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SEISMIC EXPLORATION FOR DEFINING SLOPE STABILITY IN THE BANSKO LATE
ANTIQUE SPA IN THE REPUBLIC OF NORTH MACEDONIA

Blagica Doneva, Marjan Delipetrev, Gorgi Dimov

University of Gotse Delchev, Faculty of Natural and Technical Sciences, 2000 Shtip, Macedonia, blagica.doneva@ugd.edu.mk

ABSTRACT. The Bansko late antique thermal spa is located in the south-eastern part of the Republic of North Macedonia, ten kilometres southeast of the city of
Strumitsa. The Bansko archaeological site covers an area of about 1500 m2, and the immediate vicinity of the site, which was the subject of research in terms of defining
slope stability on its southwest side, covers an area of about 2 ha.

Within the research of the exploration area, appropriate geological and geophysical researches were performed in order to define the slope stability.

Geophysical seismic surveys are planned and performed in accordance with the geological conditions of the location, as well as the methodology of the combined
seismic surveys. Seismic refractive and reflective surveys have been applied to define geomechanical parameters based on the fact that fragmented rock structures
tend to absorb seismic energy which ultimately results in a reduction in registered seismic velocities.

The seismic refraction method is applied in order to separate the surface earthen formations (based on the small values of the seismic propagation velocities) in the
slope above the Roman bath which can be destabilised by further excavation and urbanisation of the area, while the method of reflection is applied for a more detailed
limitation of the lime creations on the terrain, as well as for understanding the local tectonics that caused their occurrence.

Key words: spa, seismic, reflection, refraction, slope stability.

CEM3MWUYHM NPOYYBAHUA 3A ONPEAENAHE CTABMITHOCTTA HA CKATA NMPU KbCHOAHTUYHUA
TEPMANEH KOMMNEKC ,,6AHCKO” B PEMYBJIMKA CEBEPHA MAKELLOHUA
b. flonesa, M. lenunempes, I'. Jumoe

PE3IOME. KbCHOaHTUYHWST TepManeH KoMnnekc ,baHcko” ce Hamupa B torousTouHaTa yacT Ha Penybnvka CeBepHa MakegoHus, Ha AeceT KUMoMETpa Krou3To4uHO
o1 rp. Ctpymuua. Apxeonorndeckusit 0bekt ,baHcko” obxsala nnowy ot okono 1500 M2, a HemocpenCcTBeHaTa OKOMHOCT Ha 0BekTa, KOsITO € Ouna npegmeT Ha
npoy4BaHe Mo OTHOLLEHWE Ha OnpefensiHe Ha CTabUNHOCTTa Ha ckaTa OT torosanagHaTta My CTpaHa, MokpyBa nroLL OT OKOso 2 Xa.

B pamkute Ha nmpoydBaHeTo, 3a Aa Ce Onpedenu CTabunHocTTa Ha ckaTa B 30HaTa Ha uacrneaBaHe, 6sixa M3BBPLUEHU CHOTBETHUTE FEONOXKKM U reo(uUanyHi
npoyYBaHus.

[eodmanyHNTE CEeM3MMYHIN KapTUPaHUS CE NMaHUPaT M U3BBLPLLBAT B CbOTBETCTBME C FEONOKKITE YCIIOBUS Ha MACTOTO, KaKTO M C METOAONOrMSITa Ha CbyeTaHuTe
CeN3MUYHM NPoyyYBaHNS. 3a OnpeaensHe Ha reoMexaHYHNTe NapameTp ca NPUNOXEHN CEU3MUYHM pedpaKLIMOHHM 1 0TPa3ABALLM M3CTIEABAHNS, OCHOBaHU Ha chakTa,
Ye (hparMeHTUpaHuTE CKarHW CTPYKTYpK ca CKITOHHM Aa abcopbupaT cenammnyHa eHepriis, KOeTo B kpaitHa cMeTka BOAV [0 HamMansiBaHe Ha PerncTpupaHuTe CeN3MnIH1
CKOpOCTH!.

MeToabT Ha cemammyHa pedpakuns ce npunara, 3a Aa Ce OTAENAT NOBbPXHOCTHUTE 3eMHM 0bpasyBaHWs (Bb3 OCHOBA Ha MarkuTe CTOMHOCTW Ha CKOPOCTUTE Ha
CEU3MUYHO Pa3npOCTPaHEHUE) B CKITOHA Haa pUMCKMTe 6aHw, KOITO MoXe Aa bbae AecTabunmuanpaH Ypes no-HataTbLUHW Pa3Konku 1 ypbaHW3aLms Ha panioHa, [okaTo
MeTOAbT Ha OTpa3ssBaHe ce npunara 3a no-noapobHO orpaHuyaBaHe Ha kapboHaTHWUTE 0bpasyBaHWs MO TEpeHa, KakTo U 3a pa3bupaHe Ha MecTHaTa TEKTOHMKA,
NPUYMHANE TSXHOTO Bb3HWKBAHE.

KniouoBu AYMU: MUHEpaneH KOMNnekc, CeM3MUYeH, OTpaxeHue, peq)pakuvm, CTabunHOCT Ha ckarta.

Introduction transmitted to the seismic apparatus. The seismograms record
the time of arrival of the elastic wave, as well as the moment of
excitation of the ground. Based on the seismograms, diagrams
are constructed that determine the dependence between the
distance of the geophone from the point of excitation, as well as
the time of arrival of the seismic oscillations to each geophone
placed. Such diagrams are also called hodochrones.

The refractive seismic method successfully determines
horizontal, vertical, and steep boundary surfaces, provided that
the propagation velocity of the elastic waves in every deeper
layer is higher than the velocity in the previous one. However,
when this condition is not met, or in cases when the differences
in the elastic properties of the media are not sufficiently

The refractive seismic method studies the propagation of
elastic waves that are refracted at boundary surfaces. The
refractive method is performed by placing geophones from the
source of the elastic waves along the measuring profile line at a
certain distance. Geophones are connected by cables to the
seismic apparatus. At the moment when the seismic waves hit
a boundary area that separates two different elastic media, they
are refracted and, as such, the feedback signals are registered.
The geophones placed on the surface of the ground convert the
mechanical oscillations into electrical impulses that are
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pronounced and when the boundary surfaces are located at
great depths, the application of the refractive method is
ineffective. Due to the fact that the length of the refractive
seismic profiles should be 3 to 5 times longer than the depth at
which the boundary surface is located, seismic examinations are
significantly more difficult for several reasons:

o When the length of the test profile is large, more
explosives must be used to excite the ground;

o When using more explosives, the hole wherein they are
placed should have a greater depth, which significantly
complicates the operation procedure;

e Using more explosives significantly increases the
possibility of damage to the surrounding buildings.

For these reasons, since 1929, the reflective method has
been used instead of the refractive one in certain seismic
examinations.

Seismic exploration

The late antique thermal spa is located in the south-eastern
part of the Republic of North Macedonia, ten kilometers south-
east of the town of Strumitsa.

The area where the archeological site is located,
orographically resembles the northern slopes of the Belasitsa
Mountain which has a general extension east-west.

In a tectonic sense, the archeological site - the Bansko late
antique thermal spa - belongs to the Serbian-Macedonian
massif and is located near the western border with the Vardar
zone. More specifically, this locality is situated on the southern
edge of the Strumitsa ridge towards the Belasitsa horst. Namely,
this part of the territory of Macedonia is a relatively depressed
block (the Strumitsa graben), between the relatively raised
blocks of Belasitsa Horst on the south side and Ograzhden
batholite (Horst) on the north side.

The geological structure of the research area is represented
by rocks from the Old Paleozoic, the Neogene, and the
Quaternary. The Old Paleozoic rocks are represented by
granite-gneiss; the Neogene, which gradually turns into a
Quaternary, is represented by sands and clays and calcareous
sediments, and the Quaternary is represented by proluvial
deposits (Fig. 1).
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Fig. 1. Geological map of the investigated terrain

The method of seismic refraction is applied in order to
separate the surface earthen formations (based on the small
values of seismic propagation velocities) in the slope above the
so called Roman bath which can be destabilised by further
excavation and urbanisation of the space, while the method of
shallow reflection is applied for more detailed limitation of
calcareous deposits in the area, as well as understanding the
local tectonics that caused their occurrence.

Refractive surveys were performed on four measuring profiles
with a length of 180 m (RP - 1) and 100 m (RP -2, RP - 3, RP -
4) with excitation of seismic waves every 25 m. The total seismic
profile length is 480 m. These researches cover a depth of the
terrain from 20 to 30 m below the surface, i.e. the thickness of
the Quaternary sediments (which can form a landslide body)
and the surface parts of the granite-gneiss bedrock are
completely covered. The values of the seismic velocities of the
elastic longitudinal P and transverse S waves (V, and Vs) are
measured with these explorations.

Refractive profiles are made longitudinally and transversely
on the slope above the Roman bath. The same completely
covers the slope - from the appearance of granite-gneiss at the
top to the foot, i.e. the facilities of the Tsar Samoil hotel. The
spatial layout and length of the reflective and refractive seismic
profile lines are shown on the geological map of the survey area
in Figure 2:
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Fig. 2. Spatial map of the seismic explorations performed

The measurements were performed with a 12-channel Atlas
Copco ABEM - Terraloc seismic system, a Swedish production,
and the processing and interpretation of the measurement data
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was performed using the Vesna and REFLEXW computer
programs.

Analytical processing and interpretation of refractive
surveys obtained the values of seismic Vp and Vs velocities of
the represented geological environments that are used for the
following:

- Interpretation of reflective seismic surveys;

- Determination of the elastic boundaries between

individual geological environments;

- Determination of the dynamic values of the elastic
modules and coefficients of the members of the landslide
body and the boundary geological environments, based
on the relations from the theory of elasticity;

- Assessment of the values of the physico-mechanical
characteristics of the materials of the geological
environments on which the stability of the slope depends,
based on the values of the seismic velocities and the
dynamic modules and coefficients.

The following equations are used to determine the values of

the elastic parameters through the propagation velocities of the
elastic waves through them:

+ Poisson’s coefficient - p = (> — Vi?)/2(V? — V%)

« Elasticity module - E = 2(1 + w)G

» Shearing module - G = V;2p

* Volume module - K = E/3(1 — 2p)

To evaluate the values of the physico-mechanical

characteristics, the following empirical correlation equations
were used, obtained for similar materials for:

* Volume weight
y = 7,15V,>1%® _for Quaternary rocks
¥ = 7,35V,21%® _for granite - gneiss
« Statical elasticity module
E,; = 8.25E126 x 1073 - for Quaternary rocks

Eg = (170/340);23 for granite - gneiss
(disintegrated / compact)
 Deformation module
E; = (0.4/0.7)E,; - for Quarternary rocks
Eq = (50/95)V277 for granite - gneiss

(disintegrated / compact)

* Axial stiffness (strength) of pressure
o, = 0.1455(1 — 2p)Vy /(1 — )

» Strength parameters - angle of internal friction and

cohesion

o = (3,27/3,38)V,>*and c = 0 - for Quaternary
rocks
@ = 23.50,*and ¢ = (0.6/2.32)p* x 1077 - for
granite - gneiss (disintegrated / compact)

In the above expressions, the values are presented in the
following units of measure: Vs in m/s, Vp in km/s, y in kN/m?,
and Est, Ed, op, and ¢ in MPa. It should be noted that the values
estimated by the given correlation equations are mean and
approximate and can be used for parametric analyzes.

Results of refractive investigations

By interpreting seismic data from refractive surveys, the
following are determined:
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o The values of the seismic Vp and Vs velocities of the
surface Quaternary proluvial formations on the slope
above the Roman bath and the basic granite-gneiss
rocks;

o Elastic boundaries between Quaternary proluvial
formations and calcareous tuffs with basic granite-
gneiss rocks.

The results obtained from the refractive research are
presented in Figures 3 - 6.

The refractive profiles RP - 1 and RP - 2 are performed in
parallel approximately along the contour lines 282 - 283 and 274
- 276 on the slope above the Roman bath and with them are
determined proluvial and calcareous structures with a thickness
of 5 to 15 m. Or, these formations are found on the elevation
between 268 and 273 and are cut with two faults (R1 and R2) at
a distance of about 60-65 m. The second fault passes through
the microlocation of the bath.

The refractive profiles RP - 3 and RP - 4 are made
perpendicular to the slope, also parallel on the distance of about
35-40 m. With these profiles are ascertained the Quaternary
proluvial and calcareous formations and the basic granite-
gneisses. The maximum thickness of the proluvial creations (15-
20 m) is found at about 50 to 60 m above the Roman bath. Also,
with these profile lines, two parallel faults were ascertained at a
mutual distance of about 55 m - the first near the bath (R - 3)
and the second (R - 4) which follows the path above the bath.
The R-4 fault is registered with a wider zone and it probably
corresponds to the regional Belasitsa fault.

Based on the data interpreted from the refraction profiles, it
can be concluded that the values of the seismic velocities of the
Quaternary structures found in the slope structure and the basic
granite - gneisses amount to:
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Fig. 3. Seismic refractive profile RP-1 with interpretation
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Fig. 4. Seismic refraction profile RP-2 with interpretation
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Fig. 5. Seismic refraction profile RP-3 with interpretation
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Fig. 6. Seismic reflective profile RP-4 with interpretation

Old Paleozoic granite - gneisses:
Mechanically crushed and cracked granite - gneisses,
relatively compact (y),

V, =3960m/s

V; = 1840 m/s
Tectonically damaged and disintegrated blocks of
granite - gneisses (y) on depth >20 m

V, = 1950 — 3250 m/s
V, =880 — 1600 m/s
Proluvial creations (pr), consisting of various granular

sands, gravels and individual pieces with thin layers of
sandy slope clays, with a thickness of 5-20 m and

V, =250-900m/s

V; =110 — 400 m/s
Calcareous tuffs with thin layers of proluvial creations
(B), with a depth of 5-20 m and

V, = 1040 — 2340 m/s
V, =480 — 1150 m/s.

Based on the values of the seismic velocities, the the

proluvial formations are conditionally unstable; they are
characterised by reduced values of the seismic velocities 1, <
800 m/s andV; < 350 m/s. Their greater presence (with a
thickness of 10-20 m) is determined in the zone of faults (along
the length and above the existing path) above the Roman Bath
and on the west side towards the Turkish Bath. Today's stability
of the slope (above the Roman bath) is preserved due to the
presence of the calcareous tuffs on the surface.
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Based on the values of seismic velocities and with the help
of the equations presented above, the values of the elastic and
mechanical characteristics of the materials in the separated
geological environments are estimated. The approximate values
of the seismic velocities and the elastic mechanical properties
are given in Table 1:

Table 1. Border values for the seismic velocities of the elastic —
mechanical characteristics of the geological environments

! . Calcareous | Granite-gneiss- | Granite-gneiss
%ﬁm ﬂ@iﬁf;ﬂm fuff disintegrated - mechanically
(8) {r) damaged (¥}
Deoin H (m) 720 5_0 20 220
Se'sm‘irﬁi?c'ww 20-900 | 1040-2340 | 1950-3250 3960
SeBMCVSOCYNS | 0 app | aso-t150 | ss0-1600 1840
(rnis)
Valume weight y
15-20 20-23 23-2% 7
(Kbym3)
Poisson coeficent i | 030- 0370 | 035-0340 | 0370-0340 0.360
Blastily modueEsn | oy ey | yoap-ga00 | 5000~ 18000 25000
(MPa)
SteamrgmodueGan | oy sy | a70-3100 | 1800-6800 €300
(MPa)
Volume modde gy | e a7 | 1600-8560 | 6400- 19000 20000
(MPa)
Static elasticity module
et 140 | &0-1200 | 800-500 8200
Deformation module
E P 05-2%5 | 25-300 300- 2500 4000
Pressure strength
i 01-2 3-20 10-30 )
g ”“;I?:;m' T s | n-w 40-50 550
Cohesion ¢ [MPa) 00 10-05 06-20 320

Conclusion

From the conducted research and obtained data
from the seismic refraction measurements, the
following can be concluded:

- In a tectonic sense, the archeological site of the
Bansko late antique thermal spa belongs to the
Serbian-Macedonian massif and is located near the
western border with the Vardar zone;

- The method of seismic refraction is applied in
order to separate the surface earthen formations in
the slope above the so called Roman bath which can
be destabilised by further excavation and
urbanisation of the area;

- Refractive surveys have been performed on four
measuring profiles with a length of 180 m (RP - 1) and
100 m (RP - 2, RP - 3, RP - 4) with excitation of
seismic waves every 25 m;
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- By interpreting seismic data from refractive surveys the
following are determined:

o The values of the seismic Vp and Vs velocities of the
surface Quaternary proluvial formations on the slope
above the Roman bath and the basic granite-gneiss
rocks;

e Elastic boundaries between Quaternary proluvial
formations and calcareous tuffs with basic granite-
gneiss rocks.

- Based on the data interpreted from the refraction
profiles, it can be concluded that the values of the
seismic velocities of amount to:

- Old Paleozoic granite-gneisses:

V, =3960m /s
V; =1840m/s

- Tectonically damaged and disintegrated blocks of
granite-gneisses on a depth > 20 m
V, =1950 — 3250 m/s
V, = 880 — 1600 m/s

- Proluvial creations (pr)

V, =250 -900m/s
V; =110 — 400 m/s

- Calcareous tuffs
V, = 1040 — 2340 m/s
V; =480 — 1150 m/s

- Based on the values of the seismic velocities, the
conditionally unstable formations are the proluvial
formations which are characterised by reduced
values of the seismic velocities 1, < 800 m/s and

V., <350 m/s.
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