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Horizontal Cone Penetration Testing

W. Broere
Geotechnical Laboratory, Delft University of Technolo@lge Netherlands

A.F. van Tol
Rotterdam Public Works, The Netherlands
Geotechnical Laboratory, Delft University of Technologlie Netherlands

ABSTRACT: In ordertofind the relationship between the casgstances measured in horizontally and vertically
aligned cone penetration tests, a test series has beenmedm a 2 m. diameter rigid wall calibration chamber
using a 36 mm. cone. This calibration chamber contains aatureted uniform sand, which can be prepared
at different densities. It is found that the horizontal coegistance is higher than the vertical cone resistance at
a given point, whilst the side friction is lower horizontathan vertically. A simple cavity expansion model is
used to explain the ratio of horizontal over vertical corsst&nce.

1 INTRODUCTION tial stress state around the cone in a HCPT differs rad-
ically however and is further complicated when one

The cone penetration test (CPT) has been used efakes into account that most soils have been deposited
tensively over the last decades to measure in situ soff & layerwise manner. Soiitis to be expected that the
properties, especially in delta areas where the uppdh€asurements obtained by a HCPT differ from those
layers consist of soft sediments. Measurements argPtainedin a VCPT.

traditionally taken from ground level in the vertical In order to find the relationship between the meas-
direction, to gain information about stratification and urements from HCPT and VCPT or the relationship
soil properties. With the introduction of mechanizedbetween measurements from HCPT and soil proper-
tunnel boring in the Netherlands a need for soil datdi€s, a test series has been set up in a calibration cham:-
along the alignment of the tunnel has arisen. As modgper in which both a horizontal and a vertical CPT could
of these tunnels are built in heavily stratified soils,be performed in the same sand sample. In addition to
with strong variation and local irregularities, an ex-these tests a simple cavity expansion model is used to
tensive soil survey would be needed to gain sufficieneXxplain the differences between horizontal and vertical
information from vertical measurements only. Meas-CPT.

urements from ground level are further complicated in

urbanized areas where buildings are present over the

tunnel alignment. To overcome these problemsitha® TEST SETUP

been proposed to perform cone penetration tests from

the tunnel boring machine in a horizontal direCtion. ¢ yoqt series has been executed in alarge diameter ri
In that way continuous information about the soil dir-

ectly before the tunnel boring machine can be gaineog'd wall calibration chamber with a diameter of 1.9 m.

: . : . and a height of 3 m. In the wall of this chamber two
wh|(_:h can complement the information gained fromholes have been made, at 2.01 m. and 2.23 m. from
vertical soil surveys.

the top of the tank. Both openings are sealed with
Although the equipment used to perform a verticalball valves of 37 mm. internal diameter. This allows
cone penetration test (VCPT) can easily be converted standard 36 mm. cone to penetrate the sand, without
to allow its use in a horizontal cone penetration tessand spilling through the opening along the push rods.
(HCPT), the measurements obtained cannot be integ filter bed at the bottom of the tank, in combination
preted as easily. In a VCPT the horizontal effectivewith several vibratory units along the tank wall, allows
stressy;, acts around the body of the cone, whilst thethe sand in the tank to be fluidised and compacted, in
vertical effective stress, acts in the direction of pen- order to prepare samples at different densities. This
etration. This stress state around the cone is used inmmesults in a sand level between 91 and 103 cm. from
plicitely in most theoretical models, e.g. Ve$1972), the top of the tank, corresponding to relative densities
Carter (1986), Salgado (1997), and empirical modelshetweenR; = 0.172 and 0749. For a schematic lay-
e.g. Schmertmann (1975), Houlsby (1988). The ini-out of the calibration chamber see Figlire 1. The sand
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Figure 3. Typical horizontal cone resistance for several
Figure 1. Calibration chamber densities
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used in this tank is a uniformely distributed Ooster-densities at the 2.01 m. level are shown in Fiddre 3.
scheldesand with @y = 180 i, for a detailed distri- For each of these densities one of the vertical meas-
bution see the sieve curve in Figlie 2. urements is shown in Figufd 4. It is clear that the
Measurements were carried out using a standard 3dCPT has less variation over its length, as could be
mm. cone fitted with a friction sleeve, at the standardexpected as the entire penetration takes place at the
speed of 20 mm/s. A push ram was fitted horizontallysame stress level, but that the curves show some in-
at one of the wall openings, another could slide oveffluence of the rigid boundaries of the tank. The side
the tank to obtain three vertical measurements in eacfiiction measurements for these penetration tests are
sample, spaced 0.4 m. from each other and 0.55 mrmot plotted here, but show a common trend with the
from the rigid wall in order to minimize the boundary cone resistance. It should be stated that the horizontal
influence for this chamber according to preliminaryCPTs have been made with different orientation (ro-
tests performed in this tank. The vertical penetrationgation) of the cone and that this orientation has shown
were made in such a way that there was a distanceo influence on the measurements.
of 5 cm. between the straight path of the horizontal
and vertical cones. In this way three points were ob- . )
tained in each test with both horizontal and vertical3-1 Horizontal cone resistance

cone resistances and side frictions known. A total ofin total 78 combinations of horizontal and vertical cone
26 samples has been prepared; in ten of those samplgssistance have been obtained. To combine the results
the horizontal measurements were obtained at the 2.Glom the tests at the 2.01 m. and 2.23 m. level, all cone
m. level, in the remaining 16 samples the horizontakesjstances have been divided by the effective vertical
measurements were taken at the 2.23 m. level. stresw/. These values have been plotted in Fidlre 5.
The error in the measurements falls within the size of
the plot symbol used. The scatter present in the data is
accounted to variations in (local) density in the sand.
At first glance there is a lineair relation between the
Some typical horizontal cone resistances for differenhorizontal and vertical cone resistances. When the ra-
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Figure 5. Horizontal vs. vertical cone resistance

Figure 6. Horizontal over vertical cone resistance vs. rel-

ative density

tio of horizontal over vertical cone resistangg; v _ _ o
is plotted against the relative density of the sand how3.2 Horizontal side friction

everérlj:jguréﬁ@,r:gfgci)r\;vslthﬁtrt]ég?rre::aglroirrﬁgfntézti\évteeems the cone used had been fitted with a friction sleeve
gfeﬁr’lsitieg'fr‘{e mean of hrt))?/izontal éone resistance is athe side friction has been obtained along with the cone
Nesistance. For all measurements the side friction has

proximately 20% higher than the vertical cone resisty, .o qiided by the cone resistance to obtain the fric-
ance. The authors pose that this is the effect of th?lon numberR ;. This friction number is frequently

dlffer_ences in the initial stress state O.f the plane P€lsed to get an indication of soil stratification from a
pendicular to the cone. A more detailed explanatio

will be given in Sectiolld CPT. As Begemann (1969) has shown there is a re-
9 - - N _ lation between the amount of fines and the friction
For low and high relative densities the ratigy, v

_ H /' number, where a friction number around 1% indic-
approaches one. This value @fy,v at these limits  ates clean sand. In that light it is of interest whether

can be deduced from simple considerations withouthe horizontal friction numbeR ;; is equal to the
going into detail about the influence of the stress stat&yertical friction numberr ;v, and the established re-

For low densities Schmertmann (1975) has shown thagtion between friction number and soil classification
there is almost no dependence of the cone resistance gixg holds for horizontal CPT.

the stress level. If this also holds for horizontal CPT, The obtained horizontal friction number has been

it can be expected that for low densities the cone ress|aq against the vertical friction number in Figure
istance is only a function of density, and therefore thag 't .an be seen that the horizontal and vertical friction
qer/v approaches 1. High densities on the other handl, yher show the same amount of scatter and that the
are realised in this calibration chamber by prolonged,e ica friction number is equally distributed around
vibrating. This not only densifies the sand, butalsoin- gae, |t is also clear that the horizontal friction
creases the effectlye r)orlzqntal stregsand thereby  ,mber is lower than would be expected. This effect
the value ofK' = o} /o,. This overconsolidation ef- pecomes even more apparent when the ratio of hori-
fect has been measured using an earth pressure gauggntal over vertical fricion numbek rHyv is plotted
These measurements show that for relative densitigg Figurd® against relative density. The mean ofall the

between (5 and 08 the value o’ increases from8  pqrizontal over vertical friction numbers plotted here
to 1. Therefore at high densities, whefe= 1, there  |jag atR ;v = 0.76. There is no clear dependency
is no difference between the stress states around thg thjs ratio on the density, nor on the ratio of cone

horizontal and vertical cone. In that case we expecfesistances. If the effect of lower horizontal side fric-

the cone resistance to be independent of orientationion occurs in other soils too, the classification charts

and therefore thg.;/v = 1. based on friction numbers will probably have to be
Given the scatter in the data, no function adequatelyecalibrated for HCPT.

describes the relation betwegpy,v vs. R;. The

mean of these measurements however can be described

by the function 4 CAVITY EXPANSION MODEL

One of the methods to describe a vertical cone penetra-
tion is by use of a cavity expansion model, as proposed
by Vesit (1972) and adapted by numerous authors.

which expression has been plotted as the dashed lindeasurements by Houlsby and Hitchman (1988) have
in Figurel®. shown that the effective horizontal stregsis of con-

3
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Figure 7. Horizontal vs. vertical friction number

angled with the vertical, can be approximated by

/ / / /
ov—l-oh_a — 0

v h
. OrrH = > > cosd, 3)

- ce . .. where in both cases, is the radial stress component.

S Combining these stress states with a uniform radial
0.8 e I S displacement at the cavity boundary, the expansion

= A SR . in a hyperelastic medium can be solved straightfor-
E 06 . R ward using the general solution method described by

0.4 . ° ’ Muskhelishvili (1954). In this way we obtain the stress
and deformation states around the cavity. These can-

0.2 not be compared directly with each other, due to the
angle dependency of the horizontal solution and as

0 T T T T T | such give little information on the relation between
0t 02 03 04, 05 06 07 08 horizontal and vertical CPT. For both cases however

we can calculate the total work done in expanding the
cavity, integrated over all anglés The workW in
these cases is defined by

Figure 8. Horizontal over vertical friction number vs. rel-
ative density

2 0 €,/
trolling influence ory.. This correlation betwees, W = / / / o (e)rdedrdd 4)
andg. leads a.o. Salgado et al. (1997) to propose a 0 Jr Je

cilindrical cavity expansion as the basis for a model ith o (¢) the stress state around the cone as function

of cone penetration. Using the assumption that plan : " : :
strain conditions hold for this problem, the cavity ex-égffthe strairt, ¢ ande,» the initial and final strains, and

pansion can entirely be described as the expansion %?%{2&2&%?& (f:ﬁ)v;y'_Tothrf d_lall,/s it;alvr\}i,tﬁ?nul\r/%lent

a circular cavity in a plane perpendicular to the peney.” - : : AR . )
tration direction. For a vertical CPT the initial stress limits described for this cylindrical analysis, mathem

state in this plane is a uniform radial stress equajto atically equivalent to the expansion of the soil around

as sketched in Figui@ 9. Although such a model Cant_he cone tip, except of course for a factor describing

not describe the deformations in front of and arouna[he geometry of the cone tip. Introducing
the cone in full detail, it shows the correct correlation A+
betweerr; andg.. m=—-—

To describe a horizontal CPT using a similar model "
we again propose a circular cavity in a plane perpenwherei andp are the Lamé constants, the resulting
dicular to the penetration direction. The differencework for the vertical and the horizontal case can be
lies in the more complicated stress state in this planewritten surprisingly simple as
The initial stress varies betweer) and the generally
highero, see Figur€l9. This non-uniform stress state 2, (6)
somewhat complicates the model.

The initial stress state in the vertical case is simplyanol
given by

(5)

= (7)
Oy = —0p, (2) m 2
When we assume the work, calculated in this way for
while the horizontal stress state, dependant on tha purely elastic case, differs only a constant factor from
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judgement on this matter a number of tests has to be
executed in other types of soil.

Besides the direct use in interpreting the measure-
ments from HCPT, the observed influence of the initial
stress state on the cone resistances can be used in orde
to improve the models used to describe cone penetra-
tion testing. Even though it is inconvenient for the
interpretation of field tests that the stress state perpen-
dicular to the penetration direction is of major influ-
ence ong,., this effect should be taken into account
when interpreting CPT.

0 o'.z o|.4 ol.e 0|.8 1 1'.2 1'.4 1|.6 l|.8 2
K
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of the soil in a plane perpendicular to the cone pen-
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NOTATION

dso diameter at which 50% passes sieve

K earth pressure coefficient

m alternative elastic modulus

r radial distance from the centre of the cav-
ity

r’ ultimate radius of the cavity, radius of the
cone tip

Ry relative density

Ry friction number

Ryy  friction number from a horizontal meas-
urement

Ryy  friction number from a vertical measure-
ment

R,y ratio of horizontal over vertical cone res-
istance

qc cone resistance

qcH cone restistance from a horizontal meas-
urement

qcv cone restistance from a vertical measure-
ment

ger/v  ratio of horizontal over vertical cone res-
istance

w work done in expanding the cavity

Wy work in case of horizontal CPT

Wy work in case of vertical CPT

Wy v ratio of horizontal over vertical work

€ strain

€0 initial strain, eq. to- = 0

€ final strain, eq. to =’

A first Lamé constant

n second Lamé constant

0 angle with the vertical direction

o stress

o, horizontal effective stress

o, vertical effective stress

Orr radial stress

OrrH radial stress in case of horizontal CPT
Orrv radial stress in case of vertical CPT
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