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Horizontal cone penetration testing

W. Broere
A. Broere BV, Amsterdam, The Netherlands
Geotechnical Laboratory, Delft University of Technolo@lge Netherlands

J.K. van Deen
GeoDelft, Delft, The Netherlands

ABSTRACT: Ithas been proposed to use horizontal cone patn@trtests from a tunnel boring machine to obtain
additional information on the soil in front of the TBM. Thidi&ale gives an overview of various investigations into
the feasibility of such a technique. The execution of thedssvell as the interpretation of the measurements are
considered. Tests from a medium sized TBM show that hor&@®Ts can be executed in a practical manner,
that the measurements can be interpreted and the resuttsauseprove control of the boring process. Tests
performed in a calibration chamber show slight differenoesveen CPT measurements taken in a horizontal
and a vertical tradition. It has been shown that in mediunsdeands the horizontal cone resistance can be 20%
larger than the vertical cone resistance. This informatembe used to fine-tune the test interpretation.

1 INTRODUCTION pects have been investigated in several COB (Centrum
voor Ondergronds Bouwen) research projects, in co-

The cone penetration test (CPT) has been used egperation with GeoDelft and Delft University of Tech-
tensively over the last decades to measure in situ sof10109y-

properties. Measurements are traditionally taken from

ground levelin a vertical, downward, direction, to gain

information about stratification and soil properties. In2 FIELD TESTS

recent years there has been a growing number of un-

derground construction works, such as tunnel boring,, 5 first investigation three horizontal CPTs were
projects, for which a soil investigation is needed overyarformed from a deep excavation in Amsterdam by

!arge distances as well as to great depths. The typicgly,, staveren (1997). The HCPTs were made through
interval between borings or CPTs from the ground surs penings in the sheet pile wall surrounding the excav-

face for such a project falls somewhere in the range okion. These were compared with two vertical CPTs
50 to 100m, but this may not always be sufficient inm5qe just outside the wall as well as a single slanted
order to gain a reliable overview of the solil stratifica- cpT that was made at a downward angle (appréy. 8
tion. Especially near river crossings in delta areas, thge soil consisted of Holocene clay, peat and sand lay-
soil variability can be so large that significant changes,,s  The CPT rig was a standard 100 kN rig without
in the ground are not detected. special modifications. It was positioned next to the
In the case of a bored tunnel, the soil investigatiorwall using a freight lift.
can be complemented by cone penetration tests origin- rigyre 1 shows the results from one of the vertical
ating from the tunnel boring machine in a horizontal cpTs on the left and of the slanted CPT on the right.
to change the alignment of the tunnel based on thigted in the vertical CPT graph by a thick line. It can
information, the test results could be used to fine-tunge seen that the slanted CPT shows cone resistance:
the boring process and improve control of the facesnghﬂy larger, but of the same order of magnitude,
support or reduce the settlements caused by the tunngd i gse measured by the vertical CPT. Of course the
boring machine. readings are also stretched out, as the penetration is
When studying the feasibility of the horizontal cone made at an angle of about.8These tests show that
penetration test (HCPT), two aspects have to be corthe horizontal cone resistance is generally larger than
sidered: which changestothe equipment are necessaittye vertical cone resistance, on average 1.5 to 2 times
to perform a HCPT instead of a traditional, vertical higher, with extreme values up to three times as high in
CPT, and what differences in the test results may occuhe clay layers. In the sand}ayer a horizontal over ver-
due to the change in penetration direction. Both astical cone resistance ratigf'’V of 1.8 was observed.
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Figure 1. Vertical (left) and slanted (right) CPT results.

Figure 3. HCPT results in front of TBM.

3 CALIBRATION CHAMBER TESTS

3.1 Introduction

Although the equipment used to perform a vertical
CPT is relatively easily converted for use in a hori-
zontal cone penetration test (HCPT), the interpreta-
tion of the test results is not so easily converted. The
interpretation of CPTs is normally made using ana-
lytical and empirical models, which all implicitly or
explicitly assume that the penetration direction is ver-
tical, or that the stress component perpendicular to the
penetration direction is radially uniform. In vertical
CPTs this is the effective horizontal stregsafter all,
and Houlsby & Hitchman (1988) have shown that this
Figure 2. HCPT rig installed in a pipe jacking TBM. stress component governs the cone resistance in calib-
ration chamber tests in sand.

In the case of HCPT however the stress state per-

For a second set of tests a specially designed HCPRendicular to the cone is not radially uniform, as it
ng was installed in a p|pe jacking machine, used tovarles.betwe_Gﬁh and the effective Ve.rtlcal Str68$.
construct a 3m outer diameter tunnel in Antwerp, Bel-Combined with the fact that most soils have been de-

gium. The CPT rig was slightly altered to better fit in POSited in a layerwise manner, it is to be expected that
the TBM and a set of water tight locks was installedthe measurements obtained with HCPT differ from
in the TBM to allow the CPT cone to pass through thethose in vertical CPT. Such differences were indeed
bulkhead without groundwater leaking into the ma-observed inthe field tests. In order to investigate these
chine (van Deen et al., 1999). Figure 2 gives an overdifferences under controlled conditions, a number of
view of the rig installed in the TBM. calibration chamber tests has been performed on dif-
erently graded sands at various densities.

In total ten HCPTs have been performed from thisf
TBM during standstill of the machine, at depths of ap-
proximately 15 metres. One example of the resultingg 5 The TU Delft Calibration Chamber
measurements is shown in Figure 3. The cone resist-
ance shows a small peak at the start, when the rods pabe calibration chamber at Delft University of Techno-
through the water tight locks. After that the readingslogy (TU Delft) is a 2m diameter rigid wall calibration
are zero, until the cone passes the cutter wheel anghamber, as sketched in figure 4. This chamber dif-
enters the undisturbed fine sand in front of the TBM.fers in a number of ways from the calibration chamber
From then on it registers a more or less stationary contypes most often used, as described by Parkin (1988).
resistance, until at 7.5 m from the start, it encounters Most notable is the fact that the TU Delft chamber is
a clay filled former borehole, which is clearly visible a rigid wall chamber, meaning that the lateral bound-
from the readings. After the borehole readings returraries are inflexible and prevent horizontal deformation
to a value indicative for the sand. They compare wellat this point. In normal operation the upper boundary
with the limited amount of data available form vertical remains free and unloaded and the lower boundary is
CPTs in the area. formed by a stiff perforated steel plate.



5

1900 Nl l [

1T i iiGih’ %\\ 100

e 80

fine middle coarse |

passed sieve (%)

o
%
7

3230

Vibrator I
.100 0.200 0.500 1.0 2.0

sieve aperture (mm)

] Upper sounding lock

7

230

Figure 5. Sieve curves for all sands

B |
1 Lower sounding lock 1

240

Lo
| Juidisati c . . .
d Flidistionsysem Table 1. Minimal and maximal densities

: ! Sand  enin Emax

1 0470 0818
§ 1] L 0.498 0.801

2
3 0.454 0.749
4 0.431 0.746

il

780

3.3 The Sands

In the different test series four different sands have
beenused. The firsttwo sands are rather similar, both a
. e . uniformly distributed fine sand of alluvial origin. The
On top of this plate a fluidisation system is installed, yitterence between the two lies in the fact that the first
consisting of filter drains connected to a pump ancgand had been used in the chamber over an extendec
several water reservoirs. This fluidisation system ca eriod of time and that as a result most fines had been
be used to fluidise the sand bed in the tank. A coupl ashed out. The second sand was taken from a fresh

of vibrators affixed to the sides of the tank can the%)atch and as a result contained a small percentage of
be usﬁd to der;]sﬁy the sand bed. After)}lwdlsatl.on anl ines. The third and fourth sands were obtained by
densification the water can be drained if so desired, alyixing this alluvial sand in different proportions with

lowing tests on saturated or unsaturated sand sampleg o mmercially available coarse river sand, which had
All calibration chamber tests described in this articlepaan washed to remove part of the original fines. The
have been made in unsaturated samples. four sands are characterised by their sieve curves in
The main advantage of the fluidisation method, ovefigure 5.
the commonly used pluviation method, is the relative For these sands the minimal and maximal densit-
ease with which a sample can be prepared. As thefigs have been obtained by pouring dry sand through a
is no need to completely excavate the chamber eadfunnel respectively vibrating and compacting a moist
time, a saturated sample can be prepared within agample for an extended period of time. The resulting
hour, as opposed to the days required for a pluviated . ande,.,are listed in table 1.
sample. The main disadvantage is that the sample ob- As said before some segregation may occur due to
tained in this way is less uniform, as segregation othe fluidisation process, as finer particles tend to float
slight denS|ty_d|fferences may occur. Without undis-ypwards. This has been checked by taking samples
turbed sampling these density differences cannot bgf the densified sand bed at different depths. Espe-
detected and only the overall density of the sand cagjally for the artificially mixed non-uniform sands 3
be measured. Also, due to the repeated fluidisatiog, 4 some segregation has been observed in the up-
of the sand, part of the fines may be washed out oveermost 20 cm. Below this layer the sand shows no
time, slightly changing the grain size distribution.  discernible segregation and the sieve curves shown in
A further special feature of the tank is of coursefigure 5 are obtained from samples taken from this
the presence of two locks in the side of the wall, adower region. Sands 1 & 2 are very uniformly graded
sketched in figure 4. These locks are specially deand as aresult show no segregation at all. The effect of
signed to allow a horizontal penetration to be madehe segregation is a slightly larger error in the determ-
using a standard 35mm cone. ination of the relative density of the sand at the depth of

Figure 4. TU Delft calibration chamber



_ 550 , 400 , 400 , 550, qfor,

o 1000p ,
[+0] 7
o é
- //
! 900 L
4
........................ < 4
Y] e
5 800
Q . , hd
2 v L
700 Lo we
. R ,V/.o
600} T v
8 "B .= ’/Iv [ ]
3V N ., - '
o _ 500 : My -
| 1 . Mgy m
i . T
400 2t
L/ \J . LA
300 ol "
AT
Figure 6. Locations of vertical and horizontal CPTs 200k o8 e Sand 1
,Y’ A Sand 2
100} ?’ = Sand 3
the horizontal sounding. This error is however mainly 7 v Sand 4

a_lttrll_auted to density fluctuations caused by_ the der_15|- 0150 200 00 500 550 650 790 00 900 2000
fication process. As the overall error margin remains o /o
below 5% in all cases, segregation and density fluc- )
tuations are not considered major problems for theS%igure 7. Horizontal vs. vertical cone resistance

tests.

vertical sleeve friction in figure 8. The results have
been normalised by the vertical effective stregs

All tests have been made using standard 1elac-  even though the results from calibration chamber tests
trical cones equipped with friction sleeves. In eachby Houlsby & Hitchmann (1988) indicate that a norm-
test a sand bed was prepared by fluidisation and dengdisation by horizontal effective stress is more useful.
ification and a single horizontal CPT was made usingAlso a similar normalisation is suggested by Wroth
either the upper or lower lock position. In the same(1984), but he also indicates that such a normalisation
sand bed also up to three vertical tests were executett)ay be impractical as in many cases the horizontal ef-
as sketched in figure 6. The resulting (vertical) condective stress is not precisely known. This is the case
resistance and sleeve friction at the depth of the ho a rigid wall calibration chamber such as used in
rizontal test were then compared to the results of théhese tests, and as a result a normalisation by vertical
horizontal test. effective stress is chosen.

All'in all 69 horizontal and 151 vertical CPTs have
been executed in the different sands. The number o
horizontal and vertical CPTs differs as in some case
two or only a single vertical test has been made in thet can be gained from figure 7 that the horizontal cone
same sample. In the first sand 29 horizontal tests hau@sistance is on average larger than the vertical cone
been made using the lower lock position and 10 usresistance. This can also be seen in figure 9, where
ing the upper lock position. In all but 13 cases threethe ratio of horizontal cone resistance over vertical
vertical CPTs were made in each sample. In thoseone resistancg!"’V has been plotted against relative
13 cases only a single vertical CPT was made fodensity.
each HCPT. In the other 3 sands 10 horizontal tests For medium dense sands the average n;pe*_lév is
were made, accompanied by two vertical tests in eachpproximately 1.2. For loose and very dense sands
sample. this ratio tends towards 1. This indicates that not only

For each of the sands the vibration time was variedhe different stress state around the cone influences the
to obtain different overall densities of the sand bedhorizontal cone resistance, but that it is also affected
resulting in relative densities 10% D, < 80%. by the density of the sand.

If on the other hand the results from the four sands
are compared to each other, there is no significant dif-
4 RESULTS ference between those, indicating that the grain size
distribution does not influence horizontal cone resist-
The horizontal cone resistangf has been compared ance, at least not differently than vertical cone resist-
tothe vertical cone resistangg€ measured atthe same ance.
depth and in the same sample in figure 7. Similarly That for normally consolidated sands the horizontal
the horizontal sleeve friction has been plotted againstone resistance is expected to be somewhat larger thar

3.4 Overview of Test Series

.1 Horizontal Cone Resistance
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the vertical has been explained by Broere (2001) us?® R

ing an elastic cavity expansion model. Based on thig ,
simple model a cone resistance ratio
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with K the horizontal stress coefficient, is calculated > LIS oo A ¥

i.e.qCH/V ~ 1.5fornormally consolidated sands. This ¢ . ., ., . . . . . . |

is somewhat larger than the observed ratio, as might © %+ 02 03 0405 06 07 08 09 10

be expected from a completely elastic model.
The observedratiq'’V ~ 1 atlow densities canbe Figure 10. Ratio of horizontal over vertical friction ratio
understood if it is supposed that at low densities thes. relative density
stress level has little or no influence on the cone res-
istance, as evident from Schmertmann (1975), so that
also differences in the stress state have little influencease the differences between the different sand types
on the cone resistance. cannot be attributed to statistical fluctuations only.
It is no more than expected that the friction ra-

. o o _ tio increases with an increasing fraction of fines and

4.2 Horizontal Sleeve Friction and Friction Ratio  gecreases if a larger coarse sand fraction is present.

In contrast to the cone resistance, the horizontal sleeveiven the available data it seems however that the ho-

friction does show a clear influence of the sand typdizontal sleeve friction reacts stronger to such changes
used. This can be seen in the p|0t of horizontal Vsin grain size distribution than does the vertical sleeve

vertical sleeve friction (figure 8) or even more pro- friction, whilst at the same time the average horizontal

nounced if the ratio of horizontal over vertical frigtion friction ratio is lower than its vertical counterpart. Al-

ratios is considered. See figure 10 for a pIoR}T V' though such acombination of effects would explain the

vs. relative der)sity. observed ratios, the underlying physics are not com-
The mearR}"" is 0.72 for sand 1 and 1.20, 0.77 and Pletely clear.

0.60forsand 2, 3and 4 respectively. Onthe other hand

there is little or no im;luence of the density of the sand.

The high value oR""Y for sand 2 is partly due tothe 5 IMPACT ON SOIL CLASSIFICATION CHARTS

two extreme values (2.4 & 3.5), but all other meas-

urements for this sand also yield relatively large ratiosSeveral soil classification charts based on corrected

of friction/ ratio. If those two values are discarded thecone resistance; and friction ratio R have been

meanR';I V for sand 2 drops to 1.01, but even in thatpresented in literature. See e.g. Lunne et al. (1998)



for an overview of the most common charts. GivenBroere, W. & A.F. van Tol 1998. Horizontal cone penetra-
the differences noted above between vertical CPT and tion testing. In Robertson, P.K. & P.W. Mayne (eds),
HCPT in the calibration chamber, and the field test Geotehnical Site Characterization, Proc. 1SC98p.
results given by van Deen (1999), it is clear that some 989-994. Balkema.

slight modifications are needed to those charts if theyyeen, J.K. van, G. Greeuw, R. van den Hondel, M.Th. van
are to be used for the interpretation of HCPT results.  staveren, F.J.M. Hoefsloot & B. Vanhout 1999. Hori-

As the horizontal cone resistance is on average zonal CPTs for reconnaissance before the TBM front. In
slightly higher and the friction ratio slightly lowerthan  garends, F.B.J., J. Lindenberg, H.J. Luger, L. de Quelerij
their vertical counterparts, the bounds between dif- ¢ A verijt (eds), XII. ECSMGE Geotechnical Engin-

fl'el‘zg:let issoﬂ(gzvpee\/serszlfst:\llgrgﬂé glg\év?éitznf?otr% t:iﬁ,lggy eeringforTrans”E)ortation Infrastructurg@p. 2023—-2030.
and peats, so that no reliable classification charts for R:)téerd(a}rr}, zaReﬂi' h 1988, Calibrat h
HCPT can be constructed as yet. If a detailed soi'—IOUS Y, 5.1 - mehman - airation cham-
classification is based on HCPTs and existing classi- 2¢" eStS 0f & cone penetrometer in saBdotechnique
fication charts, one should take care, as the horizontal 38(1):39-44.

and vertical measurements in clay or peat may diffef-U"ne: T.. P.K. Robertson & J.J.M. Powell 199Tone

by a factor of 2 or more. Penetration Testing in Geotechnical Practiceondon,
Blackie.
Parkin, A.K. 1988. The calibration of cone penetrometers.
6 CONCLUSIONS In Ruiter, J. de (ed.Renetration Testing 198®p. 221—

243. Rotterdam, Balkema.

The horizontal cone penetration test is a pOSSib|(§chmertmann, J.H. 1975. Measurement of in §|tu shear
method to investigate the soil conditions in front of ~ Strength. IASCE Specialty Conference on In Situ Meas-
a TBM. The information gained can be used to sup- urements of Soil Propertiesolume II, pp. 57-138. New
plement the standard (vertical) soil investigation and York, ASCE.
fine-tune the boring process. Although the measureStaveren, M.Th. van 1997. Horizontaal sondeerproef te am-
ments from HCPT and vertical CPT are roughly the sterdam. Technical Report CO-371940/21, Delft Geo-
same, some differences occur. technics.
The horizontal cone resistance for medium dens&Vroth, C.P. 1984. The interpretation of in situ soil tests.
sands is on average 20% higher than the vertical cone Géotechnique34(4):449-489.
resistance. For low densities the horizontal and ver-
tical cone resistance are almost equal. This ratio ap-
parently does not depends on the grain size distribution
of the sand. The horizontal sleeve friction on the other
hand isin most cases lower than the vertical sleeve fric-
tion, but the ratio depends on the grain size distribution
of the sand. For coarse sands with hardly any fines the
horizontal friction ratio is approximately 60% of the
vertical friction ratio, whereas for fine sands with a low
fines content it can be equal or even somewhat larger
than the vertical friction ratio.
The observed differences in both horizontal cone
resistance and sleeve friction will lead to shifts in the
boundaries between different soil types in a soil clas-
sification chart based on HCPT, as compared to those
composed from vertical penetration tests. As there
is at present limited HCPT data available no reliable
classification chart encompassing all soil types can be
drawn yet. When an existing classification chart is
used to identify soil based on HCPT data care should
be taken with respect to the differences between hori-
zontal and vertical CPT stated above.
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