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Abstract

The ancient subterranean cities are a set of interconnected spaces traditionally excavated into soil or
rock, and are of cultural value thanks to their age. Studying their stability and state of preservation is
thus crucial. The purpose of this research was to investigate the stability of the underground city of
Noushabad, one of the world’s largest ancient cities and one of Iran’s famous tourist attractions. For
this purpose, in the first stage, samples were obtained for laboratory tests to determine the type of
material into which the spaces were cut, and its geotechnical characteristics and mechanical behavior.
In the second stage, a finite element numerical analysis with Plaxis2D software was used to model
parts of the accessible spaces at the site (three cross-sections along the main corridor) so as to enable
a static analysis of stress-displacement. Finally, the safety factor was figured out. The laboratory
results of this study indicated the soil in the underground city to be of an inorganic clay type with
pasty properties. Also, the modeling results showed that while the increase in the cross-sectional area
of the excavation caused a decrease in the safety factor and an increase in the values of stress and
displacement around the excavation, due to the very low values of the displacement of the
excavations (in the range of a few millimeters) and a safety factor greater than 1, based on the current
state of preservation of the main corridors, the site has relatively good stability. Paying attention to
the findings of this research will be an effective step in ensuring the safety of visitors to this place
and the region’s sustainable development.
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Introduction

Underground spaces have existed since remote antiquity. Today, such spaces represent an
indicator of development and one of the most effective ways of interacting with the
environment when designing and building infrastructure for modern societies. Therefore,
predicting the strength behavior and deformability and evaluating their stability is a subject of
utmost importance in underground space engineering.

Subterranean cities, consisting of a network of interconnected underground spaces, have been
widely used since the distant past for residential purposes but also as a safe haven in times of
danger, and in other words, illustrate a unique example of passive defense structures. Most of
these cities are artificial structures cut deep into soils or rocks under preexistent urban areas.
Today, these underground spaces are considered cultural heritages because of their age, so
most of them are UNESCO World Heritage Sites. As a long time has passed since the creation
of these structures, studying their stability with an eye to preserve and maintain them and
ensure the safety of visitors is vital [1].

As an ancient and prominent civilization in the world, Iran is home to many examples of this
underground architectural monuments with an extended history [2]. The man-made
underground spaces of Noushabad, Aran va Bidgol [3], Saman, Malayer [4], Kariz, Kish [5],
Meymand, Kerman [6], and Kandovan, Tabriz [7] are the most conspicuous examples of related
structures. A review of the literature shows that extensive investigations have covered the
underground city of Cappadocia in Turkey to evaluate its short- and long-term stability [8-14],
and the same is true of other localities of Turkey, among them being Zelve [15-16], Derinkuyu
[17], GUmUgler [18], Tatlarin [19-20], and Afyon-Kutahya [21]. Such stability analyses with
numerical methods have likewise been performed at Wieliczka of Poland [22-23] and Marsala
of Italy [24].

This paper aims to investigate the stability of the Noushabad underground city (Fig. 1), known
as Ouyl, as one of the world’s largest artificial ancient underground spaces and one of Iran’s
famous tourist centers. Located in the environs of the Aran va Bidgol city of Isfahan province,
it represents a notable piece of ancient architecture. The main reason for the establishment of
this subterranean city was typically the region’s insecurity in the past. Exposed to frequent
raids, the local populations formed an underground chain of passages beneath the entire city,
where they could take refuge during such occasions.

Fig. 1. The entrance (left) and a part of the main corridors (right) of the Noushabad underground city

Materials and Methods

For stability analysis of the Noushabad underground city, in the first stage, standard laboratory tests
were catried on the obtained samples from the matrix content. It was found to be of clay type, and
its geotechnical properties were calculated (Table 1).
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Table 1. Mechanical properties of soil at the Noushabad underground city

Parameters Unit value
Dry density KN/m? 16.6
Saturated density KN/m3 18.8
Modulus of elasticity KPa 55500
Friction angle Degree 33
Cohesion KPa 21
Poisson’s ratio - 0.3
Uniaxial compressive strength (UCS) KPa 161.8

In the second step, a numerical finite element approach using Plaxis 2D software was applied to
perform a static stress-displacement analysis through modeling parts of the site (three transverse
sections along the main corridor) (Fig. 2). And finally, the safety factor was determined. Figure 3
shows the plans of the Noushabad underground city along with the locations of three selected
sections and the points from which soil samples were obtained on the second level.

1,88 m

(c) Section 3

Fig. 2. Corridors of the Noushabad underground city (righ?) and their shapes and geometric characteristics (/f) in the three
selected sections
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Fig. 3. Plan of the Noushabad underground city showing the locations of the three selected sections and soil sampling points
on the second level.

Results

In Fig. 4, contours show the values of horizontal and vertical displacements obtained around the
excavation at the three sections. Comparing the results shows that in all investigated sections, the
amount of displacement in the excavation walls (in the horizontal direction) is higher than that
estimated for the roof of the excavation (in the vertical direction). This is due to the fact that in
structures close to the land surface, the amount of horizontal stress is usually higher than the vertical
one. Therefore, in our case, the amount of horizontal displacement will be higher than the vertical
displacement.

Discussion

In engineering, the safety factor (SF), also known as a factor of safety (FoS), indicates the stability of
a structure against applied loads. Usually, if this value is more significant than 1, the structure will be
stable, and of course, the higher the value, the more stable the structure will be. In this research, the
reducing cohesion-friction angle (Phi-c) approach was used to determine the safety factor. In this
method, soil strength parameters (cohesion and friction angle) are reduced automatically and
successively until the failure occurs in the structure, and at the end of the process, the safety factor is
calculated. In Table 2, the safety factors obtained for the three studied sections are given along with
the values for maximum horizontal, vertical and total displacement, and maximum principal stress.
Obviously, the safety factor is greater than 1 in all the entire sections, so all of them are stable. In this
case, the safety factor decreases with the increase of the excavation’s cross-sectional area.
Accordingly, Section 2, with the largest cross-sectional area, has the lowest safety factor, while Section
3, with the smallest cross-sectional area, exhibits the highest safety factor.

Conclusions

Among the available methods for evaluating the stability of underground spaces, numerical methods can
take into account all regional conditions through structural modeling and stress-displacement analysis of the
surrounding areas. The results of this study show that although increasing the cross-sectional area of the
excavation at the Noushabad underground city has caused a reduced the safety factor and increased amount
of stress and displacement around the excavation, given the very small amounts of displacement (a few
millimeters) and the safety factor of greater than 1, the main corridors are currently relatively stable. In this
case, increasing the cross-section and depth of the space will increase the amount of stress and displacement
and decrease the safety factor. The findings of this study can be a practical step towards ensuring the safety
of visitors to the site and the sustainable development of the local community.
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Fig. 4. Displacements around the excavation in the vertical (rjgh?) and horizontal (/f?) directions in the three
selected sections
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Table 2. Values of safety factor and maximum displacement and principal stress around the excavation in the three studied

sections
Geometric chara‘cterlstlcs of Maximum displacement (mm) Maximum Sufe
Sections cxcavation principal stress factg
Width (m) Height (m) Horizontal Vertical Total (KPa)
1.12 1.88 12.07 8.96 12.85 421.6 1.85
2.1 1.97 16.06 15.66 16.24 499.24 1.764
0.8 1.88 10 7.82 10.02 4977 1.875
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Fig. 2: The entrance (left side) and a part of the main corridors (right side) of the Noushabad underground city
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Fig. 3: Plan map of the Noushabad underground city along with the location of three selected sections and the soil sample
collection on the second level
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Table 1. Mechanical parameters of soil obtained in the Noushabad underground city

Parameters Unit value
Dry density KN/m3 16.6
Saturated density KN/m? 18.8
Modulus of elasticity KPa 55500
Friction angle Degree 33
Cohesion KPa 21
Poisson's ratio - 0.3
Uniaxial compressive strength (UCS) KPa 161.8
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Fig. 4: Mapping and drawing the two-dimensional sections of the corridors using the metering method (Section number
1, 2 and 3 from left to right, respectively)
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Fig. 5: Pictures of the corridors of the Noushabad underground city (right side) and its shape and geometric
characteristics (left side) in three selected sections
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Table 2. Values of safety factor and maximum displacement and principal stress around the excavation in three studied sections

Geometric chara.ctensth of Maximum displacement (mm) Maximum Safet
Sections cexcavation principal stress facto}r,
Width (m) Height (m) | Horizontal Vertical Total (KPa)
1 1.12 1.88 12.07 8.96 12.85 421.6 1.85
2 2.1 1.97 16.06 15.66 16.24 499.24 1.764
3 0.8 1.88 10 7.82 10.02 4977 1.875
3 . T . ’ . .o — .

@ 9 3980 sl (odae gy oll 2 g pod Al e
bab- i Lbs Plxis2D ey S
gaw b Geeing e nl (el slagpal) ) ot
St ool a5 plool il alaio
lal ol & 4l s 4 a0 oo (L5 05 plos]
sl yio oo K> do pd baay yas bl Badbduwle
J adlae 3)90 gbolie )3 5530 (slagyal) p3b Jb 5

Sy w9 ol o (lgh opl (Lol Ban
gt SUGbs Aein Ad i S
20 glate (sl Sl MSEwd (o) j slalias
9y SESg5 sbagilojl pbul b (gl sy
S ol )by caalllas 350 dalaio I oabuily p (sladiges
o) @l ol 038 st 03,5 0 B SlSn
390 dilaie pdlae iz o 00> Gl g3y jl i

IFoluL'Lum_jgj,HL_.gs[ogboJLwihpLiudem | Kl



gk . .
wuwh R liwl s g ju swolilad g3

i) Bobie 2 (mdge Giluyluly g be J5S 4
plie il (gl 305 oo dlpgudi cyskaie cp )l Lo
B8 ceal b gloy S pBS g S
33,5 plosl Jlo Job )3 (weinj slaliad (ool
w25 g W dop 38 Ol L ey pn B
Ol (Peid Al & de g b eopen )5 (S5l
Cuwd )3 jo5 e (njp) e Swoled 5l Jelos

20,5 salgs &) ol 3 4l zols oS Cal ooy

References

[1] Cakir, O., Evren, S., Téren, E., &
Kozak, N. (2018), "Utilizing the
sustainable livelihoods approach to
evaluate tourism development from
the rural host communities” point of
view: The case of Cappadocia
(Turkey)." GeoJournal of Tourism
and Geosites, 21(1), 7-25.

[2] Montazerolhodjah, M., Poutjafar, M.,
& Taghvaee, A. (2015), "Utban
underground  development  an
overview of historical underground
ciies in Iran." Iran University of
Science and Technology, 25(1), 53-60.

[3] Salehi, M., Abdolhoseyni, J., &
Armaghani, A. (20106), "Investigation
of underground architecture of Ouyi
city (Noushabad)." In the first
national conference of architectural
and wurban planning approaches
ahead, Kermanshah, Iran. (In
Persian).

[4] Mohamadifar, Y., hemati Azandaryai,
E., Khaksar, A., & Fooruzanfar, F.
(2015), "A Study on the Subterranean
Burials of the Samen (Malayer) rocky
Architectural Complex." Journal of
archaeological studies, 7(2), 117-129.
(In Persian).

[5] Shariatmadari, N., & Fazelian, A. F.
(2008), "Investigating the stability of
underground spaces in the Kish karez
project. In  3rd  International
Conference on Geotechnical
Engineering and Soil Mechanics."
Iranian Geotechnical Society. Tehran.

[6] Hashemi, M., Basmenj, A. K, &
Banikheir, M. (2018), "Engineeting

o | 10| gyliwo g jub (g 6 louk iy Jlw

LS az e 50,55 5 (agllas bd (gl
il 0l o] 51 oo e s 15
I fid oy 2y90 ol &S ) (sl 598
290 (woip SBlad (o)lul p (L &S cul S
A3 o i 35 s SLbl Sy Lo
Blgsd Aanms bl )3 (55l Cumdg (IS ooty &

P bl cppin bl ol e e
Gble cpl 1V ! ool dg>ody dyyis 5 (gladdsS

geological and  geoenvironmental
evaluation of UNESCO World
Heritage Site of Meymand rock-hewn
village, Iran." Environmental earth
sciences, 77(1), 3.

[7] Kaljahi, E. A., & Birami, F. A. (2015),
"Engineering geological properties of
the pyroclastic cone-shaped rocky
houses of Kandovan, Iran." Bulletin
of Engineering Geology and the
Environment, 74(3), 959-969.

[8] Ulusay, R., Akagi, T., Ito, T, Seiki, T,
Yuzet, E., & Aydan, O. (1999), "Long
term mechanical characteristics of
Cappadocia tff." In 9th ISRM
Congress. International Society for
Rock  Mechanics and  Rock
Engineering. OnePetro.

9] Aydan, O., & Ulusay, R. (2003),
"Geotechnical and geoenvironmental
characteristics of man-made
underground structures in
Cappadocia, Turkey." Engineering
Geology, 69(3-4), 245-272.

[10] Ulusay, R., Aydan, O., Genis, M., &
Tano, H. (2011), "The stability of an
underground congress center in soft
tuffs through an integrated in-situ
monitoring, experimental, analytical
and numerical methods (Cappadocia,
Tutkey)." In 12th ISRM Congtess.
International  Society for Rock
Mechanics and Rock Engineering.

[11] Aydan, O., & Ulusay, R. (2016),
"Rock engineering evaluation of
antique rock structures in Cappadocia
Region of Tutkey. In ISRM



sl SIS o j g j slabias 5 )lsub Jul=i \_szwutu«b

International Symposium-EUROCK
2016." International Society for Rock
Mechanics and Rock Engineeting.

[12] Matsubara, H., & Aydan, O. (2016),
"The effect of biological degradation
of tuffs of Cappadocia, Tutkey." In
ISRM  International =~ Symposium-
EUROCK  2016. International
Society for Rock Mechanics and Rock
Engineering.

[13] Ito, T., Akagi, T., Aydan, O., Ulusay,
R, & Seiki, T. (2016), "Time-
dependent properties of tuffs of
Cappadocia, Turkey." In ISRM
International Symposium-EUROCK
2016. International Society for Rock
Mechanics and Rock Engineering,

[14] Tano, H., Aydan, O., Ulusay, R., &
Tanaka, T. (20106), "Geomechanical
investigations and  pioneering
monitoring attempts in Cappadocia,
Tutkey." In ISRM International
Symposium-EUROCK 2016.
International  Society for Rock
Mechanics and Rock Engineering.

[15] Ito, T., Aydan, O., Ulusay, R, &
Kasmer, O. (2008), "Creep
characteristics of tuff in the vicinity of
Zelve  antique  settlement  in
Cappadocia Region of Turkey." In
ISRM International Symposium, 5th
Asian Rock Mechanics Symposium.
International ~ Society for Rock
Mechanics and Rock Engineering.

[16] Kasmer, O., Ulusay, R., & Genis, M.
(2013), "Assessments on the stability
of natural slopes prone to toe erosion,
and man-made historical semi-
underground openings carved in soft
tuffs at Zelve Open-Air Museum
(Cappadocia, Turkey)." Engineeting
geology, 158, 135-158.

[17] Aydan, O., & Ulusay, R. (2013),
"Geomechanical ~ evaluation — of
Derinkuyu antique underground city
and its implications in
geoengineering."  Rock mechanics
and rock engineering, 46(4), 731-754.

[18] Korkanc, M., Tugrul, A., Savran, A.,
& Ozgur, F. Z. (2015), "Structural—
geological problems in Gumdusler
archeological site and monastery."
Environmental Earth Sciences, 73(8),
4525-4540.

[19] Dincer, 1., Orhan, A., Frattini, P., &
Crosta, G. B. (2015), "Rock mass
instabilities in Tatlarin Underground
City  (Cappadocia-Tutkey)." In
Engineering Geology for Society and
Territory-Volume 8 (pp. 361-365).
Springer, Cham.

[20] Dincer, 1., Orhan, A., Frattini, P., &
Crosta, G. B. (2016), "Rockfall at the
heritage  site of the Tatlarin
Underground  City  (Cappadocia,
Tutkey)." Natural Hazards, 82(2),
1075-1098.

[21] Aydan, O., & Kumsar, H. (2016), "A
geoengineering evaluation of antique
underground rock settlements in Frig
(Phrygian) Valley in the Afyon-
Kiitahya region of Turkey." In ISRM
International Symposium-EUROCK
2016. International Society for Rock
Mechanics and Rock Engineering.

[22] Perski, Z., Hanssen, R., Wojcik, A., &
Wojciechowski, T. (2009), "InSAR
analyses of terrain deformation near
the Wieliczka Salt Mine, Poland."
Engineering Geology, 106(1-2), 58-
67.

[23] Cala, M., Stopkowicz, A., Kowalski,
M., Blajer, M., Cyran, K., & D’obyrn,
K. (2016), "Stability analysis of
underground mining openings with
complex geometry." Studia
Geotechnica et Mechanica, 38(1), 25-
32.

[24] Margherita, Z., Claudio, C., Laura, E.,
& Alessandra, N. (2018), "A risk
assessment proposal for underground
cavities in Hard Soils-Soft Rocks."
International ~ journal of  rock
mechanics and mining sciences, 103,
43-54.

10 yliwoj g jub (g 6 jloud cpitfas Jlw | 34



	17-24 M. Khodaei
	35-46 مجيد نوريان بيدگلي

