data are presented.

CONE PENETRATION TEST
Apparatus and Test Procedure

According to ASTM 3441 (1), a cone penetrometer should have a
point angle of 60 degrees and a base diameter of 35.7 mm, result-

Department of Civil Engineering, National Chiao Tung University, Hsin-
Chu, Taiwan.

ing in a projected area of 10 cm?. The friction sleeve has a surface
area of 150 cm?. The cone tip (¢.) and sleeve (f;) resistance are mea-
sured by means of force transducers located within the cone tip.
In an older design, generally referred to as the mechanical cone,
the g. and f; readings are taken at the ground surface with a pressure
gauge or a load cell. A thrust machine such as a drill rig or cone
truck is used to push the cone. A penetration rate of 20 mm/sec
should be maintained when obtaining resistance data.

Electric cone penetrometers may include other transducer mea-
surements as well as, or instead of, the friction sleeve measurement.
A common one is a piezometer to provide pore pressure measure-
ments (#) during penetration. The cone penetration test (CPT) using
a cone equipped with a piezometer is referred to as a piezocone test
(CPTU). There is no standard for the location of the piezometer with
respect to the cone tip. Unfortunately, the piezometer location can
have a significant effect on the magnitude of pore pressure mea-
surement (2). Hence, it is necessary to indicate the position of the
piezometer in reporting the CPTU data.

Interpretation

An important advantage of a piezocone is to account for the unbal-
anced water forces acting on the cone tip and sleeve because of
unequal end areas in cone design (see Figure 1). Correction of g,
should be carried out using the following relationship (3,4):

gr=q.+ u(l —a) ¢))]

where

gr = corrected total tip resistance,

u = measured pore pressure using a filter located at the shoul-
. der point behind the cone tip, and

a = net area ratio.

The difference between gr and g, can be very significant, espe-
cially in a soft clay. A similar correction is required for sleeve
friction data.

The major application of cone penetration has been for soil pro-
filing. Earlier classification charts have been based on gy and fric-
tion ratio FR = (f,/gy) X 100 percent. In general, sandy soils have .
higher g and lower FR values, whereas clayey soils have lower gr
and higher FR values. The soil classification can be further refined
using the pore pressure readings from CPTU. Earlier studies have
suggested the possibility of revealing OCR using the pore pressure
readings from CPTU (5). Figure 2 shows a classification chart
according to Robertson (6) based on gy, FR, and pore pressure
parameter ratio B,, defined as

B = —B— @
qr Ty
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FIGURE 1 Unequal end area correction (2).

where Au is the excess pore pressure (4 — o), and 7, is the total
overburden stress.

The classification chart by Robertson (6) should be used with
caution as researchers (7-9) have indicated that the relationship
between B, and OCR may be very site-specific.

‘Mayne (70) combined -the cavity expansion and modified
Cam-—Clay theories ‘and proposed equations that relate CPTU data
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with OCR. For CPTU with pore pressure measurements at the cone
tip (u,),

_, 1 fgr—u, N\ .
OCR=2\To5m \ "o, 1) _ , (3a)

where

o,, = effective overburden stress,
M = 65sin ¢'/(3 — sin ¢’), and
&' = effective friction angle.

For CPTU with pore pressure measurements behind the cone tip

(uhl)).

1 _ 133
_ qr Up _ .
OCR = 2[].95M+1 ( S 1)] A (3b)

Mayne (10) reviewed data with OCR ranging from I to over 60
and ¢’ from 20 degrees to 38 degrees, and concluded that Equations
3a and 3b provide reasonable first-order estimates of in situ OCR
for a variety of clay deposits. }

Undrained cone penetration in clay is a very complex problem,
and there is no generally accepted theory for the determination of

the undrained shear strength s, from CPT or CPTU. A common

procedure in estimating s, is to use the bearing capacity equation as
follows (11):

qdr — Oy
=JdL__“ve 4
Su Ne » ) C))

where N,(T is the empirical cone factor.
_The value of Ngrunfortunately could vary between 4 and 30. Fac-
tors that may influence Nir include sensitivity, stress history, stiff-
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FIGURE 2 Soil behavior type chart from CPTU data (6).
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ness, clay macrofabric, and definition of s,. Often, a representative
value of Ngr = 15 is adopted for obtaining the average s, in intact
clays (72). There is no general agreement on what s, should refer to.
Campanella and Robertson (2) suggest that the s, from field vane
shear test should be used as the reference s, value and should be
stated when reporting the interpretation of cone penetration data.

Methods of evaluating the clay coefficient of consolidation (c;)
from the rate of pore pressure dissipation around the cone tip have
been proposed. However, these methods are suitable only for nor-
mally or lightly overconsolidated (OCR < 4) clays because of dif-
ficulties in estimating the initial pore pressure distribution around
the cone in a stiff overconsolidated (OCR > 4) clay. Readers inter-
ested in the dissipation test are referred to the paper by Levadoux
and Baligh (13).

PRESSUREMETER TEST
Apparatus and Test Procedure

The basic concept of the pressuremeter test (PMT) is to lower an
inflatable cylindrical probe into a borehole and expand it to measure
the pressure-deformation properties of soil. The pressuremeter as it
was originally developed by Menard (/4) consists of three inde-
pendent, water-inflated chambers (tricell) stacked one above the
other. The purpose of the top and bottom chambers (guard cells) is
to protect the middle chamber (measuring cell) from the end effects
caused by the finite length of the apparatus. All the test results are
based on the measurements in the middle chamber.

A number of variants of the pressuremeter have been introduced
since the late 1960s. Figure 3 shows five of the new alternatives
along with the original Menard pressuremeter. The Menard,
TEXAM, and OYO pressuremeters are designed to be used in
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prebored holes. They are referred to collectively as the prebore pres-
suremeter. The full displacement and stressprobe are introduced
into the ground by pushing and therefore displacing soil during
insertion. The self-boring pressuremeter is hollow and cylindrical
in shape and has its own cutter to-make the borehole and remove
cuttings through the internal opening. All of the newer designs
shown in Figure 3 use a single-cell probe (i.e., it has no guard cells).
The single-cell pressuremeters are generally easier to operate than
the tricell Menard pressuremeter. The use of non-prebore pres-
suremeters is not common for general geotechnical engineering
exploration work and thus will not be discussed further.

A key to the success of performing a prebore PMT is the prepa-
ration of the borehole. According to ASTM D4719-87 (1), the bore-
hole diameter should be within 1.03 to 1.2 times the pressuremeter
probe diameter. For OC clays, the pressuremeter cavity may be pre-
pared using an auger or a thin-wall Shelby tube sampler. For bore-
hole preparation in highly overconsolidated, very hard clays, Lukas
and Seiler (/6) indicated that a rock bit or shaver along with drill
and mud may be used. The shaver is a device that has a rock bit
attached at the lower end of a cylindrical tube.

Upon borehole preparation, the PMT probe should be inserted as
soon as possible. The probe expansion may be stress or strain-
controlled. For the stress-controlled test, readings are taken at 30 sec
and 60 sec after the pressure increments have been applied. The
volume difference between the 30-sec and 60-sec readings is as-
sociated with soil creep and is referred to as the creep volume.
There should be sufficient increments to yield data points that can
properly define a.volume-pressure curve (Figure 4).

Interpretation

The pressuremeter curve has characteristics as shown in Figure 5.
Because of soil disturbance and the oversize condition of the bore-
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FIGURE 3 Menard and other pressuremeter probes (17).
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hole, some probe expansion occurs before the probe pressure
reaches the lateral stress present in the soil mass (“reloading” in
Figure 4). The inflection point corresponds to a point where creep
volume reduces to a minimum, defined as the break point in the
expansion curve where reloading ends and loading starts. The probe
pressure at this inflection point (P;) is considered by many
researchers (17-19) to be an estimate of the in situ lateral stress.
For a PMT in OC clay, there is usually a pseudoelastic part of the
pressuremeter expansion curve following the P; point. Within the
Rseudoelastic zone, the creep volume remains relatively constant
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FIGURE 5 Determination of stress history and field vane
correction factor (41).

and the expansion curve is close to a linear condition. Taking deriv-
ative within the linear part of the expansion curve, the pressure-
meter modulus (E,) is defined as

AP
E, =21 +v)(V, + V.) 7y @)

where

v = Poisson’s ratio,
V, = initial volume of the pressuremeter probe, and
V,» = volume reading in the center portion of the AV volume
increase.

The break point in the expansion curve where creep volume starts
increasing is referred to as the creep pressure (P,). The limit pres-
sure (P)) is defined as the pressure where the probe volume reaches
twice the original cavity volume and is usually obtained as an
extrapolated value (/7).

Baguelin et al. (20) presented empirical procedures that use PMT
results directly in foundation designs. For axially loaded founda-
tions the net ultimate bearing capacity g, may be calculated as

Goer = k (Py — P) (6)
where k is the bearing capacity factor.
For OC clays, k values range from 0.8 to approximately 3.6. The

foundation settlement w is related to PMT results as follows (20):

1.33 R\
W3 pRO("Z RO) * a5k ™

where

p = net bearing pressure,

R, = reference length equal to 30 cm,

R = radius or half-width of the foundation,
A2, \; = shape factors (see Table 1),
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TABLE 1 Shape Factors (20)

L2R Circle  Square 2 3 S 20
A2 1 1.12 1.53 1.78 2.14 2.65
SN 1 1.10 1.20 1.30 1.40 1.50

a = structure coefficient, equal to 1 for OC clays, and
E = essentially the harmonic mean of E, values for soils
below the foundation level.

For the analysis of a long, laterally loaded pile, Gambin (21) pro-
posed that the lateral soil reaction modulus & be calculated as

% = 13%3120(2.65 %) +3p R ®)

Methods of establishing p-y curves for the analysis of laterally
loaded piles have been proposed (21-23). Briaud and Cosentino
(24) suggested the use of PMT results in pavement designs.

The PMT can be reasonably considered as a cylindrical cavity
expansion. That simplification enables interpretation of the test
results in a more rigorous manner. If the PMT expansion curve is
shifted so that P; corresponds to zero radial strain, a stress-strain
relationship may be derived by taking derivatives of the expansion
curve (25-27) as follows:

dP
O, — 0y = 25r0¥ (9)

where o, is the radial stress, and oy is the circumferential stress.
The shear modulus G can be computed as

dP
de,,

G=2 (10)

Other graphical or curve-fitting techniques (28) have also been pro-
posed to obtain stress-strain relationships from PMT results.
Because of the soil disturbance and relaxation during borehole
preparation, the stress-strain relationships obtained from these rig-
orous procedures are not always reliable (29). As an alternative, it
is more desirable to empirically relate soil parameters to PMT
results. Consider the PMT in OC clay as an undrained test (v = 0.5),
and according to Hill (30),

Pl_Pi'__Bsu

B=l+ln% (1)

where E, is the undrained modulus.

Data collected by Holtz and Kovacs (37) show that E, /s, values
range from 200 to 1,800, which would give B values of 5.2 to 7.4.
Baguelin et al. (20) indicated that for stiff to very stiff clays, 3 has
an average value of 9. Lukas and De Bussy (32) reported a 8 value
of 5.1 for cohesive tills and hardpan in Chicago.

The ratio of E,/P, relates to soil properties and may be used to
classify soils. Baguelin et al. (20) and Gambin (27) showed that
for OC clay, E,/P, is greater than 16. Lukas and Seiler (/6) showed
that E,/P, varies from 4 to 11 for low-plasticity clays. For high-
plasticity clays, E,/P, ranges from 8 to well over 25.
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FIELD VANE SHEAR TEST
Apparatus and Test Procedure

The field vane test (FVT) has been used extensively for the in
situ determination of the undrained strength of soft clays. For
practical purposes, the FVT may be used in clays with OCRs less
than 10. Beyond that, the excessive torque may cause distortion
or even breakage to the vane blades, unless an unusually small vane
is used.

A standard field vane (ASTM D2573-72) has four blades. The
height of the vane (H) should be twice the diameter (D). The rod
friction should be accounted for with the use of sleeved rods or a
slip coupling. The vane should be inserted to a depth that is at least
five times the diameter of the borehole or that of the vane housing
before testing. There is usually a “rest period” of not more than
5 min following vane insertion. The vane should be rotated at a rate
not exceeding 0.1 degree/sec (ASTM D2573-72). Following the
determination of the maximum torque, the vane is rotated rapidly
for 10 revolutions. The test is then repeated to determine the
remolded strength. The ratio of peak to remolded strength is
referred to as sensitivity.

Vanes with different dimensions are allowed by the ASTM stan-
dard. An advantage of allowing different vane dimensions is that the
accuracy of the torque measuring system maybe optimized. How-
ever, for a given rate of rotation, the strain rate at the tip of the vane

- blade is proportional to the vane diameter. Studies (33—-35) have

shown that the strain-rate effects are important for the FVT. To
minimize the strain rate effects, it is beneficial to restrict the vane
dimensions. Chandler (36) suggests that since the most widely used
dimensions are H = 130 mm and D = 65 mm, these would seem to
be the most appropriate for standardization.

Although not specified in the ASTM standard, there seems to be
a general agreement that the vane blade thickness should be approx-
imately 2 mm, and the area ratio (the ratio of the volume of soil
displaced by the vane to the soil volume swept by the rotated vane)
should be less than 12 percent.

Interpretation

Assuming that the clay is isotropic and shear stress is uniformly dis-
tributed along the edge of the vane blades, then for H/D = 2, the
undrained shear strength is

5, = 0.86T/mD? ' (12)

where T is the maximum recorded torque. Wroth (37) concluded
that the shear stress distribution at the top and bottom of the vane
blades should be described by a polynomial. In that case

5, = 0.94T/mD? (13)

Using Wroth’s approach, the vertical surfaces contribute 94 percent
of the resistance to the total torque, not 86 percent according to
Equation 12, and the shear strength will be dominantly that exhib-
ited by the vertical planes. Consequently, Equation 12 would under-
estimate s, and the FVT is not erly to reveal the strength
anisotropy by changing H/D ratios.

Due to strain rate effects and soil anisotropy, Bjerrum (38,39)
pointed out that there is a discrepancy between the shear strength
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from the FVT (s, (rvpy) and that backcalculated from embankment
and excavation failures and proposed that

Sucorrected = MSu(Fvr) (14)

where p is-a correction factor based on the plasticity index, I,. The
validity of Bjerrum’s approach was seriously questioned by many
researchers [e.g. Schmertmann (40)] because of significant scatter
of the data that Bjerrum used to establish p values. Aas et al. (41)
attributed that scatter to the lack of consideration of soil stress his-
tory and aging. A set of modified or renewed correction curves as
shown in Figure 5 was proposed by Aas et al. (4]). These curves
consider both aging and stress history of clays. To use Figure 5, the
suevp values should be calculated using Equation 12.

MARCHETTI DILATOMETER TEST
Apparatus and Test Procedure

The Marchetti dilatometer (42) consists of a stainless steel blade
with a circular, expandable diaphragm on one side. The dimensions
and geometry of the blade are shown in Figure 6. The Marchetti
dilatometer test (DMT) involves the penetration of the blade fol-
lowed by expansion of the diaphragm. A recommended DMT test
procedure has been proposed by Schmertmann (43). Upon penetra-
tion, the diaphragm is expanded slowly by air pressure. A pressure
gauge in the control console monitors the air pressure being applied
behind the diaphragm. The console gives an electric signal when the
diaphragm moves 0:05 mm horizontally off the vertical blade and
when the central diaphragm expansion reaches 1.1 mm. The two
corresponding pressures are referred to as the A ‘and B reading,
respectively. These pressures are corrected for diaphragm stiffness
such that : o

wire

pneumatic

flexible

60 mm~— membrane

I
-
@

|

=305 mm-<—-

FIGURE 6 .Marchetti dilatometer (47).

tubing =

] 14 mm’
L
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Py = 1.05(A — Z,, + AA) — 0.05(B — Zy, — AB) (15)
P, =B—Z,— AB (16)
where

P, = net soil pressure against the membrane immediately before
its expansion into the soil,
P, = net soil pressure at 1.1 mm membrane expansion, and
Zy = gauge pressure deviation from zero when vented at atmo-
spheric pressure. :

The tests are repeated at intervals of approximately 20 cm, thus
resulting in a large number of data for a given location.

Interpretation

~ The Py and P, pressures along with an estimate of the effective ver-

tical stress ., and hydrostatic pressure u, at the test level are used
to provide three indices: o

Material index:

- _ P - Py :
I =P o an

Horizontal stress index:

P —
Kp ="t ‘ (18)

Dilatometer modulus:.

E, =347(P, — Py) 19)

.
O C

———
-1' 1.1 mm

Po Py
<——
Z__ flexible

membrane E
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TABLE 2 Soil Classification Based on I, Values (48)

Soil Classification

Clay Silt Sand
Silty _Clayéy Silty
Clay clay silt Silt sand ~Sand
Ipvalue  0.10 0.35 06 09 1.8 33

Table 2 shows the soil classification according to I, (42). Mar-
chetti and many other researchers have proposed a series of empir-
ical equations to relate soil parameters to the DMT indices. These
soil properties include OCR, s, at-rest lateral earth pressure coeffi-
cient (Kj), constrained modulus (M), and initial modulus (E)).

For uncemented OC clays (I, < 1.2), resulted from simple
unloading, Marchetti (42) proposed that

Ko = (Kn/1.5)°47 — 0.6 o)

and
OCR = (0.5 Kp)*5¢ _ _ @D

Following the concept of Ladd et al. (44), Marchetti (42) sug-
gested estimating s, based on '

0‘— = 0.22(0.5K,)'% @)

0

There is no unique relationship between M and E). If R,y = M/E)
is considered, Marchetti (42) suggested that R, increases with K,
and proposed a series of empirical equations that relate these two
parameters. However, because of the scatter of data, the validity of
those equations is questionable.

More recent studies have proposed a linear relationship between
E;and Ep:

E,=FE, ’ 23)

For highly overconsolidated clays, Davidson and Boghrat (45) sug-
gested that F = 1.4. For laterally loaded pile design, Robertson
et al. (46) recommended that F = 10 for cohesive soils (/p < 1.0).
Lutenegger (47) suggested that F should decrease with I, for clays.

Concluding Remarks

The CPT or CPTU is an efficient tool in establishing soil profiles
and stratigraphy. Soil layers as thin as 5 mm could be identified with
the help of pore pressure measurements in the CPTU (2).

The PMT is one of the few, if not the only, in situ testing method
that measures a soil stress-strain curve. It has the potential of being
very useful in predicting the performance of both the axially or
laterally loaded foundations. The results of the PMT are sensitive
to the quality of the borehole and the skills of the operator. It is thus
imperative to follow the standard procedure as closely as possible
and report details of the test method.

The FVT is a very useful tool in establishing the undrained shear
strength profile of a clay deposit. Experience has indicated (35,36)
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that design of both the vane and test procedure can have significant
effects on the test results. For the FVT results to be interpreted with
meaning, it is important to report details of the test equipment and
procedure utilized in the field.

Cases of foundation design or predlctm g field performance using
DMT results have been reported (46). Most of these cases used
conventional soil parameters derived from DMT data. Because of
its efficiency and unique capability of measuring stress/stiffness in
lateral direction, the DMT can be a very useful quality assurance
tool for soil improvement operations (48) :

REFERENCES

1. American Society for Testing and Materials. Soil and Rock; Dimension
“Stone; Geosynthetics. Annual Book of ASTM Standards Vol. 04.08,;
Section 4; Philadelphia, 1992.

2. Campanella, R. G., and P. K. Robertson. Current Practice of the Piezo-
cone Test. Proceedmgs The First International Symposium on Pene-
‘tration Testing, ISOPT-1, Orlando, Fl., A. A. Balkema, Rotterdam

" The Netherlands, Vol. 1, 1988, pp. 93-116. ) '

3. Baligh, M. M., A. S. Azzouz, A. Z. E. Wissa, R. T. Martin, and M. J.
Morrison. The Piezocone Penetrometer. Proceedings, Symposium on
Cone Penetration Testing and Experience, ASCE, Géotechnical

~ Division, St. Louis Annual Conference, 1981, pp. 247-263.

4. Campanella R.G., D. Glllesple and P. K. Robertson. Pore Pressure
during Cone Penetration Testing. Proceedings, The Second European
Symposium on Penetration Testing, ESOPT II, Vol. 2, 1982,
pp. 507-512.

5. Tumay, M. T., R. L. Boggess, and Y. Acar Subsurface Investlgatlon
with Piezo-cone Penetrometer. Cone Penetration Testing and Experi-

“ence, ASCE, Geotechnical Division, St. Louis Annual Conference,
1981, pp. 325-342.

6. Robertson, P. K. Soil Classification Using the Cone Penelrauon Test.
Canadian Geotechnical Journal, Vol. 27, No. 1, 1990, pp. 151-158.

7. Jamiolkowski, M., C. C. Ladd, J. Germaine, and R. Lancellotta. New
Developments ‘iri Field and Lab Testing of Soils. Proceedings,
1ith - International Conference on Soil Mechanics and Foundation
Engineering, Vol. 1, San Francisco, 1985, pp. 57-154.

8. Konrad, L. M., and K. Law. Preconsolidation Pressure from Piezocone
Tests 'in Marine - Clays. Geotechnique,” Vol.” 37, No. 2, 1987,
pp. 177-190. " ' C

9. Mayne, P. W., and R. D. Holtz. Profiling Stress History from Piezocone
Soundings. Soils and Foundations, Japanese Society of Soil Mechanics
.and Foundation Engineering, Vol. 28, No. 1, 1991, pp. 16-28.

10. Mayne, P. W. Determinatiori of OCR'in Clays by Piezocone Tests
Using Cavity Expansion and Critical State Concepts. Soils and
Foundations, Japanese Society of Soil Mechanics and Foundation

. Engineering, Vol. 31, No. 2, 1991, pp. 65-76.

11. Lunne, T., H. P. Christofferson, and T. I. Tjelta. Engineering Use of
Piezocone Data in North Sea Clays. Proceedings, XI International Con-
ference on Soil Mechanics and Foundation Engineering, San Francisco,
Vol. 2, 1985, pp. 907-912.

12. Chen, B. S., and P. W. Mayne. Profiling the Overconsolidation Ratio of
Clays by Piezocone Tests. Report No. GIT-CEEGEO-94-1. School of
Civil Engineering, Georgia Institute of Technology, Atlanta, 1994.

13. Levadoux, J. N., and M. M. Baligh. Consolidation after Undrained
Piezocone Penetration. I: Prediction. Journal of Geotechnical Engi-
neering Division, ASCE, Vol. 112, No. GT7, 1986, pp. 707-726.

14. Menard, L. An Apparatus for measuring the Strength of Soils in Place.
M.Sc. thesis. Department of Civil Engineering, University of Illinois,
Urbana, 1956.

15. Clough, G. W, and J. L. Briaud. The Development of Pressuremeter
Testing. Pressuremeters, Proceedings of the 3rd International Sympo-
sium on Pressuremeters, Oxford, U. K., Thomas Telford Ltd., London,
1990, pp. 25-45.

16. Lukas, R. G., and N. H. Seiler. Experience with Menard Pressuremeter
Testing. Presented at Conference on Updating Subsurface Sampling of
Soil and Rocks and Their In-situ Testing, Santa Barbara, Calif., 1982.




42

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Ph.D. thesis. Purdue University, W. Lafayette, Indiana, 1986.
30.
31.

32.

33.

Ladd, C. C.,J. T. Germaine, M. M. Baligh, and S. Lacasse. Evaluation
of Self-Boring Pressuremeter Tests in Sensitive Clays. Research Report
R79-A. MIT. Massachusetts Institute of Technology, Department of
Civil Engineering, Cambridge, 1979.

Ghionna, V., M. Jamiolkowski, R. Lancellotta, and M. L. Tordella.
Performance of Self-Boring Pressuremeter in Cohesive Soils. Interim
Report. U. S. Department of Transportation, Federal Highway Admin-
istration; Technical University of Turin, Italy, 1981.

. Denby, G. M., and J. M. O. Hughes. Horizontal Stress Interpretation of

Pressuremeter Tests. Presented at Conference on Updating Subsurface
Sampling of Soil and Rocks and Their In-situ Testing, Santa Barbara,
Calif., 1982.

Baguelin, F., J. F. Jezequel, and D. H. Shields. The Pressuremeter and
Foundation Engineering. Aedermannsdorf, Trans Tech Publication,
Clausthal, Germany, 1978, pp. 30-43.

Gambin, M. Calculation of Foundations Subjected to Horizontal
Forces Using Pressuremeter Data. Sols (Soils), No. 30/31, Paris, 1979,
pp- 17-59.

Briaud, J.-L., T. D. Smith, and L. M. Tucker. A Pressuremeter Method
for Laterally Loaded Piles. Proceedings, 11th International Conference
on Soil Mechanics and Foundation Engineering, San Francisco, Vol. 3,
1985, pp. 1353-1356.

Robertson, P. K., . M. O. Hughes, R. G. Campanella, P. Brown, and S.
McKeown. Design of Laterally Loaded Piles Using the Pressuremeter.
Use of In-situ Tests in Geotechnical Engineering, ASCE, GSP 6,
Blacksburg, Virginia, 1985, pp. 283-302.

Briaud, J.-L., and P. J. Cosentino. Pavement Design with the Pavement
Pressuremeter. Pressuremeters. Proceedings of the 3rd International
Symposium on Pressuremeters, Oxford, U. K., Thomas Telford Ltd.,
London, 1990, pp. 401-414.

Palmer, A. C. Undrained Plane Strain Expansion of a Cyhndncal
Cavity in Clay: A Simple Interpretation of the Pressuremeter Test.
Geotechnique, Vol. 22, No. 3, 1972, pp. 451-457.

Baguelin, F., J.-F. Jezequel, E. LeMee, and A. LeMehaute. Expansion
of Cylindrical Probes in Cohesive Soils. Journal of the Soil Mechanics
and Foundations Division,, ASCE, Vol. 98, No. SMI11, 1972,
pp. 1129-1142.

Ladanyi, B. In-situ Determination of Undrained Stress-Strain Behav:or
of Sensitive Clays with the Pressuremeter. Canadian Geotechnical
Journal, Vol. 9, No. 3, 1972, pp. 313-319.

Huang, A. B., J. L. Chameau, and R, D. Holtz. Interpretation of Pres-
suremeter Data in Cohesive Soils by Simplex Algorithm. Geotechnique,
Vol. 36, No. 4, 1986, pp. 599-604.

Huang, A. B. Laboratory Pressuremeter Experiments in Clay Soils.

Hill, R. The Mathematical Theory of Plasticity. Oxford University
Press, 1950.

Holtz, R. D., and W. D. Kovacs. An Introduction to Geotechnical
Engineering. Prentice-Hall, Inc., 1981.

Lukas, R. G., and B. L. De Bussy. Pressuremeter and Laboratory Test
Correlations for Clays. Journal of the Geotechnical Engineering
Division, ASCE, Vol. 102, No. GT9, 1976, pp. 945-963.

Wiesel, C. E. Some Factors Influencing In-situ Vane Shear Test Results.
Proceedings, 8th International Conference on Soil Mechanics and
Foundation Engineering, Moscow, Vol. 1.2, 1973, pp. 475-479.

34.

35.

36.

37.

38.

39.

40.

41.

TRANSPORTATION RESEARCH RECORD 1479

Torstensson, B. A. Timé-Dependent Effects in the Field Vane Test.
International Symposium of Soft Clay, Bangkok, 1977, pp. 387-397.
Roy, M., and A. Leblanc. Factors Affecting the Measurements and
Interpretation of the Vane Strength in Soft Sensitive Clays. Proceed-
ings, The International Symposium on Laboratory and Field Vane
Shear Strength Testing, Tampa, Florida (A. F. Richards, ed.), ASTM
Special Technical Publication No. 1014, 1988, pp. 117-130.
Chandler, R. J. The In-Situ Measurement of the Undrained Shear
Strength of Clays Using the Field Vane. Proceedings, The International
Symposium on Laboratory and Field Vane Shear Strength Testing,
Tampa, Florida (A. F. Richards, ed.), ASTM Special Technical Publi-
cation No. 1014, 1988, pp. 13-44.

Wroth, C. P. The Interpretation of In-situ Soil Tests. Geotechmque Vol.
34, No. 4, 1984, pp. 449-489.

Bjerrum, L. Embankment on Soft Ground. Proceedings, Specialty
Conference on Performance of Earth and Earth-Supported Structures,
ASCE, Lafayette, Indiana, Vol. I, 1972, pp. 1-54.

Bjerrum, L. Problems of Soil Mechanics and Construction on Soft
Clays. .Proceedings of the 8th International Conference on Soil
Mechanics and Foundation Engineering, Moscow, Vol. 3, 1973,
pp. 111-159.

Schmertmann, J. H. Measurement of In-situ Shear Strength, State-
of-the-art Report. Proceedings, Specialty Conference on In-situ Mea-
surement of Soil Properties, ASCE, Raleigh, North Carolina, Vol. 2,
1975, pp. 57-138.

Aas, G., S. Lacasse, T. Lunne, and K. Hoeg. Use of In-situ Tests for

. Foundation Design on Clay. Use of In-situ Tests in Geotechnical Engi-

42.

43.

44.

45.

46.

47.

48.

neering, ASCE, GSP 6, Blacksburg, Virginia, 1986, pp. 1-30.
Marchetti, S. In-situ Tests by Flat Dilatometer. Journal of the Geo-
technical Engineering Division, ASCE, Vo] 106, No. GT3, 1980,
pp. 299-321.

Schmertmann, J. H. Suggested Method for Performing the Flat
Dilatometer Test. Geotechnical Testing Journal, ASTM, GTIOD]J,
Vol. 9, No. 2, 1986, pp. 93-101.

Ladd, C.C.,R. Foot, K. Ishihara, H. G. Poulos, and F. Schlosser. Stress-
Deformation and Strength Characteristics. State-of-the-Art-Paper. Pro-
ceedings, 9th International Conference on Soil Mechanics and Foun-
dations Engineering, Tokyo, Vol. 2, 1977, pp. 421-494.

Davidson, J. L., and A. Boghrat. Flat Dilatometer Testing in Florida.
Proceedings, International Symposium on In-situ Tests of Soil and
Rock, Paris, Vol. 2, 1983, pp. 251-255.

Robertson, P. K., M. P. Davis, and R. G. Campanelia. Demgn of Later-
ally Loaded Driven Piles Using the Flat Dilatometer. Geotechnical
Testing Journal, ASTM, GTJODJ, Vol. 12, No. 1, 1989, pp. 30-38.
Lutenegger, A. J. Current Status of the Marchetti Dilatometer Test.
Proceedings, First International Symposium on Penetration Testing,
Orlando (J. De Ruiter, ed.), A. A. Balkema, Rotterdam, Vol. 1, 1988,
pp. 137-156.

Schmertmann, J. H., W. Baker, R. Gupta, and K. Kessler. CPT/DMT
QC of Ground Modification at a Power Plant. Use of In-situ Tests
in Geotechnical Engineering. ASCE, GSP 6, Blacksburg, Va., 1986,
pp- 985-1001. ’ ‘




