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Abstract. The paper presents the comparison of results of CPTu, PMT, SPT and CH (cross-
hole) tests performed in stiff, heavily overconsolidated clay at a test location in Zagreb. This
clay exhibits very high pore pressures generated during CPTu penetrations despite significant
overconsolidation and relatively high values of shear strength and stiffness in its undisturbed,
natural state. The clay is classified using the CPTu and CH test results in recently published
soil classification charts based on the soil behaviour in (S)CPTu penetrations. The results of
classifications indicate that the tested clay probably has a pronounced microstructure that is
likely a consequence of the geological processes of cementation and aging. Effects of
cementation and aging are manifested on very high shear wave velocities, as measured in
cross-hole seismic tests, and consequently very high values of the small-strain modulus. The
collapse of the soil structure at higher shear displacements is resulting in volume contractions
and softening behaviour after reaching the peak shear strength. The study shows a relatively
good agreement between CPTu, PMT and SPT parameters and adequate correlations have been
established between the cone resistance (CPTu), limit pressure (PMT) and number of blows
(SPT). The in situ state and parameters of strength, stiffness and compressibility of the clay
tested are estimated based on the in situ test parameters as well as comparative laboratory test
results obtained on undisturbed soil samples. Existing empirical correlations developed for the
interpretation of CPTu test results are mainly from young and uncemented soils without
microstructure and therefore, the results shown here are important for better understanding of
the structured soil behaviour characteristics (stiffness, strength, and compressibility).

1. Introduction
The aim of this paper is to present results obtained by various in situ tests conducted in stiff, heavily
overconsolidated and probably structured clay at a test location in Zagreb. The central part of the city
is located on the soil in which upper layers are formed of gravel that reaches a depth between 10-20 m
below ground level. A thin layer of clay and/or made ground usually covers the gravel layer. Below
the gravel layer there is a layer of stiff, highly overconsolidated clay extending to a greater depth
(Figure 1). At the test site, the stiff clay appears at a depth of 17 m.

In this study, the Menard pressuremeter test (PMT), the standard penetration test (SPT) and the
piezo-cone penetration test (CPTu) were conducted in a highly overconsolidated, stiff clay layer in
similar, comparative soil conditions. Throughout the soil profile (figure 1), cross-hole (CH) seismic
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velocity measurements were made between boreholes as well. In addition, soil samples were taken for
laboratory testing.

The tested clay exhibits high-pressure generation during CPTu testing. In addition, it shows volume
contractions at high shear deformations despite significant overconsolidation and relatively high
values of shear strength and stiffness in its undisturbed, natural state.

The study shows a relatively good agreement between CPTu, PMT and SPT parameters that has
enabled the establishment of correlations between the cone resistance (CPTu), limit pressure (PMT)
and number of blows (SPT). The CPTu and CH test results are used in recently published soil
behaviour type (SBT) classification charts in order to classify the clay tested and to explain its
behaviour. The in situ state and parameters of strength, stiffness and compressibility of the clay tested
are estimated based on the in situ test parameters as well as comparative laboratory test results
obtained on the undisturbed soil samples.

2. Soil profile at the test site

The test site is located near the Jelac¢i¢ Square in Zagreb. The soil profile at the test site is shown in
Figure 1. It shows changes of the natural moisture content (w,) together with the plastic (wp) and
liquid (wr) limits of the stiff clay layer. The consistency index of this stiff clay ranges from 0.96 to
1.12. Figure 1 also shows the profile of SPT blow counts obtained in the B-100 borehole. In the
neighbouring C-100 borehole located at a distance of 8m far from the B-100, a piezo-cone CPTu test
was performed. These boreholes (B-100 and C-100) were then used for cross-hole seismic tests (CH).
The results of shear wave velocity (vs) measurements are shown in Figure 1. In the surface clay layer
(above the gravel layer), the undrained shear strength was measured by field vane tests in the B-100.
Undisturbed samples from the stiff clay layers in the B-100 were taken to determine undrained shear
strengths in the laboratory. The undrained shear strength profile is shown in Figure 1 as well.
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Figure 1. Soil profile at the test site near the Jelaci¢ Square in Zagreb
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3. In situ tests

3.1. Piezo-cone penetration test (CPTu)

The piezo-cone penetration test was carried out in the C-100 borehole. The penetration started from
the pre-bored and cased hole-bottom at depth of 17.2 m below the ground level. The penetration was
facilitated by means of the anchored pusher with 200 kN capacity. Due to the high friction, occurring
along pushing rods the penetration had to be done in four steps down to the final depth of 36.7 m. The
borehole had to be deepened in intervals of approximately 5 m. The CPTu probe of 10 cm” area was
used together with the friction reducer of 15 cm?.

Based on procedures suggested by Robertson [1] and [2], CPTu measured parameters (qc, fs, u2)
were reduced in order to obtain derived CPTu values of: the normalized cone resistance (Qm),
normalized friction ratio (F;) and normalized pore pressure ratio (Bq) (Figure 2). The tested soil was
classified using different charts shown in Figures 3 and 4. Derived parameters are used for a soil
classification based on the Robertson’s soil behaviour classification charts ([1], [2] and [3]) (Figure 3)
and Schneider et al. [4] Quw-U: chart (Figure 4) which distinguishes soils that dilate (U,< 0) or contract
(Uz> 0) during penetration. The U, parameter represents the ratio of the generated pore pressure (the
increase of pore pressure above static value) and the effective vertical pressure of soil. Robertson
suggested a new Qu-Ig chart (Figure 3, right) to identify soils with microstructure, where Ig is the
small-strain rigidity index (I = Go/(qi-6v)) [3]. In this chart soils with microstructure are plotted on the
right side of the K*, = 330 limit. K* is a modified normalized small-strain rigidity index defined as:

K, =(G, (g, —o,)Q,)"" (1)

The most young and uncemented fine-grained and coarse-grained soils are plotted within 100 < K*,<
330 limits that are shown in Figure 3 (right). According to Robertson [3] soils with K*z> 330 tend to
have significant microstructure and the higher the value of K*,, the more microstructure is likely
present. Hence, the soil with K*,> 330 can be classified as structured soil where traditional
generalized CPT-based empirical correlations may have less reliability and where local modification
may be needed [3].
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Figure 2. Normalized CPTu parameters and soil behaviour type index (I.) determined according to

procedures suggested by Robertson [2]
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Key classification parameters obtained in this study are shown in table 1.
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Table 1. Key classification parameters obtained from CPTu and CH tests in stiff, heavily
overconsolidated clay at the test site in Zagreb.

Soil description Om Fr(%) U: I K*
22 4,2 9,3 69 696
OC clay
(10-34) 2-11) | (0,6-12,7) | (53-91) | (403-1029)

Note: OC — overconsolidated; values shown are mean values, with ranges in parentheses.
3.2. Ménard pressuremeter test (PMT)

Me¢énard pressuremeter tests were carried out in the B-100 borehole that was located 8m away from the
borehole C-100.
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Figure 5. Typical pressuremeter curve (corrected) with one unload-reload cycle obtained in stiff
overconsolidated clay in the borehole B-100 at depth of 26.7 m

Pressuremeter tests in B-100 were conducted and evaluated in accordance with the norm EN ISO
22476-4: 2012. Accordingly, the Ménard module (Ewm), the limit pressure (pim) and the creep pressure
(pr) are evaluated from the corrected pressuremeter curve. These parameters should be used in the
empirical design of foundations as described in Baguelin et al. [5].

Mair and Wood [6] emphasize that there are generally two approaches how to use PMT parameters,
the so-called: french and english approaches. The french approach implies that evaluated parameters
(Em and pim) should be directly used in a design of foundations. These parameters are empirically
linked to soil / foundation conditions and by means of them the bearing capacity and settlement of
shallow and deep foundations [7] are estimated. This approach is related on the historical development
of the Ménard pressuremeter in France and their view that this test should not be considered as a
means of obtaining basic soil properties but rather as a method used strictly empirically [6]. The
english approach, on the contrary, implies the use of PMT to assess the basic properties of soil
(strength and stiffness), which are then used in usual methods of geotechnical design.
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Even though at a first glance it appears that the soil is under compressive loading during pressuremeter
test, the soil deforms as result of shear stresses ([6] and [7]). Due to this fact, PMT enables a shear
modulus evaluation from test data. The relation between shear stresses in the soil and resulting shear
strains is nonlinear. A potential use of the pressuremeter test to define G-y degradation curve of soil
stiffness with shear strains (y) is suggested inColja and Kavur[8] and the flat dilatometer test for the
same purpose is suggested in Ivandi¢ et al. [9].

Table 2 shows average values of PMT parameters obtained in stiff, heavily overconsolidated clay at
the test site in Zagreb.

Table 2. Average values of interpreted parameters obtained from PMTs in stiff, heavily
overconsolidated clay at the test site in Zagreb

Ewv pin’ pr E,
(MPa) (MPa) (MPa) (MPa) E./Eu EJ/Eu EJE,
32 4.5 2.7 220 7 43 7
where are:

Ejy— Menard modulus from first loading

E,— modulus of elasticity obtained from unload-reload cycle

E, — modulus of elasticity at small-strains (estimated from G, value)
P’ - net limit pressure

Py creep pressure

3.3. Standard penetration test (SPT)

The standard penetration tests were carried out in the B-100 borehole alternately with PMTs and
undisturbed soil sampling. SPT blow counts are corrected with reference to the relevant energy ratio
(60%), i.e. as Ngo values.

3.4. Cross-hole (CH) seismic test

The cross-hole seismic tests were carried out between the B-100 and C-100 boreholes in order to
measure velocity of shear waves (vs). Based on density measurements (p) on soil samples, the small-
strain shear modulus is determined as:

oy
Go —,0 vs (2)

Correlations between:
- total cone resistance and net limit pressure:

q, = 2- Pim (3)
- net limit pressure and corrected SPT blows (Nsp):

Pin (MPa) = —Nf’ -

4 (4)
- total cone resistance and corrected number of SPT blows:
N.. -
g, =—9 P,
0.7 (5)

where:

Ppa— atmospheric pressure (equal to 0.1 MPa)
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q: — total cone resistance (in MPa).
The small-strain shear modulus (G,) is estimated based on:
- normalized cone resistance:

Go :240'Qtn.pa

- net limit pressure:

doi:10.1088/1755-1315/221/1/012009

(6)

G, =240-p, - plm_TUvj 0
o- v
- corrected number of SPT blows:
GO :240.pa, (Nﬁo.pa/'0.7_o_‘/] (8)
O- 14

where:

o, — total vertical stress (MPa)

o'y — effective vertical stress (MPa)

Ppa— atmospheric pressure (equal to 0.1 MPa).

Calculated values of G, (based on CH test) are shown in Figure 6.b together with values estimated
from Qu, pin” and Ns based on correlations (6), (7) and (8) respectively.

G Pm'x 2 (MPa)
Neo/7 (blows)

0 5 10 15 20 0 200

—CPT 18
A PMT, pim*x2
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Depth (m)

38 38

a
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--@==00, CH test
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Figure 6. Comparison of CPTu, PMT, SPT and CH test parameters: a) total cone resistance (q),
net limit pressure (pim*) multiplied by 2, and corrected number of SPT blows (Neo) divided by 7; b)
small-strain shear modulus (G,) obtained from cross-hole (CH) test, and G, values estimated from
normalized cone resistance (CPTu), normalized net limit pressure (PMT), and normalized number of
blows (SPT).

4. Estimation of geotechnical parameters and discussion of results
The in situ state for fine-grained soils is usually defined in terms of the overconsolidation ratio (OCR)
that is defined as the ratio of the maximum past effective consolidation stress and the present effective
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overburden stress. Such definition is appropriate for young, overconsolidated soils but for aged and/or
cemented soils, as probably the clay in this case study, the OCR represents the ratio of the yield stress
and the present effective overburden stress. The yield stress will depend on the direction and type of
loading [2].

In this study, the OCR is estimated from the normalized cone resistance (Q:) using the correlation
suggested by Kulhawy and Mayne [10]:

(o)

v

OCR =k-(u] k-0,
9)

where k is a preconsolidation cone factor.

Based on oedometer test results obtained on samples taken from the B-100 borehole, & value of 0.2 is
taken. It should be noted that oedometer tests have to be taken deeply to the virgin compression line in
order to get meaningful values of OCR in such very stiff, overconsolidated clays. The correlation (9) is
used also to estimate the OCR from the net limit pressure (p;» ) and corrected SPT blows (Ng) in a
way that they were expressed as ¢, using correlations (3) and (5). Figure 7.a shows OCR profiles
estimated from in situ tests together with oedometer test results.

The profile of the undrained shear strength is estimated from the total cone resistance according to:

(10)
where Ny, 1s a cone factor.

Based on triaxial CIU test results obtained on samples taken from the B-100 borehole, N value of 20
is taken. The equation (10) is used also to estimate s, from the net limit pressure and corrected SPT
blows in a similar way as above for OCR. Figure 7.b shows s, profiles estimated from in situ tests
together with triaxial test results.

In order to enable estimations of consolidation settlements, the one-dimensional constrained tangent
modulus, M, was estimated from the normalized cone resistance using the correlation:

M=a,(g -0)=a,0, (11

where ay is the constrained modulus cone factor. [2] suggested aus value of 14 when Q> 14 (as it is
here). Figure 7.c shows M profiles estimated from in situ tests together with oedometer test results. A
reasonable agreement between laboratory test results and estimated M profiles is obtained using oy =
14 in this case.

With regard to the results obtained in this study, a good agreement between CPTu, PMT and SPT
parameters is achieved as it can be seen in Figures 6 and 7. The piezo-cone penetration test proved as a
valuable tool that can provide a reliable continuous soil profile. Unfortunately, the CPTu test was not a
practical and cost-effective solution in such ground conditions due to the tremendous friction along
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rods that prevents penetration. The CPTu test had to be done alternately with drilling in four steps
from depth of approximately 17 to 37m. Nevertheless, the CPTu results provided the valuable and
reliable basis for the interpretation of SPT, PMT and geotechnical parameters as well as soil
behaviour. According to classification procedures performed using SBT (soil behaviour type) charts
shown in Figures 3 and 4 clay layers tested belong to:

— zones 3 and 4 in chart Q,,-F, that are classified as clay and silt-mixtures respectively,
— soils with microstructure in chart Q-/¢ and
— 1b zone in chart Q,,-U: that indicates clays with contractive behaviour.

Such classification results correspond well with the observed soil behaviour in field and laboratory
tests. The Qgu-Ic and Qg-U. indicate that the clay probably has a pronounced microstructure that is
likely a consequence of the geological processes of cementation and/or aging. The effect of
cementation and aging is manifested on very high shear wave velocities, as measured in cross-hole
seismic tests, and consequently very high values of the small-strain modulus (G,).

The pressuremeter tests were also difficult to perform in such ground conditions. Briaud [11]
stresses that making a quality borehole is the most important step for obtaining reliable test data.
Drilling of a good PMT borehole is very different and almost opposite to drilling for soil sampling.
The PMT borehole pocket should be made in one continuous run of the drill-bit without cleaning soil
cuttings from the hole-bottom. After that, the PMT probe should be installed in the pocket as soon as
possible and test started.

In PMT tests performed in this study there was a large difference between Menard modulus
obtained in the first loading and the unload-reload modulus (Table 2), which is obviously a
consequence of significant soil disturbance due to the process of installing the PMT probe, which
cannot be avoided in such a test. Briaud [11] strongly discourages the use of the unload-reload
modulus and stresses that £, is not precisely defined since it depends on the strain amplitude over
which the loop is performed. As such, E, varies widely and it cannot be relied upon for standard
calculations unless the strain amplitude and stress level have been selected to match the problem at
hand [11].

In any case, the aim during the pressuremeter test should be to deform the soil as much as possible
further from the pseudo-elastic phase in order to enable a hyperbolic extension of the PMT curve and
to determine reliable values of the limit pressure (p:,). Values of this parameter obtained in this study
proved to be in a very good agreement with the total cone resistance (CPTu).

Corrected blow counts (Ng) provided by standard penetration tests in this study suit well with the
total cone resistance (CPTu) as well. However, it is well known that this parameter can be severely
affected by energy inefficiencies in the drop hammer system, as well as additional influences such as
borehole diameter, hammer system, rod length and other factors [12].

The SPT is used quite often in geotechnical practice in Croatia (e.g. [13]) and therefore an attempt
to establish a relationship between the CPTu and SPT parameters was done in this study. In addition,
the SPT proved to be very suitable for conditions of the ground as they are in the test site.

With regard to laboratory tests performed, it should be noted that undisturbed soil samples taken in
this study were not of the best but acceptable qualities according to the criteria set up by Laccasse et
al. [14]. This criterion correlates to sample disturbance with its initial elastic stiffness based on results
of oedometer tests. Processes of borehole drilling, sampling, sample extrusion, and trimming to form a
specimen for testing, change the effective stress condition in the soil sample that causes some
disturbance. Undrained shear strengths were obtained from four triaxial consolidated-undrained (CIU)
and two unconsolidated-undrained (UU) tests. Due to the recompression and restoration of void ratio,
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CIU tests are less affected by specimen disturbance than UU tests. Unfortunately, some sample
disturbance is inevitable and therefore the profiles of undrained shear strength and overconsolidation
ratio are probably underestimated.

OCR s, (MPa) M (MPa)

2 4 1] 8 10 v} 0,25 05 0,75 1 (8] 50 100 150 200 250
- CPT
== OED,
reload

A PMT

® SPT

Depth (m)

a) b) c)
Figure 7. Interpreted geotechnical parameters: a) overconsolidation ratio (OCR); b) undrained shear
strength (su) and c¢) constrained modulus (M)

5. Conclusions

In this study, the clay is classified based on measurements of cone resistance (g.), sleeve friction (f;),
pore pressure (u2), and velocity of shear waves (vs), using recently published soil behaviour type
classification charts. According to the Q;,-U: and Qu-Ig charts, the clay tested probably has a
pronounced microstructure that is likely a consequence of the geological processes of cementation and
aging. Effects of cementation and aging are manifested on very high shear wave velocities, as
measured in cross-hole seismic tests, and consequently very high values of the small-strain modulus.
Soil structure collapses at higher shear deformations due to volume contractions and development of
very high pore pressures and softening behaviour after reaching the peak shear strength.
Unfortunately, during the preparation of this paper, the geologic history and analysis of the clay
structure, that would be supporting the above observations and classification results, were uncertain
and unavailable respectively.

The study shows a relatively good agreement between CPTu, PMT and SPT parameters and
adequate correlations have been established between the cone resistance (CPTu), limit pressure (PMT)
and number of blows (SPT). The in situ state and parameters of stiffness, strength and compressibility
of the clay tested are estimated based on the in situ test parameters as well as comparative laboratory
test results obtained on undisturbed soil samples. Existing empirical correlations for the interpretation
of CPTu test results have been developed mainly from young, uncemented soils (e.g. [15]) without
such pronounced microstructure and therefore, the results shown here are important for better
understanding of the structured soil behaviour characteristics.
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