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Ocena wplywu zmian stanu
naprezenia w podliozu niespoistym
na charakterystyki sondowania
statycznego

Estimation of the influence of stress state changes
in non-cohesive subsoil on CPTU parameters

Streszczenie: Stan naprezenia w podiozu jest jednym z istotniejszych czynnikéw
wplywajacych na interpretacje wynikéw testéw, ktdre stosuje si¢ do oceny parame-
tréw wytrzymalos$ciowych i odksztalceniowych w warunkach in situ. Pomijanie lub
nieadekwatne uwzglednianie wplywu stanu naprezenia na rezultaty badan tereno-
wych, takich jak sondowanie statyczne CPTU lub sondowanie dylatometryczne
DMT, moze prowadzi¢ do blednej oceny parametréw mechanicznych gruntéw i tym
samym oceny warunkéw geologiczno-inzynierskich w podiozu. Jamiotkowski
(2002) podsumowat wieloletnie do$wiadczenia, ktére prowadzg do wniosku, ze w
wigkszosci przypadkéw prawidlowa interpretacja wynikéw sondowania statycznego
wymaga uwzglednienia wplywu zaréwno skiadowej poziomej, jak i sktadowej piono-
wej stanu naprezenia. W niniejszej publikacji, kontynuujac problematyke analizy
wplywu stanu naprezenia na wyniki testow CPTU, podjeto probe oceny wplywu
zmiany stanu naprezenia oraz zageszczenia gruntu na wartosci rejestrowanych para-
metréw testu: oporu stozka — q. oraz tarcia na pobocznicy - f.. Opracowane na pod-
stawie badan modelowych formuly opisujace ten wplyw zastosowano nastepnie do
oceny parametréw sondowania przeprowadzonego w podobnych gruntach, wyste-
pujacych w stanie naturalnym. Badania jednoznacznie wykazaly, zZe stan naprezenia
ma bardzo istotny wplyw na rejestrowane wartosci charakterystyk penetracji CPTU.
Spostrzezenie to dotyczy szczegdlnie osaddw przekonsolidowanych, w ktdrych war-
toé¢ skltadowej poziomej stanu naprezenia jest wyraznie wieksza od wartosci wy-
wolanej wskutek swobodnej sedymentacji osadu. W przypadku badan przeprowa-
dzonych w laboratorium zaobserwowano, ze interpretacja wynikdéw w oparciu o
koncepcje Jamiotkowskiego rowniez nie daje satysfakcjonujacych rezultatéw. Dodat-
kowo stwierdzono, ze zmian warto$ci charakterystyk penetracji badait CPTU wyko-
nanych w trakcie eksperymentu nie da sie wytlumaczy¢ jedynie zmiang stopnia za-
geszczenia gruntu. W zwiazku z tym w artykule zaproponowano koncepcje naprezen
wirtualnych, uwzgledniajacg ogélng zmiane stanu zdeponowanego osadu. Zastoso-
wanie naprezenia wirtualnego umozliwilo wspoélne rozpatrzenie wynikéw CPTU,
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uzyskanych w réznych warunkach stanu gruntu. Zgodnie z ta koncepcjg, zmiana
warto$ci rejestrowanych charakterystyk penetracji q. i f, jest w zaproponowanych
modelach jedynie funkcja zmiany wartosci naprezenia wirtualnego. Uzyskane mode-
le wykorzystano do wyznaczenia naprezenia wirtualnego osadéw o podobnych ce-
chach fizycznych, wystepujacego w stanie naturalnym. Rezultaty tych badan pozwo-
lity na weryfikacje opracowanych modeli. Whnioski otrzymane w wyniku
zastosowania modeli potwierdzajg wnioski plyngce z innych, niezaleznych badan
tych osadéw. Jednoczesnie uzupelnienie modeli o wyniki testéw przeprowadzonych
w terenie pozwala zauwazy¢ duzg zgodnos¢ rezultatéw in situ, z przewidywaniami
opartymi na eksperymencie laboratoryjnym.

Stowa kluczowe: parametry CPTU, naprezenia in-situ

Abstract: The paper presents the methodology and results of the tests carried out in
the calibration chamber at the Delft University, the Netherlands. Density of the soil
was reconstructed in three phases, using side vibrators. Basing on the obtained re-
sults and analyzing the influence of changes of both stress and soil density on the
penetration data, a new approach was proposed. The parameter, quantifying the in-
fluence, was called “virtual stress — ¢’ ,”

virt *
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Introduction

State of stress in subsoil is one of the crucial factors influencing the interpretation
of CPT readings which are used for assessment of in situ strength and deformation
parameters. State of stress influence for CPTU or DMT data, if omitted or inadequ-
ately taken account of, may significantly impact final assessment of mechanical pa-
rameters of subsoil and in result lead to incorrect estimation of geo-engineering
soil conditions.

The fact is reflected in the development of methodology of the evaluation of pe-
netration readings taken in non cohesive soil and is especially clearly seen during
the estimation of density ratio value. Simple correlations, such as suggested by Ko-
strzewski (1995) did not account for state of stress influence on q. value which is a
CPTU parameter used for that purpose. However, it was already proved (Mtynarek,
1978) that analysis of penetration readings takes a number of soil parameters to be
taken into consideration, including state of stress. Such approach was also presen-
ted by other researchers (Baldi et al., 1986; Tschuschke, Wierzbicki, 1998) who po-
inted out that basic features of non-cohesive soil directly influencing registered va-
lues of cone resistance and thus vertical stress value. Basing on this assumption
the above mentioned authors suggested empirical-analytical solutions enabling as-
sessment of density ratio value with respect to CPTU data. In some cases, especial-
ly in heavily overconsolidated sediments, certain divergence were observed betwe-
en the actual values and estimated from CPTU data. Many authors in the 90’s paid
more attention to presumably bigger influence of horizontal stress for registered
CPTU parameters (e.g. Lunne et al., 1997; Wierzbicki, 2001) noticed that the in-
fluence is clear enough to be used for estimation of coefficient of earth pressure
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at-rest (Ko) from CPTU data. The need of taking into account the entire state of
stress, not only the vertical stress, in the analysis of the density ratio was pointed out
by Jamiolkowski (2001). The conclusion of the publication, which summarized
several years of experience, stated that in order to conduct interpretation of cone pe-
netration testing data both vertical and horizontal stress need to taken into account.

This paper, being a continuation of the question of stress state influence on
CPTU data, is a trial of assessment of the influence of stress state changes on each
CPTU parameter: cone resistance — q. and sleeve friction f;. Equations describing
the phenomenon and resulted from laboratory testing were applied to estimation
of in situ soil parameters achieved from CPTU tests.

Calibration chamber

The calibration chamber in which the tests were conducted is located at the Techni-
sche Universitet in Delft in the Netherlands (Wierzbicki, 2001). It has a shape of
cylinder of 190 cm in diameter and 250 cm in height, with incorporated side dra-
inage. Along the outer surface of the chamber there are horizontal vibrators atta-
ched in order to heighten both the density and horizontal stress within the sample.
The chamber is built so that it enables to conduct both CPTU and DMT tests to the
depth of 1.5 m. Due to relatively big diameter, the influence of the so called cham-
ber size effect on the achieved results is significantly diminished.

In course of the tests, the cylinder was successively filled up with fine, uniform-
grained sand. From mineralogical point of view, the soil was almost entirely quartz
(Broere, van Tol, 1998).

The reconstruction of the soil state consisted of soil liquefaction and compac-
tion with use of side vibrators. After each vibration, water was drained through the
drainage system installed at the bottom of the cylinder. The filtration, lasting for
nearly 20 hours allowed for achievement of wet soil, of defined density ratio Dg.

During the tests, the following variants were implemented:

- 15 minutes of vibration — mean density ratio D, = 0.74,
- 2 minutes of vibration — mean density ratio D, = 0.45,
- 0 minutes of vibration — mean density ratio D, = 0.25.

For each of the above mentioned, one CPTU and one DMT test were conducted
(Fig. 1la). Mean density ration in the calibration chamber was basing on the
knowledge of mass density and volume measurements in the chamber. Density ra-
tio was established with use of data regarding maximum and minimum void ratio
(Benders, 1999).

Assumption of the model

Using the DMT data and the Schmertmann formula (1983), values of coefficient of
earth pressure at-rest of the soil deposited inside the chamber were established.
Achieved results (Fig. 1b) show clear growth of horizontal stress value in compari-
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Fig. 1. Calibration chamber tests results of a) q.and f; from CPTU and b) K, from DMT
Ryc. 1. Wyniki badan w komorze kalibracyjnej: a) wartosci q.i f,z badania CPTU, b) wartosci
K, z testu DMT

son to the vertical stress, resulting from horizontal compaction. It is interesting to
notice that sediments subjected to gravitational sedimentation show higher values
of K, than the values quoted in literature for normally consolidated sediments. Ac-
cording to authors, the rise of horizontal stress in this case may be a result of the
overconsolidation effect following the vertical drainage of water from the calibra-
tion chamber, taking place during the preparation of the stand for the tests. Possi-
ble influence of both filtration and drying processes on the overconsolidation effect
in sediments was also emphasized by e.g. Crawford (1986).

During the CPTU data analysis, results from varying depth of 1.0 to 1.4 m were
used assuming that readings from such a range would be the closest to the ones ta-
ken in situ (similar distance of the test point from the soil surface in the chamber
and its walls). Comparison of the obtained q. and f; values shows clear differences
between penetrations conducted in different conditions. In order to examine signi-
ficance of the differences resulting from changes of density and state of stress,
expected mean values of cone resistance at a given density ratio were established.
The values were calculated with use of Jamiolkowski formula (2001), assuming
proportional change of q. with density ratio, at a given mean state of stress.
Achieved results (Fig. 2) prove that the observed differences do not result entirely
from changes of density ratio. Clear raise of density after 2 minute long side com-
paction, somewhat connected with raise of horizontal stress, does not cause simul-
taneous raise of cone resistance as it may be expected from the Jamiolkowski for-
mula. On the other hand, increase of soil density connected with proportionally
bigger increase of horizontal geostatic stress (after 15 minute long vibration) cau-
ses that registered cone resistance values are of approximately 60% bigger than the
expected ones. Basing on the above mentioned it can be stated that in the analyzed
case application of the model taking account for influence of changes of soil state
on CPTU results is inadequate.
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Estimation of virtual stress in the calibration chamber was conducted with use
of at-rest pressure parameter K, assuming that the initial point of any changes is
the density of sediments resulting from gravitational sedimentation and water dra-
inage. On this base, the virtual stress was calculated for 2 and 15 minute long vi-
bration. Obtained results were then compared to registered cone resistance and
sleeve friction values registered during penetration tests in the specimen (Fig. 3).
As a benchmark, the figure presents also the penetration results compared to clas-
sical values of vertical stress. Having defined a linear line of trend it was noticed
that the CPTU results for three different soil states can be comprised by one equ-
ation. Moreover, the coefficient of regression R? of both CPTU parameters is very
high (0.99). At the same time it is quite clear that in classical approach to state of
stress it is remarkably difficult to find a link between the three results of CPTU test.

From the above presented analysis it can be then assumed that in this experi-
ment the influence of changes of non-cohesive soil state on penetration parameters
may be described by the following equations (1) and (2).

0

c'v, [kPa]

Qe = (G — 16.221)/ 5.6443 1)

f, = (¢"y — 12.916)/ 781.72 )
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Fig. 3. Comparison between trend lines in view of virtual stress (a) and vertical stress (b) for
q. and f

Ryc. 3. Poréwnanie przebiegu linii trendu parametréw q. i f; w odniesieniu do (a) napreze-
nia wirtualnego i (b) naprezenia pionowego

Verification of the model

In order to examine possible applications of the models, obtained formulas were
used to assessment of virtual stress increase with use of penetration data derived
from in situ tests. Knowing that results may be affected by other than the above re-
ported parameters (grain size distribution, mineralogy, angularity), only sedi-
ments resembling those from the laboratory were selected for further analysis.

1. Test site

All the field tests were carried out in the closet neighbourhood of Pliszka outwash
plane, located in the village of Toporéw near Lagéw Lubuski (Wierzbicki, 2001).
The subsoil in that area to the depth of 20 m is built from two non-cohesive series
divided by cohesive sediments of marginal lake. As far as grain size distribution
and mineralogy are concerned, sediments of the lower non-cohesive series stron-
gly resemble the soil used in the laboratory (Wierzbicki, 2001). Their density ratio
is close to the achieved in course of 15 minute long vibration (Dg = 0.68-0.80). On
the site, both CPTU and DMT were executed. Considering the physical properties
resemblance, the following analysis was based only on data acquired in the lower
non-cohesive sediments.

2. Test results and the analysis

Using the registered cone resistance and sleeve friction values as well as the sugge-
sted approach (equations 1 and 2), hypothetical values of vertical stress (virtual
stress) in the described layer were estimated (Fig. 4a). In this case, calculated valu-
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Fig. 4. a) Virtual stress calculated from eq. (1) and (2) in view of in situ effective vertical
stress, b) Comparison of in-situ and calibration chamber q.values calculated from eq. (1)

Ryc. 4. a) Naprezenie wirtualne obliczone ze wzoréw (1) i (2) w odniesieniu do efektywnego
naprezenia pionowego in situ, b) Poréwnanie wartosci q. — in situ i z komory kalibracyj-
nej — obliczonych ze wzoru (1)

es of virtual stress are higher then the vertical stress estimated only from overbur-
den soil mass density. Such situation allows then assumption that the layer can be
referred to as overconsolidated (regardless the cause of the effect). The conclusion
is confirmed also by result of other CPTU and DMT tests conducted in that layer
(Wierzbicki, 2002). Regardless the CPTU results, the DMT data was used to esti-
mate expected mean virtual stress for the layer. Its value was compared to registe-
red cone resistance values within the layer. The comparison of both in situ and la-
boratory q. values together with calculated virtual stress proves the capability of
the proposed approach for prediction of in situ values (Fig. 4b). Even though the
predicted values are lower the ones calculated from DMT data, they still lead to si-
milar conclusions on history of stress changes within the subsoil.

Summary and conclusion

Conducted tests unambiguously proved that the state of stress has a crucial influ-
ence on registered penetration values. It especially applies to overconsolidated se-
diments in which lateral stress in significantly higher then the value resulting from
gravitational sedimentation of soil.

In the case of the laboratory tests, the interpretation based on the Jamiolkow-
ski’s equation does not provide satisfying results either. Moreover, it was found
that the change of penetration values during the test cannot be explained only by
change of soil density ratio. Due to these, the paper suggests the approach called
the virtual stress method taking account on general change of soil state. Its applica-
tion enabled common verification of CPTU data obtained at different density ratio.
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According to the approach, change of the registered q. and f; values in the presen-
ted equations is just a function of virtual stress change.

The obtained models were furthermore used to define virtual stress of sedi-
ments of similar physical properties found in situ. Results of the field tests allowed
to verify the proposed approach. Conclusion coming from its application were con-
firmed by other independent tests executed in those sediments. Adding the field
and the laboratory results allows to notice a significant correlation between the in
situ and the predicted from lab data results.

Due to some general constraints, the analysis did not comprise influence of
some other soil parameters on penetration data. Their change (e.g. grain size di-
stribution) certainly affects the final version of the model correlations. According
to authors, the best and universal model would not be a simple linear one but the
one based on a complex function. In the described experiment, the assumed linear
approach was the best one only within the analyzed stress range. It was also noti-
ced that for smaller stress values a logarithmic model would be more proper (its
boundary conditions are the closest to natural ones) whereas for higher stress an
exponential model (however only in certain range). Development of these conclu-
sions takes though further tests, much wider then the presented in this paper.

This paper is supported by the founds intended for science in years 2005-2007 as research
project No. 0562/P04/2005/29.
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