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Abstract: The shear strength and compression properties of stiff Boom clay from Belgium
at a depth of about 16.5 to 28 m were investigated by means of cone penetration and
laboratory testing. The latter consisted of index classification, constant rate of strain,
triaxial, direct simple shear and unconfined compression tests. The Boom clay samples
exhibited strong swelling tendencies. The suction pressure was measured via different
procedures and was compared to the expected in situ stress. The undrained shear strength
profile determined from cone penetration tests (CPTs) was not compatible with the triaxial
and direct simple shear measurements, which gave significantly lower undrained shear
strength values. Micro-computed tomography (µCT) scans of the samples showed the
presence of pre-existing discontinuities which may cause inconsistencies in the comparison
of the laboratory test results with in situ data. The experimental data gathered in this study
provide useful information for analyzing the mechanical behaviour of Boom clay at shallow
depths considering that most investigations in the literature have been carried out on deep
Boom clay deposits.

Keywords: Boom clay; cone penetration tests; experimental testing; undrained shear
strength; X-ray tomography

1. Introduction
Boom clay is a Tertiary marine clay located in the northeast of Belgium and almost

the entirety of the Netherlands. From a hydrological point of view, Boom clay is an
aquitard with very low hydraulic conductivity, and from a geomechanical perspective, it is
a stiff, overconsolidated plastic clay [1,2]. Most of the investigations into Boom clay have
been carried out on samples from the vicinity of Mol in Belgium. The Boom clay present
between 190 m and 290 m under the Mol-Desser nuclear site was selected as a potential
host formation for the disposal of radioactive waste [3]. Considering that Boom clay has a
number of properties that are favourable for a disposal facility, Dutch authorities have also
investigated the design of a generic repository for all Dutch radioactive waste to be situated
at a depth of 500 m in the Boom clay layer [4–6]. Due to the interest in using Boom clay as a
candidate for radioactive disposal, various studies have been conducted to investigate the
thermo-hydromechanical behaviour of Boom clay, which is of particular importance for
the design, excavation and long-term performance of an underground radioactive waste
facility [7–13]. The geotechnical properties of Boom clay have also been investigated in
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other studies carried out in the Antwerp region [14] and for the construction of the Western
Scheldt Tunnel in the Netherlands [15,16]. A summary of the geotechnical properties of
Boom clay as found in the literature is given in Mendoza [2], Milioritsas [17] and Wiseall
et al. [18].

GBM Works BV in the Netherlands has been working on the development of a water
jetting technique combined with vibro driving (a so-called Vibrojet) for the installation
of large monopiles (https://www.gbmworks.com/, accessed on 22 March 2025). Proof-
of-concept field-scaled tests were performed by installing a 2 m diameter pile at a depth
of 25 m. The field tests were conducted at a site in the port area of Antwerp in the north
of Belgium (Figure 1). At this site, Boom clay is encountered at a depth of about 16.5 m
below surface. The presence of Boom clay at such a shallow depth offers an excellent
opportunity to test the functionality of the new installation technique in stiff clay. Such
conditions are considered to be representative for potential installation locations in the
North Sea. The field tests were supported by in situ tests and a laboratory testing program
which included various soil element tests such as triaxial compression, direct simple shear,
constant rate of strain, unconfined compressive strength and swelling tests. The results
were also complemented with X-ray microtomography scans.

Geotechnics 2025, 5, x FOR PEER REVIEW 2 of 21 
 

 

of an underground radioactive waste facility [7–13]. The geotechnical properties of Boom 
clay have also been investigated in other studies carried out in the Antwerp region [14] 
and for the construction of the Western Scheldt Tunnel in the Netherlands [15,16]. A 
summary of the geotechnical properties of Boom clay as found in the literature is given in 
Mendoza [2], Milioritsas [17] and Wiseall et al. [18]. 

GBM Works BV in the Netherlands has been working on the development of a water 
jetting technique combined with vibro driving (a so-called Vibrojet) for the installation of 
large monopiles (https://www.gbmworks.com/, accessed on 22 March 2025). Proof-of-
concept field-scaled tests were performed by installing a 2 m diameter pile at a depth of 
25 m. The field tests were conducted at a site in the port area of Antwerp in the north of 
Belgium (Figure 1). At this site, Boom clay is encountered at a depth of about 16.5 m below 
surface. The presence of Boom clay at such a shallow depth offers an excellent opportunity 
to test the functionality of the new installation technique in stiff clay. Such conditions are 
considered to be representative for potential installation locations in the North Sea. The 
field tests were supported by in situ tests and a laboratory testing program which included 
various soil element tests such as triaxial compression, direct simple shear, constant rate 
of strain, unconfined compressive strength and swelling tests. The results were also 
complemented with X-ray microtomography scans. 

 

Figure 1. (a) The Boom clay formation in Belgium, with its depth and thickness (after 
ONDRAF/NIRAS [3]). The location of the test site and (b) CPT location (source: 
www.OpenStreetMap.org). 

In the present work, the results of the in situ and soil element tests on Boom clay are 
analyzed, and when relevant, they are compared to the test results from different sites as 
reported in the literature. The results of this study provide useful information on the 
geotechnical characterization of Boom clay at shallow depths, and although the results 
may not be representative of the behaviour of Boom clay at greater depths, they can be 
used to complement the existing experimental database on Boom clay which mainly 
consists of data from deeper layers. In addition, as concluded by Deng et al. [19], a 
comparison of laboratory test results from different sites and different testing depths is 
important for gaining a better understanding regarding the transferability of knowledge 
on Boom clay. 

Figure 1. (a) The Boom clay formation in Belgium, with its depth and thickness (after ON-
DRAF/NIRAS [3]). The location of the test site and (b) CPT location (source: www.OpenStreetMap.org).

In the present work, the results of the in situ and soil element tests on Boom clay are
analyzed, and when relevant, they are compared to the test results from different sites
as reported in the literature. The results of this study provide useful information on the
geotechnical characterization of Boom clay at shallow depths, and although the results may
not be representative of the behaviour of Boom clay at greater depths, they can be used
to complement the existing experimental database on Boom clay which mainly consists
of data from deeper layers. In addition, as concluded by Deng et al. [19], a comparison
of laboratory test results from different sites and different testing depths is important for
gaining a better understanding regarding the transferability of knowledge on Boom clay.

2. In Situ Testing and Sampling Material
In situ testing included three cone penetration tests (CPT1, CPT2, CPT3) and three

boring drillings adjacent to the sites of the CPTs for material sampling (B1, B2, B3). The

https://www.gbmworks.com/
www.OpenStreetMap.org


Geotechnics 2025, 5, 23 3 of 20

locations of the CPT sites are given in Figure 1b. The stratigraphy of the test sites, as
identified from the in situ tests, indicates the presence of a sand layer on top of the Boom
clay layer. The latter is encountered at about 16.5 m below ground level. The net cone
tip resistance, qnet, and the corrected friction ratio, Rft, of the CPTs are calculated based
on Equations (1) and (2), respectively [20], and are plotted against the penetration depth
in Figure 2. In the Boom clay layer, the corrected cone resistance and friction ratio are
approximately 4 MPa and 5.5%, respectively.

qnet(MPa) = [(qc + u2 · (1 − a)]− σv0 (1)

R f t(%) =
fs

[qc + u2 · (1 − a)]− σv0
(2)

where qc is the cone penetration resistance (MPa), a is the cone area ratio (a = 0.85), u2 is the
water pressure at the base of the sleeve (MPa), σv0 is the total vertical stress (MPa) and fs is
the sleeve friction (MPa).
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Figure 2. Cone penetration test (CPT) data. Profile of (a) corrected cone tip resistance, qnet;
(b) corrected friction ratio, Rft; and (c) pore pressure.

3. Testing Program and Methods
The tested Boom clay was subjected to index classification testing that included water

content, unit weight and Atterberg limits tests. The swelling pressure was measured
through two different methods: the constant volume [21,22] and constant load methods
([23], Method C). The mechanical response in one-dimensional compression is examined
by performing constant rate of strain, CRS, tests following [24]. The CRS ring used had
a diameter of 63 mm, while the tested samples had a height of approximately 20 mm.
The stress–strain response was investigated by means of triaxial and direct simple shear
(DSS) tests. The triaxial tests were performed in accordance with [25] on samples with a
diameter and height of approximately 66 mm and 132 mm, respectively. DSS tests, which
were in agreement with [26], were performed on cylindrical samples having a diameter
of 63 mm and a height at preparation of approximately 20 mm. The DSS samples were
fitted inside a rubber membrane and reinforced by a stack of rings. Protruding pins were
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added to the platen surfaces of a DSS device to avoid slippage occurring at the soil–platen
interface during shearing. Boom clay samples were also subjected to a standard unconfined
compression strength (UCS) test following [27]. The dimensions of the tested samples were
about 66 mm in terms of diameter and 125 mm in terms of height. All tests were performed
at the Deltares geotechnical laboratory. To analyze the internal 3D microstructure of the
Boom clay samples, micro-computed tomography (µCT) scans were also carried out. The
X-ray scans were performed using a multi-scale X-ray CT scanner at TU Delft with a spatial
resolution of 25 microns. Table 1 summarizes the testing conditions of all the tests reported
in this study.

Table 1. Sample characteristics.

Test Boring
Depth Wc γ σvi

′ σvc
′ σhc

′ σs
′

(m) (%) (kN/m3) (kPa) (kPa) (kPa) (kPa)

ACU_1 BH3 17.8 21.2 20.1 130 130 65 68.3
ACU_2 BH1 17.2 23.5 18.8 120 120 60 0
ACU_3 BH1 26.0 26.3 19.1 210 210 105 125
DSS_1 BH3 17.7 20 19.3 130 130 - -
DSS_2 BH3 25.7 33.1 18.7 210 210 - -
DSS_3 BH1 17.3 26.7 18.5 120 120 - -
DSS_4 BH1 23.3 25.7 19.1 180 180 - -
DSS_5 BH2 26.7 36.4 17.8 220 220 - -
CL_1 BH1 23.5 26.1 19.7 180 - - -
CL_2 BH2 26.8 30.9 18.7 220 - - 205
CL_3 BH2 23.5 26.4 19.4 190 - - 230

CV/CRS_1 BH1 23.3 26.4 19.5 180 - - 75
CV/CRS_2 BH2 23.9 25.1 15.7 190 - - 73
CV/CRS_3 BH2 23.6 24.8 14.7 190 - - 98

UCS_1 BH1 23.3 25.9 18.8 180 - - -
UCS_2 BH2 26.7 31.2 18.7 220 - - -

Note: ACU, DSS, CL, CV, CRS and UCS tests refer to anisotropically consolidated undrained triaxial, direct
simple shear, constant load, constant volume, constant rate of strain and unconfined compressive strength tests,
respectively. Wc is the water content prior to testing; γ is the bulk unit weight prior to testing; σvi

′ is the in situ
effective vertical stress; σvc

′ and σhc
′ are the effective vertical and horizontal stress at the end of consolidation,

respectively; σs
′ is the swelling pressure.

The behaviour of Boom clay in the field is of interest. The laboratory tests were
therefore conducted at the field stress level. The in situ effective vertical stress, σvi

′, for
each of the tested samples given in Table 1 was estimated as follows:

σ′
vi = γ · h − u0 (3)

where γ is the mean unit weight of the formations above the depth considered, taken as
18.5 kN/m3 for the Boom clay layer and 20 kN/m3 for the encountered sand layer; h is the
sampling depth; and u0 is the in situ pore pressure estimated from the water level above
the seabed.

4. Experimental Test Results
4.1. Index Classification Tests

Figure 3 shows in-depth profiles for the bulk unit weight, γ; water content, Wc; and
liquid (WL) and plastic (WP) limit of the tested Boom clay samples. At the testing location,
the water content ranges from 20 to 40%. Overall, the water contents are slightly higher
than the plastic limit, which is in the order of 19–28%. The liquid limit varies between 56
and 80% and shows an increasing tendency with depth. The index properties of Boom clay
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in the present study are compared in Table 2 with the properties of Boom clay as cited in
the literature.

 
Figure 3. The in-depth distribution of the following: (a) bulk unit weight, γ, and (b) water content,
Wc; liquid limit, WL; and plastic limit, WP, for the tested Boom clay.

Table 2. Index properties of Boom clay.

Property From the Literature * Present Study

Water content, Wc (%) 20–30 20–40
Unit weight, γ (kN/m3) - 17.8–20.1

Plastic limit, Wp (%) 22–29 19–28
Liquid limit, WL (%) 55–80 56–80

* Refs [1,7,10,13,28,29].

4.2. Swelling Tests

The release of the total stress acting on a soil sample due to its extraction from the
ground results in the development of negative pore water pressure (suction) in the sample.
It is acknowledged in the literature that there is a relation between the suction of a saturated
sample and the state of stress at the depth at which the sample has been extracted [30–32].
In the case of an isotropic elastic sample and “perfect sampling”, whereby no mechanical
disturbance is caused by shearing during sampling, extraction, transportation, extrusion or
trimming, the developed suction, ∆u, of the sample equals the mean effective stress, pi

′,
applied to the sample prior to extraction [32]:

∆u =
(σ′

vi + 2 · σ′
hi)

3
=

σ′
vi · (1 + 2 · K0)

3
(4)

where σvi
′ and σhi

′ are the in situ vertical and horizontal effective stress, respectively, and
K0 is the coefficient of earth pressure at rest.

The swelling of the samples due to suction release can alter the initial microstructure
of the samples and influence the soil’s mechanical properties [33,34]. Extra attention is thus
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required to prevent the contact of the samples with water during testing. In this study,
Boom clay samples were mounted on dry porous stones. For the case of triaxial tests after
application on an initial cell pressure of 5 kPa, the porous stones were flushed with water,
and the sample was saturated. During these processes, the cell pressure was adjusted to
hinder a volume change in the sample in excess of ±0.07% [35]. The cell pressure applied
to counteract the swelling of the sample is called the “swelling pressure” herein.

In practice, different procedures have been established to experimentally determine
the soil swelling pressure. In this study, besides the triaxial tests, two types of swelling tests
were also performed using a CRS apparatus. These types of tests will be herein referred to
as constant volume (CV) and constant load (CL) swell tests. In all CV and CL swell tests,
the Boom clay samples were placed on dry porous stones and were initially subjected to a
contact pressure of about 5 kPa. For the case of constant volume swell tests, the samples
were subsequently soaked in water while their volume was kept unchanged by maintaining
the sample height practically constant. To achieve this, sample movement was monitored
by a linear displacement transducer (LVDT), the vertical movement of which was adjusted
during the swelling phase to eliminate any displacement measurements. The precision of
the LVDT was at a level such that sample volume could be maintained to within 0.005% of
the sample height throughout the swelling process. The swelling pressure was considered
equal to the vertical stress developed under the applied constant volume conditions. In
the constant load swell tests after the addition of water under a set pressure of 5 kPa, the
samples were allowed to swell while an LVDT was used to measure the vertical movement
that the samples developed in order to keep the applied set pressure of 5 kPa constant.
When swelling ceased, the samples were loaded with a strain rate of 0.0005 mm/min until
their original volume was reached. The swelling pressure was then determined as the
pressure required to compress the samples back to their original volume.

The results of the constant load and constant volume swell tests showing the de-
velopment of effective vertical stress and volumetric strain with time are shown in
Figures 4 and 5, respectively. The swelling pressures measured from the triaxial, CV and
CL tests are plotted for comparison in Figure 6 together with the swelling pressure as this
is estimated based on Equation (4) for K0 values of 0.5 and 1.0. It should be pointed out
that previous laboratory investigations into Boom clay at the Mol site indicated that the
values for K0 in the normally consolidated condition were between 0.5 and 0.8 [7,36]. At
the same site, in situ K0 measurements at a depth of about 223 m had some scatter in terms
of K0 values: K0 = 0.3–0.9 [10]. To the authors’ knowledge, field measurements of in situ K0

values for Boom clay at shallow depths have not been reported in the literature.

 

Figure 4. Cont.
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Figure 4. The development of volumetric strain, εv, with the following: (a) vertical effective stress,
σv

′, and (b) time from the start of testing. Constant load (CL) swell tests on Boom clay samples.

 
Figure 5. The development of vertical effective stress, σv

′, with time from the start of testing. Constant
volume (CV) swell tests on Boom clay samples. In parentheses is the maximum volumetric strain,
εz,max, recorded during testing.

The constant volume swell pressure appears to fit the swelling pressure from triaxial
tests better. On the other hand, the constant load swell pressure is about 2.5 times higher
than the constant volume swell pressure. In fact, Thompson et al. [21] showed that the
constant volume swell pressure can be approximately one-third of the constant load swell
pressure. The data in Figure 6 show that the Boom clay samples retrieved from a depth
of 16.9–26.8 m below ground level exhibit swelling tendencies, the magnitude of which,
however, depends on the measurement procedure applied and the imposed stress paths.
The dependency of the swelling pressure on the testing method was also emphasized by
Reiffsteck et al. [37]. Nagaraj et al. [38] suggested that the constant load (CL) swell method
allows for a completely swollen condition and provides a better estimation of swelling
pressure compared with the constant volume (CV) method. In addition, since the K0 value
was not determined experimentally, it is difficult to make any direct comparisons between
the measured swelling pressures and the in situ state of stress. Nevertheless, the data in
Figure 6 show that when testing Boom clay samples, it is important to take precautions
before placing the samples in contact with water [39,40]. As illustrated in Figure 4b, for the
tested samples, the release of swell pressure results in a volumetric strain of 4–7%.
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Figure 6. In-depth distribution of measured and predicted swelling pressure for tested Boom clay
samples.

4.3. Compression Tests

At the end of the CV tests, as shown in Figure 5, the samples were subjected to constant
rate of strain, CRS, testing. The consolidation curves obtained are shown in terms of axial
strain, εz, versus vertical effective stress, σv

′, in Figure 7. Loading started from the swell
pressure measured at constant volume and consisted of six loading steps: loading to 4 × σvi

′

(step A), followed by unloading to 2 × σvi
′ (step B), reloading to 6 × σvi

′ (step C), relaxation
for 16 h (step D) and reloading to a maximum compression stress of about 10–15 times
the estimated in situ effective vertical stress, σvi

′ (step E). The applied deformation rate,
dh/dt, was 0.03 mm/h, which corresponds to approximately 0.15%/h. This deformation
rate resulted in the development of an excess pore water pressure at the base of the samples
of less than 1.5% of the applied vertical stress.

All three samples tested exhibit a similar unloading/reloading behaviour. The com-
pression index, Cc, was obtained from the slope of the loading εz—σv

′ curve in the effective
stress range of 6 × σvi

′ up to the maximum compression stress. The swelling index, Cs,
was calculated based on the data during the unloading stage in the effective stress range of
4 × σvi

′ to 2 × σvi
′ kPa (Cs,A→B). The secondary compression index, Cα, was deduced from

the relaxation phase, during which the vertical stress, σv
′, was reduced with time under

constant strain. The consolidation data, Cc, Cs and Cα, are summarized in Table 3.
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Figure 7. CRS tests on Boom clay samples. Effective vertical stress, σv

′, against axial strain, εz.

Table 3. Compressibility parameters.

Test Boring Depth Cc Cs Cα σp
′

(m) (-) (-) (-) (kPa)

CRS_1 BH1 23.3 0.110 0.023 0.0017 283
CRS_2 BH2 23.9 0.130 0.019 0.0015 440
CRS_3 BH2 23.6 0.130 0.018 0.0025 315

Note: Cc is the normal compression index, Cs is the swelling index during unloading from step A to B, Cα is the
secondary compression index and σp

′ is the preconsolidation stress.

The preconsolidation stress, σp
′, is determined using Casagrande’s method [41]. It

should be pointed out, however, that for the stress levels applied, the consolidation curves in
Figure 7 show a predominant elastic behaviour under compression without notable changes
in the stiffness response. This behaviour makes it difficult to estimate the preconsolidation
stress. In Table 3, the yield stresses determined are also shown. The estimated σp

′ values
range from 280 to 440 kPa, which corresponds to an overconsolidation ratio, OCR, of 1.3
to 2.6.

Deng et al. [19] performed several oedometer tests on Boom clay samples taken from
the Essen and Mol sites. They reported compression index, Cc, values in the range of
0.123–0.228 for oedometer tests with a maximum effective vertical stress of 3.2 MPa. These
values seem to be in relatively good agreement with the Cc values obtained in this research.
However, as concluded by Deng et al. [19], the compression index values from oedometer
tests at pressures reaching 32 MPa have significantly higher values. It is thus likely that the
maximum pressure applied in the CRS tests of this study was not high enough to evidence
the post-yield compression behaviour, an assumption that also hinders the assessment of
the OCR. Specifically, if this assumption is valid, the OCR of the tested Boom clay at a
depth of 23.3–23.9 m below ground level is at least higher than 10, considering that the
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samples were subjected to loading up to a maximum pressure of 10–15 times the estimated
in situ vertical effective stress. The OCR response is highly influenced by the effective stress
level at the sampling depth. It should be highlighted that previous studies on Boom clay
samples from the Mol site at a depth of 190–290 m below ground level indicate an OCR of
about 2.4 [7,9].

Sorensen and Okkels [42] proposed a simple correlation to estimate the compression
index which considers the water content (%) and plasticity index, Ip (%), as variables:

Cc = 0.0012·IP + 0.0085·Wc − 0.05 (5)

Equation (5) was mainly used for high-plasticity overconsolidated clays, but it remains
applicable to a wide range of clays. Using Equation (5), the estimated Cc values for the
Boom clay samples of this study, with an average water content of 30% and a plasticity index
in the range of 40–50%, are 0.253–0.265. The estimated values are a factor of two higher
compared with the measured values. This can be an indication that the tested samples may
have not been loaded to pressures high enough to reflect the virgin compression behaviour.

4.4. Shear Strength Tests

The samples were installed in a triaxial apparatus with the use of dry porous stones.
During the saturation process, a confining pressure was imposed to prevent swelling. After
saturation, with Skempton’s B parameter having a value greater than 0.96, the samples were
anisotropically consolidated along a constant effective stress ratio line, K0 = 0.5. Shearing
was applied under undrained conditions in a deformation-controlled mode. Figure 8a
shows the stress paths of the tested samples, while the stress–strain curves and the excess
pore water pressure against strain curves are shown in Figure 8b,c, respectively. Lastly,
Figure 8d plots the principal stress ratio (σ1

′/σ3
′) against strain.

The samples appear to have approached the critical state with the deviator stress
reaching a plateau in Figure 8b. Peak and strain softening are observed for two of the
samples, while for one of the samples, an almost continuous increase in strength with
increasing strain is recorded. The sample with the lowest initial mean effective stress, pi

′,
is also the sample which exhibits the lowest level of mobilized shear strength, although
the differences in the pi

′ values of the tested samples are not large. Visual observations
of the deformation shape of the samples at the end of shearing show that for the samples
with strain softening, shear planes develop [Figure 8e,g], whereas the sample that shows
no strain softening response fails in a bulging mode [Figure 8f]. A best fit line was drawn
through the peak stress points in Figure 8a. A mobilized friction angle of φ′ = 270 and a
mobilized cohesion c′ = 6 kPa were determined from the slope and intercept of this line as
given by Equations (6) and (7).

ϕ′ = sin−1(
3M

6 + M
) (6)

c′ =
(α tan ϕ′)

M
(7)

where M is the gradient of the slope (q/p′), and α is the y-intercept.
Alternatively to defining failure at peak shear stress, the points at which the principal

stress ratio reaches a maximum are shown in Figure 8a. The best fit line through these
points, however, shows a negative value for cohesion. Obviously, the number of triaxial
tests performed herein is limited, which hinders the accurate determination of the friction
angle and cohesion. Consequently, the φ′ and c′ values provided in this study should be
regarded as preliminary and are subject to refinement as further data become available.
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Figure 8. Undrained triaxial compression tests on Boom clay samples: (a) effective stress paths;
(b) stress–strain curves; (c) excess pore water pressure, ∆u, against axial strain curves; (d) principal
stress ratio, σ1

′/σ3
′, against axial strain; (e–g) deformation pattern of Boom clay samples after testing.

The effective cohesion, c′, and internal friction angle, φ′, of Boom clay at the Antwerp
site were found to be 14.7 kPa and 22◦, respectively [43]. The c′ and φ′ values of Boom
clay at the Scheldt site proposed by Schittekat et al. [44] are similar to those of Antwerp:
c′ = 22 kPa, and φ′ = 25.04◦. The failure envelopes of intact Boom clay samples at the
Mol and Essen sites were gathered by Deng et al. [19]. Part of these failure envelopes are
plotted together with the test data of this study in the q—p′ plane in Figure 9. For the
limited number of triaxial tests performed in this study, the peak shear stress, q, and the
corresponding mean effective stress, p′, points fall well along the failure envelopes defined
for Boom clay at Mol and Essen. The lower friction angles and higher cohesion values
for Antwerp and Scheldt Boom clay can be attributed to the stress level dependency of
the failure envelope. Deng et al. [19] concluded that the failure envelope of Boom clay at
Mol and Essen is not linear, especially in the lower stress part (p′ lower than 2 MPa). This
implies that higher friction angles and lower cohesion values are expected at low stress
levels such as the ones applied in this study (p′ lower than 300 kPa).
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Figure 9. Failure envelopes in p′—q plane for intact Boom clay at Mol and Essen [19].

Direct simple shear (DSS) tests were also performed on the Boom clay samples. The
samples were consolidated to the estimated in situ vertical stress and were subsequently
subjected to loading under a shear strain rate of 8%/h. During shearing, the height of the
samples was maintained constant, and this is considered to be equivalent to undrained
testing [45]. The effective stress paths and the stress–strain relationships of the tested
samples are illustrated in Figure 10a,b, respectively. With the exception of the DSS test at
σvi

′ = 180 kPa, the samples do not exhibit sharp peak strength or a strong dilative response,
which are characteristics more expected for heavily overconsolidated clays. The DSS test at
σvi

′ = 180 kPa exhibits the highest shear strength, which may be attributed to the higher
degree of overconsolidation. For the rest of the samples, the shear stress–strain curves
converge at large strains. For these samples, the undrained shear strength ratio (defined as
the ratio of peak shear stress to the vertical effective stress at the start of shearing) ranges
from 0.3 to 0.5.

The failure envelope corresponding to peak shear stress points is also shown in
Figure 10a. The failure envelope has a cohesion intercept of c′ = 17 kPa and a slope
τ/σv

′ = 0.5. The angle of internal friction φ′ is estimated to be 26.5◦. Outliers in this
estimation are the peak shear stress points of the DSS tests at σvi

′ = 180 and 220 kPa.
The Boom clay samples in this study were also subjected to a standard unconfined

compression strength (UCS) test. The unconfined compressive strength for samples at a
depth of 23–27 m was found to be 470–580 kPa. The details of the tested samples are given
in Table 1. For Boom clay, the UCS is not well documented. Coll [9] determined the UCS
for Boom clay samples at the Mol site from a depth of 223 m below the surface and found a
value of 2.5 MPa. Bernier et al. [10] reported a value of 2 MPa for Boom clay samples also
from Mol.

4.5. X-Ray Tomography

The microstructure of Boom clay can determine its mechanical behaviour. Micro-
computed tomography (µCT) scans were carried out on two of the Boom clay samples
(UCS_1 and UCS_2 in Table 1). Since µCT is a non-destructive technique, the Boom clay
samples were scanned before and after UCS testing. The scans were performed at TU Delft
university using a CoreTOM micro-CT scanner manufactured by TESCAN. The scanner
operates using X-ray radiation. The resolution for the scans in this study was 64.4 µm. The
3D reconstruction images of the samples are shown in Figure 11a,d and Figure 11c,f for the
samples prior to and after shearing, respectively. Figure 11b,e show the 3D reconstruction
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of the inclusions inside the Boom clay samples. These inclusions are shown in white due to
their higher density. Vertical sections from the 3D X-ray images of the samples prior to and
after testing are shown in Figures 12 and 13. As can be seen, fractures are clearly visible
throughout the sections before the shearing of the samples. It is interesting to note that the
discontinuities depicted on the intact samples are oriented perpendicularly with respect to
the vertical direction, which is the direction of stress release during sampling.

 
Figure 10. Static DSS tests on Boom clay: (a) effective shear stress paths and (b) stress–strain curves.
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Figure 11. Three-dimensional reconstruction images of the surface of the Boom clay samples:
(a,d) prior to and (c,f) after UCS testing; (b,e) the 3D reconstruction of the inclusions inside the
samples. X-ray µCT scans on samples UCS_1 and UCS_2.
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5. Undrained Shear Strength Profile
The undrained shear strength profile at the investigated area is illustrated in Figure 14.

In this figure, the combined undrained shear strength data from CPT, triaxial, direct simple
shear and unconfined compression strength, UCS, tests are plotted against the depth below
ground level. For the CPTs, it is common practice to link the net cone resistance, qnet, with
the undrained shear strength, su, through a so-called cone factor, Nk [20]:

su =
qnet

Nk
(8)

The typical values of Nk for Boom clay reported in the literature are in the range of
13–24. These Nk values were applied in Equation (8) to determine the undrained shear
strength for CPT1 given in Figure 14. In order to keep this figure clear, only the su profile for
CPT1 is plotted. As can be seen in Figure 2, all available CPTs show similar results. For the
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UCS tests, the undrained shear strength is taken to be equal to one-half of the unconfined
compressive strength [46].

 
Figure 14. The undrained shear strength profile of Boom clay from 16.5 to 27 m below ground level
based on CPT, triaxial, DSS and UCS test data and relations reported in the literature [5,43].

De Beer [43] determined the undrained shear strength of Boom clay samples from
Antwerp by performing a large number of unconfined compression tests and unconsol-
idated undrained triaxial tests. According to De Beer [43] for Boom clay samples with
a depth ranging from 0 to 50 m below the soil surface, the undrained shear strength, su,
linearly increases with depth as follows:

su = 0.75 + 0.035 · z (9)

Barnichon and Neerdael [5] compiled the results of De Beer [43] with the results of
consolidated undrained triaxial tests on Boom clay samples at the Mol site taken from
higher depths (180 to 250 m). Barnichon and Neerdael [5] concluded that the evolution of
undrained shear strength with depth is better described with a non-linear relation:

su = 0.3272 · z0.5464 (10)

In Equations (9) and (10), su is given in bars, and z is the depth below the soil surface
in meters. For comparison purposes, the proposed depth-dependent su relationships for
Antwerp and Mol Boom clay are also shown in Figure 14.
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It can be observed that the su profiles determined from Equations (9) and (10) are in
relatively good agreement with the undrained shear strength determined from the CPT
data and for a cone factor of Nk = 24. On the other hand, the resulting set of su values from
the triaxial and DSS tests displays a scatter, while these values are overall much lower than
the undrained shear strength expected based on the CPT data, even for the highest Nk value
used. On the contrary, the su values from the UCS tests align better with the undrained
shear strength expectations of the CPTs.

6. Discussion
Based on CPT data, the Boom clay examined in this paper is classified as a very stiff to

hard clay with an undrained shear strength, su, in the order of 200–350 kPa for Nk values
of 24 and 13, respectively. On the other hand, the laboratory triaxial and DSS test results
show a clay with an su of 50–160 kPa. In fact, in order to match the triaxial and DSS su

values, a cone factor of about Nk = 40 is required, which seems to be an unrealistically
high value. Opposite to these results, the undrained shear strength from UCS tests is a
factor of 2.5–3.0 times higher than the undrained shear strength measured in triaxial testing.
It should be stressed that the samples used in the UCS tests were not saturated prior to
shearing, as was the case for the triaxial samples. As proven in this study, the Boom clay
samples build up suction as a result of stress release during extraction. It is possible that the
generated suction desaturates the sample, affecting the soil’s response to shearing [47–49].
It is generally acknowledged that the undrained shear strength increases as the degree of
saturation becomes lower [50,51].

In the comparison between field and laboratory responses, the impact of sample
disturbance can be important. It is known after all that very stiff clays present challenges in
obtaining quality undisturbed samples. Most of the sample disturbance is believed to be
caused by the discontinuous structure (presence of fractures) and stress release [52]. The
X-ray tomography scans performed in this study showed the occurrence of cracks on the
tested Boom clay samples. It is difficult to distinguish between whether these cracks are
naturally occurring cracks or cracks produced by sampling and/or sample handling. It is
also not clear to what extent the presence and orientation of pre-existing discontinuities
affect the stress–strain response of the samples to shearing and the development of failure
patterns. Nevertheless, the presence of these fractures on the intact samples brings concerns
regarding the degree of disturbance during sampling. As highlighted by Bésuelle et al. [13],
prior-to-testing cracks on block samples of Boom clay raise fundamental questions about
the relationship between the parameters measured in the laboratory and those that fit with
in situ data.

The results of this study show that when experimental testing involves very stiff clays,
as is the case with Boom clay, the assessment of engineering properties can be challenging.
Extra attention should be given to the microstructural state of the sample prior to testing
and the adoption of procedures appropriate for testing a material that has suction forces
and strong swelling tendencies.

7. Conclusions
In the present work, the mechanical behaviour of Boom clay from Antwerp at a

depth of 16.5 to 28 m was investigated by performing in situ and laboratory tests. The
measured values of net cone resistance and the friction ratio were about 4 MPa and 5.5%,
respectively. Despite their relatively shallow depth, the extracted samples showed swelling
tendencies. The magnitude of the swelling pressure was found to be strongly dependent
on the measurement method adopted and can be as high as 1.2–1.8 times the in situ mean
effective stress. For the tested samples, the release of swelling pressure resulted in a
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volumetric strain of 4–7%. This result signifies the importance of taking precautions before
placing the samples in contact with water. The compression properties of the tested Boom
clay samples as determined from the constant rate of strain tests were in good agreement
with the properties of other Boom clays at different testing sites for an applied vertical
effective stress up to 3.2 MPa. A large scatter was observed on the undrained shear strength
values of the Boom clay samples measured via triaxial, direct simple shear and unconfined
compression strength tests, while there was a mismatch between these values and those
obtained from CPT correlations. X-ray tomography scans of the samples before testing
revealed the presence of fractures that were not observable by the naked eye, a finding
whose repercussions should be considered in the interpretation of the experimental results.

The discrepancy between the undrained shear strength values obtained from CPTs
and those measured by triaxial and DSS tests raises concerns about the validity of the ex
situ laboratory tests and the ability to obtain high-quality undisturbed soil samples. This
highlights the importance of an integrated site investigation that places great emphasis on
in situ testing for obtaining soil parameters and defining strength profiles. For laboratory
tests, X-ray tomography can be a useful tool for evaluating sample quality prior to testing.
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