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Abstract. The study aims to analyze the current consolidation status of the Pliocene sediments (Brusartsi Formation) 
by a geological and geomorphological reconstruction of loading and unloading stages in the Kozloduy lowland. Based 
on that analysis the overconsolidation margin of the Pliocene bedrock is derived for three terrace levels – T6, T2, T1 
where several important nuclear facilities have been constructed and new ones are planned to be built. The elucidation 
of that matter is useful for the selection of the most adequate soil model in the analysis of deformation and long-term 
stability of the ground base in the geotechnical engineering projects.
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Introduction

The Brusartsi Formation (brN2) is widespread in 
Northwest Bulgaria. It was introduced in 1988 by 
Kojumdgieva and Popov (1988). Its thickness var-
ies from 50 to 200  m, and its age is Dacian–Ro-
manian. The Brusartsi Formation is situated close 
to the surface and consists mainly of clays with 
sand intercalations, which increase in thickness in 
the lower part of the section immediately above the 
sands of the Archar Formation. The Brusartsi sedi-
ments are embedded concordantly above the sand 
of the Archar Formation. They are covered by Qua-
ternary deposits represented by alluvium and loess 
(Evlogiev, 2019). 

In the Kozloduy area, the thickness of the 
Brusartsi Formation is 80–100  m. The upper part 

of the formation falls into the unsaturated zone, and 
the lower part – forms a common aquifer with the 
Archar Formation (Gerginov, 2017).

This study is aiming to analyze the current con-
solidation status of the Pliocene sediments by a 
geological reconstruction of loading and unloading 
stages in the Kozloduy lowland. The elucidation of 
that matter is useful for the selection of the most 
adequate soil model in the analysis of deformation 
and long-term stability of the ground base in the ge-
otechnical engineering projects. In the considered 
area several important nuclear facilities have been 
constructed such as the Kozloduy Nuclear Power 
Plant (NPP) situated on the Danube River terrace 
T1 and the National Disposal Facility (NDF) –  
a near surface repository for short-lived low- and 
intermediate-level radioactive waste (SL-LILW) at 
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Radiana site located on the terraces T2 and T6 (slope 
part) (Fig. 1a). Besides, two new nuclear units are 
planned to be constructed on terrace T1. In fact, the 
Pliocene sediments of the Brusartsi Formation play 

a role of the bedrock everywhere in the Kozloduy 
lowland.

In connection with the construction of these fa-
cilities, detailed engineering geological and geo-

Fig. 1. Schematic reconstruction of the loading and unloading stages of the Pliocene deposits (upper boundary of the Brusartsi 
Formation) in the area of the Kozloduy NPP and NDF Radiana site
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technical investigations were carried out in the 
Kozloduy area (Bojinov, Markov,19851; Petkov, 
19962; Evstatiev et al., 20033, 20094, 20115). The 
Quaternary and geomorphological settings of the 
area were comprehensively studied by Evlogiev 
(2019).

Considering the data from the engineering geo-
logical and geomorphological investigations per-
formed in the area of the NDF Radiana site and 
the Kozloduy NPP site, an analysis is made of the 
current consolidation condition of the Pliocene 
sediments by a geological reconstruction of pre-
consolidation (virgin loading) stage and unloading 
(erosional) stage in the Kozloduy lowland.

Preconsolidation (virgin loading) stage
At the end of Pliocene, the Kozloduy region was 
in the Dacian lacustrine-fluvial basin. Yellow-rusty 
clays with sand lenses (Brusartsi Formation) were 
deposited during the early Romanian.

At the beginning of the Biber (2.59  Ma), the 
weather became colder, the neotectonic activity 
was intense and the boundaries of the hydrograph-
ic basins were changed. In the Dacian basin, this 
cold weather was marked by an erosional incision. 
Gravel and gravely sand were deposited on the low-
er Romanian clay of the Brusartsi Formation under 
conditions of lacustrine-fluvial sedimentation. 

A second erosional incision occurred in the basin 
at the beginning of the Glacial Pleistocene (Günz1 
– 0.94 Ma), with a deposition of the sediments of 
the gravel-clayey layer. The second stadial of the 
Günz2 was the reason for the withdrawal of the 
lacustrine-fluvial basin to the north on the present 
Romanian territory. 

The Paleo-Danube history commenced from this 
moment further on. The terrace levels formed by the 
river and the tributary network were resulted from 
the processes emerging in strict sequence as erosion 
and alluvial, and eolian (loess) sedimentation.

1 Bojinov, B., G. Markov. 1985. Kozloduy NPP – Investigations of 
the ground base and the properties of the Pliocene clays beneath the 
foundation plate of the reactor building of Units 5 and 6. Energoproekt 
(in Bulgarian).
2 Petkov, Tz. 1996. Kozloduy NPP – Repository for dry storage of 
processed nuclear fuel. Engineering geological conditions of the site. 
Energoproekt, (in Bulgarian).
3 Evstatiev D. et al (team leader). 2003. Assessment of the geological 
conditions for long-term disposal of conditioned RAW at the site and 
the proximity of Kozloduy NPP. Contract report GI-BAS (in Bulgarian).
4 Evstatiev D. et al. (team leader). 2009. Results from the performed 
geological, geophysical, engineering geological, hydrogeological 
and hydrological investigations for ‘Confirmation of the NDF site’. 
Contract report of GI–BAS (in Bulgarian).
5 Evstatiev, D. et al. (team leader). 2011. Engineering geological and 
hydrogeological field and laboratory investigations in the plain part of 
Radiana site. Contract report of GI–BAS (in Bulgarian).

Unloading (erosinal) stage
The relief in the area of the Kozloduy NPP and 
NDF Radiana site is built on step-wise descending 
river terraces towards the Danube. All of them were 
formed by the Paleo-Danube, its origin dating back 
to 800 thousand years ago. The terrace spectra in 
the different sections of the Bulgarian Danube bank 
mark a uniform rising during Pleistocene. 

Only the terraces T6, T2, T1 and T0 are preserved 
in the region of the Radiana site. They are incised 
into the sediments of the Brusartsi Formation. Each 
terrace has the well-defined lithological and strati-
graphic features: a terrace socle is formed by an ero-
sion surface at a certain relative height; then follow 
alluvium with partial or full sedimentation cycle 
(gravels, sands, clays, soilization); the top part of 
the alluvium is characterized by a definite relative 
height; then follows loess complex of loess hori-
zons (six on T6, etc., to two – on T2 and one – on 
T1), separated by fossil soils. The dating of these 
layers has been determined on the basis of paleocli-
matic, geomorphological, lithological, stratigraphic 
and paleomagnetic investigations (Evlogiev, 2006).

Evaluation of the consolidation status  
of Brusratsi sediments
Based on the geological analysis of the loading and 
unloading stages of the deposits of Brusartsi Forma-
tion a reconstruction of the consolidation status is 
performed (Fig. 1b). 

This reconstruction allows the past effective 
preconsolidation (overburden) stress σ′c to be es-
timated with a high degree of precision (Table 1). 
Knowing the parameters of the ground layers at the 
respective geomorphological forms in the area of 
the Kozloduy NPP and NDF Radiana site the pre-
sent effective overburden stress σ′z is calculated at 
upper boundary of the Pliocene deposits. 

Then the overconsolidation ratio (OCR) and 
overconsolidation margin σ′m are derived (Table 1). 
The obtained results show that the Pliocene depos-
its could be classified as heavily overconsolidated 
soils. From the practical point of view, the value 
of the overconsolidation margin σ′m shows that as 
long as the total effective stress (including the ad-
ditional load) remains below this value (column 5 
of Table  1), the Pliocene deposits will be reason-
ably stiff, but beyond this value the behaviour will 
be much softer.

It means that if the Hardening Soil model (Schanz 
et al., 1999; Benz, 2007) is applied for simulation of 
soil behaviour, for example by PLAXIS geotechni-
cal analysis software, unload-reload stiffness modu-
lus of deformation Eur, determined by drained triaxi-
al test shall be used in the range of the total effective 
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stress up to σ′m. Eur is much higher than the secant 
loading modulus E50 (corresponding to 50% of the 
failure strain) and the oedometer modulus Eoed. For 
various soil types as average values Eur ≈ 3E50 and 
Eoed ≈ E50 are suggested by PLAXIS (2019).

Conclusions
Based on the geological and geomorphological 
analysis of the loading and unloading stages of the 
deposits of the Brusartsi Formation a reconstruction 
of the consolidation status is performed and the past 
effective preconsolidation (overburden) stress σ′c is 
estimated. The obtained OCR values show that the 
Pliocene deposits are heavily overconsolidated soils. 
The overconsolidation margin σ′m of the Pliocene 
bedrock is derived for three terrace levels – T6, T2, T1 
where several important nuclear facilities have been 
constructed and new ones are planned to be built. The 
elucidation of that matter is useful for the selection of 
the most adequate soil model in the analysis of defor-
mation and long-term stability of the ground base in 
the geotechnical engineering projects.
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Table 1. OCR and overconsolidation margin σ′m of the Pliocene deposits (at the upper boundary of the Brusartsi Formation) in the 
respective geomorphological forms 

Geomorphological form
Past effective precon-

solidation vertical stress, 
σ′c [MPa]

Present effective overbur-
den vertical stress,  

σ′z [MPa]
OCR

Overconsolidation 
margin,  

σ′m [MPa]

1 2 3 4 5

Terrace T1 – Kozloduy NPP site 2.22 0.38 5.8 1.84

Terrace T2 – NDF Radiana site plain part 2.08 0.35 5.9 1.73

Terrace T6 – NDF Radiana site slope 
part 1.55 0.66 2.4 0.89
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