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The Bakhtiari Formation mudstones are considered problematic geological materials for
underground projects in southwestern Iran due to their swelling clay mineral content. This
study investigated the swelling behaviour of mudstones collected from the Masjed
Soleyman underground powerhouse cavern through free-swell, zero-strain swelling
pressure and wetting—drying cycle tests on intact and reconstituted specimens. The
mineralogical composition and microstructure of the specimens were characterised using
X-ray diffraction (XRD) and scanning electron microscopy (SEM). The intact specimens,
with a natural water content of 5-7%, exhibited free-swell strains of 12-19% and swelling
pressures of 0.10-0.19 MPa. In contrast, the corresponding values for the reconstituted
specimens were 26.6% and approximately 0.32-0.33 MPa, respectively. Over 70% of the

Montmorillonite, ~ Wetting— total swelling of the intact specimens occurred within the first 6 hours, and during wetting—
drying cycles, Bakhtiari drying cycles, the swelling pressure of the intact specimens decreased by around 10% after
Formation. two cycles before stabilising. In contrast, the reconstituted specimens showed a reduction
of around 50% by the eleventh cycle. These results suggest that there is no direct
correlation between free swell and swelling pressure, indicating that free swell alone is
insufficient for estimating swelling pressure. Furthermore, the evolution of swelling
pressure during wetting—drying cycles depended on the initial conditions and structural
state of the specimens. Overall, the swelling behaviour of Bakhtiari Formation mudstone
should be evaluated by considering the initial conditions and structural state of the
material.
Introduction Previous studies have also demonstrated that initial

sedimentary rocks, accounting for over 60% of
sedimentary sequences. They are frequently
encountered in civil engineering and mining projects,
particularly in underground structures (Jeremias and
Cripps, 2023). However, their sensitivity to water,
which is mainly associated with the presence of
swelling clay minerals, can lead to swelling,
deformation and stability issues in engineering
structures (Doostmohammadi et al., 2009). The
Bakhtiari Formation in southwestern Iran contains
mudstone layers susceptible to swelling, which may
pose challenges to underground construction in the
Masjed Soleiman region.

The swelling behaviour of mudstones is influenced by
mineralogical composition, natural fabric, initial
moisture content and stress history (Mesri et al., 1994).
Smectite, particularly montmorillonite, plays a major
role in swelling, whereas non-swelling minerals such
as quartz and calcite can limit swelling potential by
contributing to the rock framework (Madsen and
Miller-Vonmoos, 1989; Al-Mukhtar et al., 2012).

expansive clay minerals impact both free swelling and
swelling pressure (Erguler and Ulusay, 2003).The
reported changes in swelling pressure during repeated
wetting—drying cycles are inconsistent. Some
mudstones, including the Bakhtiari mudstone of
Masjed Soleiman (Doostmohammadi et al., 2009),
have been reported to show increases followed by
stabilisation, whereas other studies have observed a
gradual reduction in swelling potential (Dif and
Bluemel, 1991; Subba Rao and Satyadas, 1987;
Yazdandoust and Yasrobi, 2010; Shahsavani et al.,
2020). These discrepancies imply that the evolution of
swelling pressure may be heavily influenced by the
initial moisture and structural conditions of the
material.

Despite previous investigations, there have been few
systematic studies on the swelling behaviour of
carbonate-rich Bakhtiari mudstone under different
initial and structural conditions. Therefore, this study
investigates  the  mineralogical ~ composition,
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microstructure and swelling behaviour of Bakhtiari
mudstone collected from the Masjed Soleiman
powerhouse cavern. The swelling behaviour of intact
and reconstituted specimens was evaluated through
free swelling and zero-strain swelling pressure tests,
followed by repeated wetting—drying cycles. The
relationship between free swelling and swelling
pressure was also examined, with particular emphasis
on the influence of initial moisture content and natural
fabric on swelling pressure evolution.

Materials and Methods

Mudstone samples were collected from the roof of the
Masjed Soleiman Dam Powerhouse Cavern (Bakhtiari
Formation) and preserved immediately by wrapping
them in wax-impregnated fabric. Two types of
specimen were prepared: (1) undisturbed specimens
with a natural water content of 5-7% and a bulk
density of 2.26-2.34 g/cms3, trimmed to a diameter of
50 mm and a thickness of 20 mm using a saw and
drilling jig; and (2) reconstituted specimens, which
were prepared by compacting five layers of powdered
mudstone within an oedometer ring using a custom
hydraulic press, achieving a dry density of 1.9 g/cm?3
with zero initial moisture. The mineralogical
composition was determined using XRD (Panalytical
X'Pert Pro, 40 kV, 30 mA, 20: 5-90°) and the
microstructure was examined using FE-SEM
(TESCAN MIRA2). The Atterberg limits and particle
density were also measured. Free swelling tests were
performed under 1 kPa vertical stress in accordance
with ASTM D4546 and ISRM guidelines. Swelling
pressure was measured under zero-strain conditions in
accordance with ASTM D4829 and ISRM. Wetting—
drying cycle tests were conducted by alternately
inundating and drying the specimens while monitoring
the swelling pressure.

Results and Discussion

XRD analysis identified calcite as the dominant
mineral (44-45%), followed by quartz (approximately
20%), dolomite (3-9%), montmorillonite (10-12%),
illite (8-10%), feldspar (4-6%) and chlorite (3-6%).
The carbonate phases limit swelling by cementing the
matrix, whereas montmorillonite and illite are the
primary swelling minerals (Mesri et al., 1994; Rao et
al., 2021). Atterberg limits indicated a liquid limit of
40-47%, a plastic limit of 19-23%, and a plasticity
index of 21-24%. Specimens containing higher
percentages of active clay minerals exhibited greater
plasticity. FE-SEM images revealed lamellar clay
aggregates in flocculated and dispersed arrangements
with interconnected macro- and micro-pores. This is
consistent with smectite-illite clay microstructures,
confirming the mineralogical findings. Free swelling
tests under 1 kPa showed that undisturbed specimens
exhibited strains of 12-19%, with over 70% of
swelling occurring within the first six hours, reflecting

an initial rapid phase followed by a slower secondary
stage (Mesri et al., 1994). Variations in sampling
orientation relative to natural bedding are responsible
for scatter among undisturbed specimens despite
similar mineralogy (Wang et al., 2024). Reconstituted
specimens exhibited substantially higher free swelling
strains (26.6%), reflecting the destruction of natural
inter-particle bonds and particle rearrangement (Chen,
1975; Gens and Alonso, 1992). Swelling pressure tests
revealed that wundisturbed specimens generated
pressures of between 0.10 and 0.19 MPa, whereas
reconstituted specimens generated pressures of
between 0.32 and 0.33 MPa — approximately three
times higher. Natural discontinuities in undisturbed
specimens partially accommodate expansion, reducing
the measured pressure. A critical finding was that free
swelling and swelling pressure were not directly
correlated; higher free swelling strain did not
necessarily correspond to higher swelling pressure.
Wetting—drying cycle tests showed that undisturbed
specimens stabilised after two cycles, with a reduction
in swelling pressure of approximately 10% (from 0.12
to 0.10 MPa). This was attributed to the buffering role
of natural discontinuities (Dif and Bluemel, 1991;
Shahsavani et al., 2020). In contrast, the swelling
pressure of the reconstituted specimens gradually
decreased by around 50% over eleven cycles, from
0.33 to 0.174 MPa. This may be due to continuous
particle rearrangement (Yazdandoust and Yasrobi,
2010; Subba Rao and Satyadas, 1987). This contrasts
with  the increasing trend  reported by
Doostmohammadi et al. for initially dry specimens,
confirming that the evolution of swelling pressure
during wetting-drying cycling is sensitive to the initial
moisture state and structural condition.

Conclusions

The swelling behaviour of Bakhtiari Formation
mudstones from the Masjed Soleiman powerhouse
cavern is governed by the interplay of mineralogical
composition, natural fabric and initial moisture
content. XRD analysis revealed the presence of
montmorillonite (10-12%) and illite (8-10%) as the
primary swelling minerals within a carbonate-rich
matrix (calcite: 44-45%), which moderates the
formation's overall swelling potential. Free swelling
and swelling pressure are not directly correlated and
cannot be used interchangeably. Direct measurement
of swelling pressure under zero-strain conditions is
essential for engineering design. The natural structural
state critically controls both the magnitude of swelling
and the number of cycles needed to reach equilibrium
during wetting and drying. A geotechnical assessment
of underground structures in the Bakhtiari Formation
must therefore account for both the structural state of
the specimen and the initial moisture conditions.
Relying solely on free swelling results to estimate
swelling pressures introduces significant uncertainty.
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Fig. 4. Apparatus for swelling pressure measurement under zero strain condition
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Table 2. X-Ray Diffraction (XRD) analysis results for mineralogical composition of mudstone samples
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ao,3(%) 2o, (%) ao,3(%) ao,3(%)
Conds” (Calcite) CaCOs 45 45 44 45
Ceueglgs (Dolomite) CaMg(COs), 8 5 9 3
5,55 (Quartz) SiO, 20 20 18 20
oSl (Smectite Group, | A1 Ma),81,010(0H), xH,0 10 12 10 10
Montmorillonite)

oLl (1lite) (K,H30)Al,Si3AlO;4(OH), 8 10 8 10
JLewalé(Feldspar) KAISiz0g 5 5 6 5
cidgils(Kaolinite) NaAlSizOg <1 <1 <1 <1
<o ,I5" (Chlorite) (Mg,Fe)s(Si,Al)4010(OH)g 4 3 5 6
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