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Abstract

Marl, as a transitional soft rock, exhibits complex geotechnical behavior due to its heterogeneous
structure, fissuring, and variable cementation. The difficulty of obtaining undisturbed samples makes
field-based calibration essential for realistic modeling of excavation performance. This paper presents
field observations and a numerical back-analysis of a strut-free excavation in marl supported by
buttress pile walls. A monitoring program, including inclinometer and geodetic survey measurements,
provided a reliable basis for model calibration. The excavation was predominantly in marl, ensuring
consistent ground conditions and minimizing the influence of other layers. A three-dimensional finite-
element back-analysis was performed to simulate the staged excavation and reproduce the observed
deformation response. Both shear strength and stiffness parameters were varied: strength bounds were
adopted from independent large-scale direct shear tests on intact marl and discontinuities, while
stiffness ranges were based on geophysical testing. The calibrated parameter sets successfully
reproduced the measured wall displacements and overall deformation patterns. The results highlight
the importance of combined calibration of strength and stiffness and provide a practical reference for
modeling and design of excavations in marl and similar transitional weak rock formations.
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1 Introduction

Deep excavations in urban areas require reliable predictions of ground and retaining-structure
deformations to ensure safety and protect nearby infrastructure. The behavior of support systems
depends strongly on ground stiffness and strength, which can be determined with reasonable
confidence in soils but remain uncertain in weak or transitional rock formations. Marl is a geomaterial
with complex behavior due to its heterogeneous composition and transitional nature between soil and
rock. Fissures, bedding, and discontinuities may significantly influence the mechanical response of
excavations in rock masses (Berisavljevi¢ et al., 2022). Previous studies have shown that earth
pressures in jointed rock masses can differ considerably from those predicted using conventional soil
assumptions, depending on rock type, joint conditions, groundwater presence, and support
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characteristics. For example, physical model tests and numerical analyses conducted by Son and Park
(2014) demonstrated notable deviations in both the magnitude and distribution of earth pressures. In
parallel, studies on strut-free systems with buttress walls have shown their effectiveness in reducing
wall deflections and settlements through increased system stiffness and mobilized friction (Grubi¢ et
al., 2025; Lim et al., 2017). However, their combined behavior in transitional materials such as marl
remains insufficiently documented. To better understand excavation performance in such conditions,
field observations and monitoring data are essential. Inclinometer measurements provide valuable
insight into the development of displacement and serve as a reliable basis for numerical back-analysis.

This paper presents field observations and a 3D numerical back-analysis of a deep excavation in marl
supported by a strut-free buttress pile wall. Marl was modeled using the Hardening Soil (HS) model,
considering both a homogeneous representation and an alternative with weak discontinuities. Shear
strength bounds were adopted from an independent study, while stiffness ranges were derived from
geophysical testing at the site. These parameters were varied to match the calculated wall
displacements to the inclinometer measurements. Model performance was assessed by comparing
predicted and observed deformation patterns. The calibrated parameters provide a practical reference
for modeling and design of excavations in marl and similar weak rock formations.

2 Site Description and Ground Conditions

2.1 Excavation geometry and instrumentation layout

The excavation project is located in Sarajevo, Bosnia and Herzegovina. The designed structure was a
three-level underground parking garage with plan dimensions of 116.5 x 99.3 m. The site is bordered
on three sides by the Miljacka River and on the fourth by a road. The excavation depth ranges from
11.0 to 12.0 m. Temporary retaining structures were required along two sides, while the remaining
sides were formed as open cuts with surface shotcrete protection. The retaining system is divided into
four sections (Fig. 1a) Section A — pile wall (PW)at 2.5 mspacing with buttress walls (BW) at 10.0 m
spacing; Section B — secant PWat 0.87 m spacing with BW at 10.0 m spacing; Section C — secant
PWat 0.87 m spacing; Section D — soldier PWat 2.5 m spacing. Section A, which is the focus of this
study, was initially excavated as an open cut to a depth of approximately 3.5 m, followed by
construction of the pilewall. Buttress walls (BW) consist of three secant piles, two unreinforced (URC)
and one reinforced concrete (RC), as shown in Fig. 1b. All piles have a diameter of 1.0 m; PW piles
are 12.0 m long, while BW and adjacent piles are 14.0 m long.
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Fig. 1 Excavation layout and pile wall geometry: (a) plan view with boreholes and instrumentation; (b) cross-section of the
retaining structure and idealized stratigraphy.
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The BW are tangent to the PW and connected by a reinforced-concrete capping beam
(b/h =120/100 cm), with all elements constructed of C25/30 concrete. Excavation was performed in
stages: the first phase covered BW-1 to BW-8, followed by foundation construction. At the time of
analysis, only the initial stage had been completed; therefore, the monitoring data are limited to the
inclinometer INC-1.

2.2 Subsoil conditions

A total of 11 boreholes (BH-1 to BH-11) were drilled, complemented by one geophysical profile 120
m in length, with geophones spaced at 5 m, to characterize subsurface conditions. Borehole depths
were 10.0 m (8 locations) and 15.0 m (3 locations). Groundwater was encountered at approximately
4.0 m below ground level within the gravel layer, while the underlying low-permeability marl was dry.
The stratigraphy can be idealized into three layers, as summarized in Table 2. All boreholes were
terminated in marl, and no significant stratigraphic changes were assumed below this level, which was
later confirmed during the constructionof foundation piles. Shear strength parameters of the marl are
presented in a separate section. The Young's modulus was estimated from measured shear wave
velocities (vy = 220-527 m/s) and compressional wave velocities (v, = 950-3200 m/s) at depths
between 5 m and 30 m, resulting in a range of approximately 59-345 MPa (Alpan, 1970). The marl is
light to dark grey in color (Fig. 2a and Fig. 2b). Based on its composition (approximately 20% CaCOs
and 80% clay), it is classified as clayey marl according to Ulusay and Hudson (2007). Discontinuities
are inclined at approximately 25° towards the excavation, as shown in Fig. 1b.

Rtk S S

Fig. 2 Site conditions: (a) excavation during construction; (b) marl discontinuity details.

Table 1. Summary of Soil/Rock Properties.

Description Depth Thickness Ngpr v [kNm®]  ¢'[] c¢'[kPa] Cy Cc W [%]
Sandy silts - ML 0.0-3.5 3.5 11-19  18.5-19.0  25-30  10-15 / / 3.8
Sandy gravel - GP 3.5-5.0 1.5 25-35  18.0-19.0 30-35 0 1564 6.1 /

Marl >5.0 >5.0 >50 19.5-21.0 / / / / 17.4

2.3 Direct shear tests of marl

In a large-scale independent study by Strugar (1985), 96 direct shear tests were performed on intact
marl and 68 on marl discontinuities, all at natural water content. The investigated material belongs to
the Miocene marls of the Sarajevo—Zenica Basin, consistent with the marl at the study site. Specimen
dimensions were 15 % 30 x 20 cm (width % length % height). The test results (Fig. 3a) indicate wide
scatter in shear-strength parameters for intact marl, with effective cohesion (c¢) ranging from 0 to
40 kPa and effective friction angle (¢’) from 20° to 35°. For discontinuities (Fig. 3b), effective
cohesion ranges from 12 to 30 kPa and ¢’ from 19° to 30°. This variability is attributed to the
heterogeneity of marl and the difficulty of obtaining undisturbed samples. These ranges of ¢’ and ¢/,
for both intact marl and discontinuities, were adopted as upper and lower bounds in the numerical
analysis.

1177



Eurock 2026, Skopje, RN Macedonia

450 450

400 A @' =35° 400 - 1= 300

350 A

O T T T T 0 T T T T
0 100 200 300 400 500 0 100 200 300 400 500
6 [kPa] 6 [kPa]
a) b)

Fig. 3 Results of direct shear testing of marl at natural water content:a) intact marl, b) along marl discontinuities.

3 Numerical modeling

The 3D numerical back-analysis was performed using PLAXIS 3D (Brinkgreve et al., 2015), as shown
in Fig. 4. Soil/rock and piles were discretized with 10-node tetrahedral elements, while plate elements
were modeled using 6-node triangular elements with stiffness defined as in Skeji¢ et al. (2023) and
Bajramovi¢ & Skeji¢ (2025).

Table 2. Material parameters used in the numerical model.

Parameters ML GP Marl Marl dise. RC Pile/ URC PW-BW
Capping beam  Pile interface

Material model HS HS HS MC LE MC MC

Unit weight, y4 [KN/m®] 19 19 21 21 25 25 25

Youngs modulus, E [MPa] / / / 100 30 000 30 000 100

Poisson ratio, v [-] / / / 0.3 0.2 0.2 0.45

Tension cut-off 0 0 0 0 / 3000 0

Internal friction angle, ¢ [*] 25 30 20-35 19-30 / 30 30

Cohesion, ¢ [kKN/m?] 10 1 0-40 12-30 / 4000 30

Dilatancy angle, vy [°] 0 0 0-5 0 / 30 0

Reference stress, prr[kPa] 100 100 100 / / / /

Eso rer[MPa] 15 40 100-200 / / / /

Eoed rer[MPa] 15 40 100-200 / / / /

E, [MPa] 45 120 300-600 / / / /

Ko [-] 0.577 0.50 0.65-042 / / / /

m [-] 0.9 0.5 0.5 / / / /

Poisson ratio, vy, [-] 0.2 0.2 0.2 / / / /

Failure ratio, R¢[-] 0.9 0.9 0.9 / / / /

The finite element mesh was refined until no further influence on the results was observed (Fig. 4a),
with pile wall details in Fig. 4b. To reduce computational effort, the model included four buttress
walls (BW-1 to BW-4), yielding identical displacements at INC-1 as a full model with eight walls
(BW-1 to BW-8). RC piles and the corresponding capping beam were modeled as linear-elastic solids,
while URC piles were represented using the Mohr—Coulomb (MC) model (Yue, 2024; Lelovié¢
&Vasovi¢, 2020). Piles, capping beam, and shotcrete (PW) were modeled as linear-elastic plate
elements, with aMohr-Coulomb (MC) interface between BW and PW. Soil and marl were modeled
using the Hardening Soil (HS) model (Schanz et al., 1999). Marl discontinuities were simulated as MC
interfaces spaced 1.0 m apart (Son & Park, 2014). Input parameters are given in Table 2, and a
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20.0kPa surface load was applied. In total, 10 analyses were performed: five with homogeneous marl
and five including discontinuities.
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Fig. 4 Numerical model: a) Complete 3D model, b) Details of pile wall model.

4 Back-Analysis Results and Comparison with Field Measurements

Inclinometer INC-1 recorded a maximum displacement of 7.4 mm at the pile head, confirmed by
geodetic measurements, indicating no translational movement and negligible toe displacement.
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Fig. 5 Results of numerical models and comparison to inclinometer measurements: a) Marl as a homogeneous material; b)
Marl withdiscontinuities.

Fig. Scompares numerical results with inclinometer data: Fig. 5a presents models with homogeneous
marl (A1-AS5), while Fig. 5b includes models with discontinuities (B1-B5). Both stiffness and shear
strength influence displacement magnitude, with variations in shear strength within the investigated
ranges producing the largest differences in model responses. The ranges of shear strength and stiffness
parameters are summarized in Table 3. The agreement between calculated and measured displacement
profiles was evaluated using RRMSE over the full depth profile at 1.0 m intervals, normalized by the
maximum displacement. The best agreement was obtained for model B3 (RRMSE = 7.1%), followed
by model A3 (RRMSE =9.1%).
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Table 3. Model variations and quantitative comparison of measured and predicted displacements based on RRMSE.

Model IM—-c[kPa] IM-¢/[] IM—-E [MPa] D —c [kPa] D-o[] RRMSE
Al 40 35 100 / / 39.9
A2 30 20 100 / / 82.9
A3 35 25 100 / / 9.1
A4 35 25 200 / / 15.5
A5 35 25 50 / / 56.5
Bl 40 35 100 30 30 32.7
B2 40 35 100 21 25 31.1
B3 40 35 100 12 19 7.1
B4 30 20 100 21 25 110.9
BS 30 20 100 12 19 137.6

5 Conclusion

A 3D numerical back-analysis of the excavation was performed and calibrated against inclinometer
measurements to assess the deformation behavior of the strut-free buttress pile wall. The results
showed that both shear strength and stiffness significantly influence predicted displacements. The best
agreement was obtained for model B3, which includes marl discontinuities (RRMSE = 7.1%), while
A3 was the closest homogeneous model (RRMSE = 9.1%), with a slightly less accurate profile. These
results confirm that incorporating discontinuities improves the prediction of marl behavior, making B3
the most representative parameter set. Overall, reliable prediction requires combined calibration of
strength and stiffness against field data. Despite the limitation of a single inclinometer, the RRMSE-
based comparison and consistency with observed behavior support the validity of the selected
parameters for future designs in similar conditions.
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