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ABSTRACT

The article approaches the situation of Prague cinemas in the second half of the 20" century
from the end ofthe Second World War to the Velvet Revolution within the socio-historical
background from the point of view of an architect and a cinephile. The entire text is arranged
chronologically in four paragraphs reflecting the contemporary political and social situation. It
approximates the post-war period full of ideological ideals, when the construction of a dense network
of cinemas became a key element of national renewal, not only in large cities but also in the regions.
The following decade brought a paradigmatic shift, when local single-screen cinemas gave way
to large cultural houses with multifunctional use (film, theatre, gallery, restaurant, sports facilities,
etc.). It deals with the socially relaxed sixties, reflecting the synergy of various artistic disciplines,
thanks to which Czechoslovakia presented to the world new artistic disciplines based precisely
on film projection — “polyekran” (polyscreen) and “laterna magika” (a combination of projection and
performance with live actors). The imaginary culmination of the new wave period was the opening
of the luxury cinema 64 U Hradeb, which is given more attention in the text below. Furthermore,
the text outlines the situation of cinemas in large Prague housing estates and deals with Czech
brutalism in the context of foreign architecture and with the only brutalist cinema still operating today
— the Dlabagov cinema. The final part of this article gives a brief overview of the total number
of cinemas established in this period in the territory of Prague and a comparison with other
European metropolises with a similar socio-cultural background. The research has the ambition
to understand and approach how to integrate valuable cinema buildings on the territory of Prague
into  thedaily life of contemporary Prague residents through  the investigation
of the cinema phenomenon, and the development of cinematography and cinema architecture as
such, from its inception to the present day. The general logical processing methods are historical
and socio-cultural analysis, architectural and urban research including architectural drawings,
photographic documentation and a study of the urban development of the appearance of individual
cinemas, comparison and deduction.

KEYWORDS

Prague cinemas, 20th-century film culture, Movie theatre evolution, Post-war movie theatres,
Polyekran, Laterna magika, Cinema 64 U Hradeb, Czech brutalism, DlabaCov cinema, Prague
housing estate cinemas, European cinema comparison, Cinematography and architectural
development

INTRODUCTION

The post-war period meant significant social and cultural changes for Czechoslovakia, mainly
related to the nationalization of not only film production and distribution, but also the power
of projection, which was also reflected in the architecture of movie theatres. In the first post-war
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decade, film infrastructure became an integral part of national recovery. More than 500 cinemas
were built, which served not only to show films, but became places of meeting and cultural
interaction, reflecting post-war hopes and visionaries. The second half of the fifties brought a cultural
turn, when the architecture of screening spaces began to slide towards new paradigms. Local single-
screen cinemas have been replaced by large cultural houses with multifunctional use, combining
theatre, film, restaurant, gallery etc. This transformation reflected an effort to strengthen
the collective way of life, corresponding to the social ideals of the time and the idea of collective
connection. The sixties bring a certain relief in all branches of culture and above all the connection
of individual branches. On the basis of this cooperation, the Czechoslovak representatives
presented a new style of projection on multiple screens — the ,polyekran“ and the associated
connection with the theater and dance arts — ,laterna magika®. Inthis spirit, the long-awaited
cinema 64 U Hradeb was created, which will be discussed in more detail in the following text.
Furthermore, it will approach the scene of Prague brutalism with the only Dlabaov cinema still
operating. In the final part, attention is paid to the cinemas of the Prague housing estates, followed
by an analysis of the number of cinemas in Prague during the twentieth century in comparison
with metropolises influenced by a similar socio-cultural environment, Berlin, Vienna and Warsaw.
The article deals with history and typology, examines cinema as a phenomenon of the twentieth
century, its influence on social and cultural discourse, of which architecture is a part, and brings new
facts about the specific uses of buildings primarily intended for watching films, their impact on society
and their spillover into public urban space. Individual chapters are arranged chronologically.

METHODS

It is atheoretical-empirical scientific work inthe form of qualitative research.
The methodology of the work is the collection of information from literature and visual sources,
visiting objects and examining their current operations, studying and visiting converged projects
in the Czech Republic and abroad. Obtaining feedback from the affected community. The general
logical processing methods are historical and socio-cultural analysis, architectural and urban
research including architectural drawings, photographic documentation and a study of the urban
development of the appearance of individual cinemas, comparison and deduction.

THE MAIN FEATURES OF POST-WAR CULTURE IN RELATION TO CINEMA
BUILDINGS

The silent era of cinemas definitively ended with the arrival of the Second World War,
bringing significant changes to the film industry. After the signing of the Munich Agreement in 1938,
Czechoslovakia lost a considerable portion of its border territory, resulting in a reduction
in the number of cinemas from 1850 to 1279. With the demise of the republic, the total number
of cinemas decreased further, including Slovak and Subcarpathian cinemas. At the beginning
of the Protectorate, there were 1115 cinemas in our territory. Despite the long-term stagnation
between 1933-1938, there was an increase of almost 12% in the period 1939-1944, reaching 1244
cinemas. It's worth mentioning that cinemas were not exclusive to large cities. In 1944, out
of 7775 municipalities, in 930 of them were cinemas (565 in Bohemia and 365 in Moravia). However,
most of them fell under German administration. New regulations were issued under the new order,
significantly affecting cinema operations. Anti-Jewish laws had a profound impact on the content
of cinema programs and the exclusion of Jews from the film industry. Screening of British, American,
French, and Soviet films was prohibited, leading to the dominance of Czech, German, and Italian
productions. A distinctive feature of the Protectorate's cinematography was the establishment
of permanent cinemas for narrow films. From 1941, 77 cinemas were established in our territory.
The number of mobile cinemas also increased, which had a declining trend in the 1930s. However,
these cinemas did not have a significant impact on the economic situation or cultural significance.
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Substantial changes have occurred in the operating conditions of cinemas. The existing
licensing system from 1913 was abolished on July 31, 1941, replaced first by membership
in the Czech-Moravian Film Institute (CMFU) and later by the introduction of film concessions
in 1943, conditional on professional qualifications. Changes also occurred in the structures
of cinema operators. The most important operator, Sokol, was stopped in the spring of 1941.
In the following year, the Czech cinematographic company was established under German
administration, which took over cinemas not only from Sokol, but also from legionnaires.
Cinema attendance during the Protectorate sharply increased, rising by 132% compared
to 1939 - 1944. This phenomenon was not unique to our territory and was observed in other
European countries. Society viewed film as an autonomous phenomenon, an escape from
the ubiquitous war reality. The enjoyment of cinema was amplified by the suppression of other forms
of entertainment, especially with the closure of theaters in the summer of 1944. After the war,
significant changes occurred inthe film industry. One key event was the nationalization
of cinematography following President Edvard Bene$'s decree No. 50 on August 11, 1945. This
meant a reorganization of the film industry, later replaced by government regulation No. 72/1948,
establishing the state enterprise Czechoslovak State Film. This marked anew era
in cinema construction, with the number of cinemas in Czechoslovakia increasing to 1650.
In Prague, there were 111 cinemas shortly after the war [1], [2].

The main features of post-war culture were evident even during the Second World War,
showcasing Czechoslovakia's political shift from west to east. The idea of social equality and
national unity, absent during the national oppression, gained prominence, and the popularity of leftist
ideology grew across social strata. The first three years after the war were filled with hope,
extravagance, expectations, and visions of the future. In July 1945, the Block of architectural
progressive associations (BAPS) was reestablished, led by Oldfich Stary, advocating for the new
state's construction with a manifest program of socialist architecture. Architectural society gradually
moved away from functionalism, still a predominant architectural style, due toits inadequacy
in portraying monumentality and emphasizing the importance of public buildings in the post-war
reestablished state. Emphasis was placed on the standardization and typification of residential
construction, metallurgy, engineering industry, and infrastructure buildings. The ubiquitous effort
to standardize all architecture also led to a competition for exemplary cinema projects at the turn
of 1946-1947. Proposals were divided into three categories: “A” for small halls with a capacity of up
to 250 seats for 16 mm film projection in smaller communities, and categories “B” and “C” included
halls with 550-800 seats and quality acoustic design, reflected in prominent interior elements. In all
categories, functionality was emphasized. Therefore, the designs abandoned boxes and balconies,
focusing on a unified auditorium space with an arched profile. The winning project, due to a formal
exclusion, was the design by FrantiSek Stalmach and Josef Svoboda (who are also the authors
of the Karlin cinema Atlas) [3], [4].
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Fig. 1 - Competition design for exemplary Fig. 2 - The winning competition design
cinemas by Edmund Holub and Jifi Michalek, (category C) for exemplary cinemas by
1946 [26] Frantisek Stalmach and Josef Svoboda, 1946

[26]

In the film sphere, the suppression of individualistic art and its replacement with socialist art,
more understandable to the working class, emerged inthe early 1920s. Czech cinema,
with an annual production of 25 films, ranked fourth in Europe, just behind Germany, France, and
England. This was accompanied by a growing trend of establishing new cinemas. During the war,
attendance increased as people sought to escape everyday worries, letting themselves be carried
away in darkened halls into different realities. By 1944, Prague already had 111 cinemas, including
8 premier cinemas (Adria, Juli§, Kapitol, Lucerna, Passage, Phonix, Alfa, Viktoria) and 8
second-class cinemas (Apollo, Atlas, Astra, Kammerlichtspiele, Letka, Mars, Metro, Praga).
The nationalization of cinematography was discussed during the war by filmmakers themselves,
believing in the independence of creation from commercial entities. Thus, in August 1945,
Czechoslovak State Film was established [5].

Not only film production but also film exhibition was nationalized. All cinemas came under
state administration, making the film industry one of the main cultural sectors at the forefront of state
interests. People could attend film premieres sitting in the same auditorium with government
members or President Edvard Bene$. As part of the two-year plan, a cinema was to be established
in every municipality in our territory. Once again, meeting the predetermined quantity took
precedence over architectural quality. Consequently, there were over 500 cinemas in our territory
in 1948. Cinemas throughout the country were classified according to a 1945 classification based
on the number of seats, technical equipment, and the provision of quality films. The act regulating
the work of cinemas required the continuous operation of cinemas in municipalities. Exceptions
were made only for those cinemas that, due to circumstances, could not operate in normal working
hours, such as those without the necessary equipment for screening or where the audience had
dropped to a level that could not cover the necessary expenses. Throughout the country, cinemas
were mostly constructed in the style of revised functionalism, emphasizing the elevation of individual
functional parts and facade articulation. In contrast to pre-war functionalism, these structures were
massive and somewhat cumbersome, characterized by natural, earthy colors, as opposed
to the white color prevalent in the First Republic, in an effort to create coziness in line with the theory
of folk buildings. Brick often appeared as cladding material, leading to a loss of formal diversity and
uniformity with recurring patterns. In the pursuit of monumentality, elements of traditionalism and
neoclassicism were employed, including symmetry, facades with columns, and sculptural
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decoration. Generally, discussions on monumentality revealed that functionalism struggled to meet
such demands, as evident insome proposals for the completion of the Old Town Hall
or the parliamentary building on Letna. These conclusions contributed to the acceptance of Socialist
Realism as the main architectural program. Inresponse to the events of 1948, Czechoslovak
architects created the Central Action Committee, which led to the nationalization of individual
studios, leading to the creation of Stavoprojekt, the world's largest state organization with 1,200
employees. The idea of own adaptations of socialist realism within the national studios faded away
in 1950, when sorela became the only permitted style. As a result, architecture also became another
tool for the promotion of communist ideology, similar to what happened with the film industry [6], [7].

In spite of numerous competitive standardized cinema projects, only one cinema was newly
built in Prague during this period — Casek in Liberi (1951). This intimate cinema with a minimalist
interior, located at Zenklova Street 24 in the basement, had a capacity of 70 seats and primarily
served for screening 16 mm newsreels. Two additional screening rooms were opened
in the outskirts of Prague. A falconry in Jinonice, originally used for film screenings before World War
II, was inadequate, leading to the conversion of a hall on the first floor of the inn at Butovicka 10
for screenings (1951). In December of the same year, Kino Pionyr with 240 seats was established
in a former factory hall in Zabéhlice. In the late fifties, there was a certain revival in the cultural
environment, characterized by a shift away from historicizing forms and a close connection between
architecture, painting, sculpture, and applied arts. Cinemas' construction receded in cities, giving
way to large cultural centers that integrated functions of theater, cinema, restaurant, dance and
concert hall, educational spaces (club rooms, libraries), and, if needed, accommodation facilities.
These aimed to strengthen collective living (Cultural House in Ostrov nad Ohfi, 1955 — Jaroslav
Krauz, Cultural House in Ostrava, 1958 — Jaroslav Fragner, Cultural House in Pfibram — Bfezové
hory, 1959 — Bohuslav Fuchs, Vaclav Hilsky, etc.). These structures tended to be conservative,
with simplified symbolism, applying column orders with an inclination towards monumentality in line
with pre-war national traditions. The buildings featured excessively spacious halls and entrance
areas with cladding from valuable building materials, were non-variable, single-purpose, functioning
only as a container for occasional crowds. In response to these megalomaniacal structures, small
cultural houses emerged in the sixties [8], [4].

THE NEW WAVE OF CZECHOSLOVAK ARCHITECTURE AND FILM

As inthe whole of Europe, inthe sixties, the young generation got the main say
in the creation, bringing with them a collective and spiritual awakening, optimism and the belief that
the course of things can be changed for the better. Political liberalization allowed the growth of self-
confident individuals. The rise took place inthe whole culture, especially in the field of film,
the young generation is making a significant impact on European and world cinema [9]. A similarly
optimistic situation prevails in architecture. Czech architecture reaps success with the ironic theme
"One day in Czechoslovakia" at the Expo 58 international exhibition in Brussels with a program
linking architecture, art and scenography promoted by the socialist regime [8] - Laterna magika,
a performance by director Alfred Radok and set designer Josef Svoboda, is presented to the world
for thefirst time. This name, after the success in Brussels, carries the whole style, which
the ensemble of the National Theater devotes itself to. The reconstructed Adria cinema on Narodni
tfida became the home stage ofthis ensemble, and now it operates onthe New Stage
of the National Theatre [10]. Another Czechoslovak innovation by Emil Radok and Josef
Svoboda presented in Brussels was the polyekran projection system. As the name itself suggests, it
was a projection of several jointly controlled projectors onto multiple screens at the same time,
accompanied by a sound recording. The first polyekran production was the performance of Prague
Spring, where the authors tried to capture the atmosphere of the music festival and at the same time
bring closer the history of Prague. After the end of the exhibition, it was possible to see
the production in Prague. The success of the polyekran in Brussels was followed up by the Czech
representation at EXPO 67 in Montreal (diapolyekran) and EXPO 90 in Osaka (spherical polyekran).
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The technology was also used at many important events abroad, e.g. in Australia, Egypt, India, Iran,
Japan, Canada, Germany, the USSR, Tunisia, the USA or Venezuela. Both principles -
the polyekran, and the laterna magika emerging from it, became the basis for contemporary stage
projection [11], [12].

BEr S P
' v i /[N i —
Fig. 3 - Polyekran at EXPO 58 in Brussels. Fig. 4 - Diapolyekran at EXPO 67 in Montreal.
The individual screens shot at different The photo shows how it is possible to create
angles were static and placed almost in one rather complex collages using a system
plane [23] of several diapoly screens [24]

Another innovative element was presented in the Czechoslovak pavilion at the world exhibition
EXPO 67 in Montreal. In addition to the already mentioned diapolyekran, visitors could see
Kinoautomat directed by Raduz Cingera for the first time. The innovative device represented
a breakthrough in the interactive movie experience and left a lasting mark on the history of the film
industry. The film ,Clovék a jeho ddm* (One Man and His House) was projected on two conventional
35 mm projectors. At crucial moments, the film was stopped and the audience, led by the emcee,
voted for one of the two options, thereby determining which direction the following story would take.
The projection thus enables decisions to be made only at points where both variants must be refined.
Cingera's visionary idea of moving the audience from the static role of observers to active
participation opened up new possibilities for interactive film experiences. This event showed that
the boundaries between the creator and the viewer can be blurred, which influenced the further
development of the film industry and its formats. The same principle was used in Cingera's next film
,Blazniva cesta“(Crazy Journey), screened at EXPO 81 in Kobe, Japan [11]. The first presentation
of the Kinoautomat became not only an important chapter in the history of cinematography, but also
a precursor to current trends in the interactive art of film and virtual reality. International recognition
also affected the situation at home. The previously forced combination of architecture with other
spheres of art has turned into a real Gesamkunstwerk with a lot of unexpected quality connections.
Czechoslovak architecture once again follows Western patterns, new technologies and new
architectural forms are used [7]. We are talking about the peak of the era of prefabrication. In this
sector, we could turn our attention to the west again, to France, which was a model for the whole
of Europe, although the Soviet Union was still officially adored. In the area of architecture intended
for film consumption, large cultural houses still appear as a residue of the fifties (Cultural house
of the revolutionary trade union movement in Jihlava, 1962 — V. Machoninova, V. Machonin.;
Cultural house of Joint-stock company for the automotive industry in Mlada Boleslav, 1972 —
F. Rezad¢). Due to the current culture of mass consumption of new media, culture houses are
an almost extinct building type, moreover affected by rising energy prices, the "paraphrase” of which
is the shopping center in the architecture of Western capitalism [8]. In addition to the Expo 58
exhibition pavilion and restaurant, the culmination of the Brussels style was also Prague's long-
awaited premiere cinema 64 U Hradeb.

Preparatory work for the construction of the cinema in Mostecka street began already at the end
of the thirties, but the continuation of the construction was interrupted by the complications
of the foundation work of the rear section of the building with the cinema space, as well as the war
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[2]. The new architectural solution from 1954 preserved the character of the original two Gothic
houses with gables and thus the architecture was subordinated to the character and scale
of the whole street. Inside, a courtyard with Prague paving was created as atypical element
of the Lesser Town’s courtyard interiors. The layout was adjusted to 32 apartments, a dairy buffet,
a cinema, a wine bar and a library. As it was the first post-war new building in Prague with a focus
on the socialist cinematographic scene, the most modern materials and techniques were used.
The interior was modern, in the Brussels style according to FrantiSek Trmac's design, the projection
technology and stereophonic sound were also state-of-the-art [13]. The building was completed
in 1964, and in September of the same year, the audience could watch the opening film ,Starci
na chmelu® (Green Gold) from 540 soft-upholstered chairs. Cinema 64-U Hradeb was successful
in every way and became a building model for other newly established cinemas such as Ruzyné
(1970), Kosmos on the housing estate Novodvorska (1973) and Vltava (1980) in Prague 15.

Fig. 5 - Sketches of the interior of the U Hradeb cinema (private archive of architect FrantiSek
Trmac)

Within a few years after privatization, when the cinema was owned by the Barrandov film studio,
several Czech films premiered here. The end of the famous era came inthe second half
of the nineties with the arrival of the first multiplexes, and the final point was the year 2002.
The show stopped in May, the screening was replaced by a black theater, an exhibition of spiders
and torture objects, and after the floods in August, only concrete pillars and foundations remained
in the damaged cinema hall. The object continued to remain unused. The cinema itself has an area
of around 3,000 square meters, and part of its foundations is a preserved part of the Lesser Town
fortification walls from the 13th century [2].

A . =

o J" il / :’J - X —_L;.'-_sxA
Fig. 6 - Production of The Trial (Maxim Fig. 7 - Auditorium of the cultural space 64 U
Didenko) [24] Hradeb during reconstruction [25]

Concurrently with the construction of Cinema 64 U Hradeb, a cultural center named
17. listopadu (November 17") was also being developed in Ruzyné with a cinema hall
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in the basement of the building. Since the initial design phase in 1957, the plan included widescreen
projection. The hall of cinema Ruzyné, measuring 16.6 x 12 m and accommodating 227 seats
with a significant elevation, opened in 1968 due to the challenging construction. During this period,
several cinema reconstructions took place, such as Maceska, Aero, Letna, and Adria, involved
significant alterations to the seating area elevation and the removal of balconies to accommodate
performances of laterna magika. Another public competition in 1960-1961 introduced new trends
in cinema design. The competition, divided into two categories, focused on model projects for
cinemas with capacities of 380 and 550 viewers. The winning architects in both categories were
V. Bofuta and A. Dafi¢ek. Conceptually, both projects were very similar, featuring a hall in the shape
of a spherical triangle with other cinema spaces arranged orthogonally. The two structures had
distinct roofing and facade treatments. New approaches to cinema design were predominantly
reflected in the reconstruction of existing cinema halls. The focus was generally on modifying
the sightline curve, involving increased elevation of the auditorium, the removal of boxes and
balconies, and technical innovations related to widescreen projection. Cinemas like Alfa (1967) and
Svétozor (1968) were reconstructed in this spirit. Kinoautomat, allowing audience participation by
voting on key plot decisions, was installed in Svétozor — viewers could choose between two options
at crucial moments in the film. Simultaneously, the projection booth was expanded to the entire
width of the hall. Similar modifications were made to the Kyjev cinema in Dejvice. Acoustic panels
adorned the side walls and ceiling of the cinema hall, while the foyer was transformed into
an occasional gallery space [4].

Tﬂ—.’_ .
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Fig. 08 - The winning project Fig. 09 - Kyjev Cinema — — interior of the hall
of the competition for model cinema designs after reconstruction in 1969 [26]
(1960-61) by V. Boruta and A. Dari¢ek [26]

The 1960s are considered a watershed. The last echoes of late modernity are appearing, and
following the solution to the ecological crisis, a new phenomenon is emerging - alternative and
ecological architecture. At the same time, two new directions appear in opposition to it: high-tech
and soft-tech. So it became a decade of trying new ideas and directions. A palette of many looks
and styles. The symbiosis of several generations of architects - interwar functionalists (FrantiSek
Cubr, Frantidek Maria Cerny, Véaclav Hilsky, Josef Hruby, Richard F. Podzemny, Jifi Sturza etc.),
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the generation of budding architects after the Second World War (Karel Filsak, Emil Hlavacek, Karel
Hubagek, Zdenék Kuna, Véra Machoninova, Vladimir Machonin, Karel Prager, Alena Sramkova, Jan
Sramek et al.), "disciples" of functionalists (Jan Bo&an, Miroslav Masak, Zdenka Novakova-
Smitkova, Dagmara Sestakova, Stanislav Svec et al.) and the generation of architects born around
1945 (Tomas Brix, Jan Linek, Vlado Milunic etc.) [8].

BRUTALIST CINEMAS AND CINEMAS OF PRAGUE HOUSING ESTATES

The "Golden Era" of Brussels optimism came to an end in August 1968 with the invasion
of occupying forces, significantly impacting the situation inthe 1970s. The cultural scene
experienced a notable weakening due to the emigration of influential personalities from all cultural
sectors. The challenging societal climate of that era under harsh totalitarianism is reflected
in the negative assessment of the architecture from these years, often leading to the oversight
of exceptionally high-quality structures. The prevailing style of the 1970s was brutalism, already
widespread in Western Europe. With the mass adoption of televisions in Czechoslovak households
in the 1980s, interest in cinema attendance gradually declined. State financial support enabled
screenings for a small audience, and new cinemas emerged, including Ruzyné (1968), Kosmos
in the Novodvorska housing estate (1973), Moskva (1977) inthe Dablice housing estate,
Vitava (1980) in Prague 15, and the Dlaba¢ov cinema in the ROH Recreation House (1988) [8],
[14], [15].

Kosmos cinema of Lhotka housing estate was opened in 1973 with the film ,Tajemstvi
zlatého Buddhy“ (The Secret of the Golden Buddha) as the third most important enterprise, out
of the ninety cinemas operating in Prague at the time, since the end of the war, right after the U
Hradeb and Ruzyné cinemas. The cinema, designed as a part of a two-story modern cultural
building designed by AleS Borkovec, was the first in Prague to be part of the urban planning for
the entire Lhotka housing estate from 1964. The cultural center included, in addition to the cinema,
a large social hall for 580 people, a puppet theater with a capacity of 120 seats, a library, club rooms,
and facilities. The sloping auditorium of the trapezoidal-shaped cinema, with rounded walls at
the screen and behind the last row of seats, had 485 seats. It featured modern audio-visual
technology projecting onto a widescreen, which was already a standard at that time. The side walls
of the hall were covered with cork panels, serving both aesthetic and acoustic purposes. The rear
wall was clad in smaller-sized sandstone blocks. The length of the hall, as well as its maximum
width, was 22.3 meters. The structure had a skeletal framework with massive columns.
The main volume of the building was on the second floor — on a column base, giving it an airy
appearance. The visual lightness was further enhanced by ribbon windows extending to the edge
of the facade. The entrance on the first floor level was fully glazed and recessed. Prefabricated
elements primarily constituted the non-load-bearing structures. The cinema's popularity declined
in the mid-nineties, and from 2001, Kosmos remained unused and deteriorated. The future
of the cinema was sealed with the publication inlate June 2005 of the tragic incident where
an employee fatally fell onto the cinema seats. In a subsequent survey conducted by Prague 4 City
Hall, the prevailing opinion was toclose thecinema, also considering the opening
of the Cinema City multiplex in the Novodvorska Plaza shopping center across the street. Since
1999, the cultural house has been undergoing continuous renovation and functions as a cultural
center with a social hall and five classrooms for rent, mainly for the residents of the Lhotka housing
estate [2]. In 2013, the cinema premises were renovated at the expense of the city district and
reapproved as a relaxation center with a swimming pool, whirlpools and massage parlors on the first
floor and a warm pool for babies and a salt cave on the second floor. On the ground floor, there were
also two surgeries connected to the neighboring Medical House Jilovska. Even this operation did
not last long here. In 2021, a public tender was launched for the reconstruction of the building
with use for medical purposes. The new medical center will bear the name Kosmos cinema, but
nothing will remain of the original interiors. The order is conceived as "shell and core".
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Fig. 10 Kosmos Cinema — Floor plan and Fig. 12 —Kosmos Cinema — exterior [26]
cross-section [26]

Prior to the opening of the Kosmos cinema, construction began on the Moskva cinema
in the Dablice housing estate on the opposite side of Prague, based on Jifi Kulidtak's 1971 design.
FrantiSek Trmac designed the interior. The distinctive feature is the amphitheater-style hall, with side
walls exhibiting triple expansions resembling rectangular notches, corresponding to the segmental
floor plan and the arrangement of rows of audience seats. The stage in front of the screen has
a lens-shaped design, similar to the Kosmos cinema, and acoustic wall cladding is similarly
addressed. The 23-meter-long hall accommodates 494 seats. During construction, an additional
smaller hall with a capacity of 54 seats was decided for the originally planned clubhouse. The two-
story facade features prominent glass areas set between tall pillars. The grand opening
of the Moskva cinema took place on November 3, 1977, coinciding with the celebrations of the 60th
anniversary of the Russian Revolution [4].

Vitava - the only cinema in the territory of Prague 15 with seats for 170 spectators
on the grounds of the national enterprise Waterworks in Hostivaif was opened in 1980 with great
hopes due toits equipment with state-of-the-art Meopton X-5 projectors. After the revolution,
the joint-stock company Lucernafilm rented and renovated the cinema, but even that did not attract
viewers to the cinema. Within two years, the Vitava cinema disappeared. The Cerny Most housing
estate opened its cinema named Sparta in 1984, according to the design by Miroslav Vajzr from
the studio of Vladimir Machonin, Institute of Urban Development of the City of Prague. The floor plan
in the trapezoid shape has a capacity of 226 seats arranged in eleven distinct ascending rows.
The entire hall is clad in dark wood — with planks of a sawtooth arrangement on the side walls and
narrow vertically oriented slats on the back. The foyer and buffet are also designed in a similar style.
Twelve non-profit years later was replaced by a multiplex in the Cerny Most Center. The premiere
cinema of the Eden Cultural House, designed by architects Hana and Dalibor PeSek, on what was
then SNB Street (today VrSovicka Street) screened from 1987 until 2005. In addition
to the cinema hall, there was also a multi-purpose hall for 1,500 people and a restaurant. Today,
the building is closed due to its poor condition and continues to deteriorate despite the fact that there
is no similar building in Prague 10 [2]. The construction of the building consists of a reinforced
concrete skeleton with a suspended glass shell. Rolled I-beams are placed on the columns and steel
beams perpendicular to them at an axial distance of 1.6 m, which support the corrugated sheet
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covered with concrete. Above the auditorium space is a distinctive acoustic ceiling in the shape
of a white wave, which has been preserved to the present day without significant damage. The back
wall of the cinema hall, separating the auditorium from the projection room, is lined with white and
ocher acoustic panels of smaller dimensions. The overall color scheme of the hall is complemented
by a blue carpet on the floor, blue side walls of the hall and wooden seats with red upholstery.
The backs of the seats were equipped with ocher folding tables at the back, which could be used by
the spectators sitting one row away. The side lighting of the hall from several white light bulbs
arranged in irregular rows at several height levels is very specific.

SEres 7 : ;
=i | T AR

Fig. 13 — Eden Culture House, exterior [28] Fig. 14 — Cinema Eden, interior (Vladimir
Lacena) [29]

Fig. 15 - Eden Cinema — Floor plan and cross-section, 1987, architects Hana Peskova and Dalibor
Pesek [26]

In 1989, the Sigma cinema opened on the Spofilov housing estate. Architect Vaclav Oupor
designed a premiere cinema for 273 visitors in sloping rows with boxes with barrier-free access.
Although the assumptions of the cinema predicted a bright future, after November 89 attendance
was around 24% and the cinema had to be closed in 2001. The effort to restore the cinema under
the new name Grand Bio Edison also did not lead to successful tomorrows, and since 2008 it has
not been shown definitively in Sigma. The municipality, together with a private investor, occasionally
uses the former cinema as a multi-purpose cultural hall. Sigma cinema is an independent one-story
building with a reinforced concrete skeleton system. In the interior, noble materials were used -
stone paving on the floor of the foyer, tiles on its walls in combination with solid wood. The floor
of the hall with an elevation is covered with a beige carpet, including the podium. The orthogonally
positioned seats are fully upholstered in an ocher shade and provide high seating comfort. The walls
of the hall are tuned to ocher red in combination with mirrors and carry significant side lighting solved
by vertical strips. The soffit is flat, undivided, bright. The new cultural center on the border of Ruzyné
and Liboc - Delta, designed by Jifi Rauch, was opened in 1987. It featured a multipurpose hall
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located on the third and fourth floor. The auditorium spans an area of 30 x 15 meters with a total
of 200 seats ontiered seating, which can be retracted into the block at the rear of the hall.
The cinema operated until 2008. In the nineties, the foyer functioned as an exhibition space, and
people from the Prazska pétka exhibited there, for example. In 2017, the association Kino otevieno
succeeded in reopening a music club with regular screening times. The premises of the original
cinema are now offices. Not a single one of the original cinema theaters of the panel housing estates
from the 1970s and 1980s remains in operation [2].

Fig. 16 —Sigma Cinema, exterior [30] Fig. 17 —Sigma Cinema, interior (Viadimir
Lacena) [31]

Fig. 18 - Sigma Cinema — Floor plan and section, 1989, architect Vaclav Oupor [26]

A distinctly dominant style emerging from the urban structure, but fully corresponding to its
function, it deliberately appears unambiguous and firmly anchored in space, which is why
the architecture of brutalism was often criticized by experts and the lay public. "Paradoxically,
brutalist buildings are victims of their own success. The architects managed to perfectly fulfill
the stylistic and architectural maxims of the time. However, it is precisely in these criteria that
the double pitfalls that brutalism runs into are hidden [16]. When shaping their own architectural
statement, Czechoslovak architects based their knowledge of foreign architecture, primarily
on the brutalist works of the late works of Le Corbusier, Oscar Niemeyer, Louis Kahn, Alvar Aalto
or the practices of the Japanese metabolists with a focus on material and structural innovations.
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The light structures of metal shells were combined with raw reinforced concrete with an emphasis
on connecting the interior with the exterior. Czech brutalism, characterized by its expressive
creativity and connection with other elements of art, high-quality aesthetic and functional rendering,
is mainly represented by the work of Véra and Vladimir Machonin (Kotva department store, 1975,
Hotel Thermal, Karlovy Vary, 1976 or the building of the Czechoslovak Embassy in Berlin, 1978,
House of Residential Culture , 1981 — independent project of Véra Machoninova), Karel Filsak (Hotel
Intercontinental, 1974, K. Filsak, K. Bubeni¢ek) and Jan Sramek (Czechoslovak Embassy
in London, 1970, J. Bocan, J. Sramek, K. étépénsky) [7]. Brutalism was a whiff of western influence,
and the communist regime did not take much pride in it. Unlike the functionalism referred to, it is not
possible to mechanically apply a system of rules to it. Brutalist buildings are always highly original,
iconic, exclusive and unigue. Today, many of these buildings are at risk of demolition, mainly related
to long-term neglect of care or possible partial reconstructions.

The Pyramida Hotel (originally the Revolutionary Trade Union Movement (ROH) Recreation
House, 1979-1987, Neda and Miloslav Cajthaml) in Bfevnov, at Bélohorska street 125/24, is also
among the important buildings of Prague brutalism. The DlabaCov cinema was reopened
to the public after a thirteen-year hiatus in October 2016. The building from the 1980s, built
in the triangular concept of brutalism, hides quality architecture. Already at the time of its creation,
the hotel was supposed to become a cultural and social center, which it remains to this day.
The cinema hall opened to the public in May 1988, and 387 viewers could see the film here at once.
At theturn of the 1980s and 1990s, cinema focused mainly on the "performance art".Ilt is
a reinforced concrete skeletal system consisting of 48 columns arranged in an orthogonal grid.
The ceiling is supported by beams (the longest spanning 19.7 m) and girders (the longest of which
is 40 m). To improve the acoustic experience of the projection, additional acoustic structures
in the floor plan shape of sharp triangles are added to the side walls of the auditorium, framing
the angle of maximum visibility. Semi-cylindrical acoustic elements are inserted between individual
beams at the ceiling level, serving as both a prominent design element and softening the otherwise
prevalent sharp angles. The elevated seating area has 14 rows, gradually rising 1,8 m above
the basic floor level. Seats are arranged parallel to the projection screen, with every other row shifted
by half a seat. The hall also features a stage, allowing for theatrical performances. Backstage
facilities are provided in two dressing rooms, each with its own sanitary amenities (one on each side
of the stage). Despite being a single-story structure with a dedicated entrance from the exterior,
the cinema hall is directly connected to the hotel building, sharing the structural system. Hotel guests
can access the cinema directly through the foyer. After the revolution, the characteristic brutalist
gray facade was replaced, for unknown reasons, with a beige color [2].

Currently, the reconstructed hall has 377 seats in atheater arrangement. The discreet
architectural design of the interior of the hall acknowledges its most famous era in the normalization
period with the strict shape of the stage, ceiling and wall panels, underlined by the amber color
of the carpet. The retro shape of the wooden armchairs with purple upholstery fits perfectly into this
clean composition and allows to maximize the viewer's experience In the vestibule, the original
buffet was replaced by a cafe, and for reasons of sustainability and better use, the foyer now also
functions as a small stage. Lectures, concerts, etc. take place here [17].
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Fig. 19 — Pyramida Hotel, ground plan of the cinema hall, redrawn according to the documentation
of the Prague 6 building office

Fig. 20 — The Pyramid Hotel, formerly Fig. 21 — Dlabacov Cinema, interior after
the Revolutionary Trade Union Movement reconstruction [33]
(ROH) House of Recreation, exterior (Cait
Greeley) [32]

The golden era of cinemas in Prague ends with the Velvet Revolution. With the opening
of the borders, new influences of decomposition and deconstruction began to flow into our territory.
Tschumi, Koolhaas, Hadid and others merely adopted a formal language for new intentions. Conflict,
fragment, and even non-rational practices are emphasized instead of harmony, wholeness, and
reason [18]. The "modern temple of capitalist consumption” - a shopping center and with it the trend
of multiplexes - is coming to our territory.

COMPARISON OF THE SITUATION OF PRAGUE CINEMAS IN THE SECOND HALF
OF THE TWENTIETH CENTURY WITH OTHER EUROPEAN METROPOLIS.

Between 1938 and 1983, not only Czechoslovakia, but also the whole Europe and European
cinematography went through significant changes, conditioned on the one hand by war, social and
political changes, and also by urban and architectural developments. Therefore, it is necessary
to look at the situation of Prague and Prague cinemas in the context of other Central European
cities. For example, the comparison with Berlin, where cinema culture has a very similar history
to Prague, is interesting. Despite the fact that inthe early days of the Czechoslovak state,
the establishment of new cinemas was significantly hindered by a complicated system of granting
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licenses to cinema operators, taken over from the legislation of Austria-Hungary (Vienna cinemas
were in a similar situation), while Berlin cinemas were not subject to any licensing restrictions,
the advent of sound film in Prague to such an increase in the number of new cinemas that, after
recalculation with regard to the number of inhabitants, between the 1930s and 1950s it could be
equal as the situation in Berlin. With significant support from the national exchequer, during
the second half of the 20" century, Prague was even ahead of Berlin interms of the number
of inhabitants of both metropolises (Berlin had three times more inhabitants than Prague at the time)
and the number of operating cinemas. In absolute humbers, regardless of population, Berlin had
only 156 cinemas, Prague had 71 of them. It is clear from both graphs that the decline in the number
of cinemas in both cities was striking [19].

The situation in Vienna mirrored that of Prague in relation to Berlin, as evident from
the circular graphs below. The number of cinemas in Prague and Vienna between 1930-1950 was
evenly matched. However, when considering the population of both metropolises in 1938, one
cinema in Prague served 6,419 residents, while in Vienna, one cinema catered to 14,341 residents.
Therefore, the density of the cinema network in Prague was more than double that of Vienna.
In the second half of the twentieth century, with the widespread availability of televisions
in households, the number of cinemas in both metropolises declined significantly and almost
uniformly. Inthe 1960s, Prague had 101 officially registered and traceable cinemas, while
Vienna had 120. By 1983, their numbers had nearly halved, with Vienna having 62 cinemas and
Prague having 83. Despite a partial decrease in Vienna's population, in 1983, one cinema served
24,806 Viennese residents, while in Prague, one cinema accommodated 14,337 residents. Despite
similar initial conditions imposed by the legislation controlling the number of licenses in the former
Austrian Empire and a slight disadvantage for Prague, which received all cinema-related innovations
and projections after Vienna, Prague managed to match and even surpass Vienna in the number
of cinemas and cultural interest in film projection, considering the population size [20].

Even in Warsaw in the first half of the twentieth century it was similar to ours. The first
permanent Bioskop cinema was opened in Warsaw in 1903, and in Prague only four years later.
Despite the fact that Warsaw, which was significantly damaged during the First World War, faced
several military attacks by Bolshevik Russia until the mid-twenties, the city experienced a very
dynamic development during the years 1927-1929, during which many new cinemas were created.
In 1938, Warsaw had 69 cinemas. At that time, Prague had 148 cinemas and Berlin, at that time
with the more than four times bigger population of Prague, had 466 cinemas. However, the Second
World War hit Warsaw hard. During September 1939, the city was bombed, then occupied by
the Germans, and within a few days it found itself on the border of the demarcation line between
Nazi Germany and the Soviet Union. A Jewish ghetto was created in the center of Warsaw, which
became the center of the uprising against German rule. The second uprising involved the majority
of Warsawites, to which the German army responded with massive bombing. More than 85%
of the city was destroyed. Not a single cinemaremained standing. Inliberated Warsaw, its
inhabitants immediately began to work on the repair of the city, and by the end of 1945 there were
already 4 cinemas operating in Warsaw, with a total of 2573 seats. After the end of the war, Prague
had 149 cinemas and Berlin 479 [21]. After the war, inthe era of Soviet influence, Warsaw
underwent a massive restoration with an emphasis on the restoration of historical parts and new
socialist architecture. In the 1960s, the people of Warsaw could even see films in 72 cinemas, and
in terms of the number of cinemas, the number of cinemas in Warsaw came significantly closer
to that of Prague and Berlin. After the construction of new residential areas in the 1970s, the city's
population grew considerably. Since 1975, Warsaw has also had a new central railway station, but
the number of cinemas in the metropolis has decreased to less than half. A similar situation occurred
in Berlin, where the number of cinemas decreased from 379 to 178. In Prague, the number
of cinemas remained almost unchanged. In 1989, the communist government fell, and since then
Warsaw has experienced an exceptional economic, cultural and architectural boom that has shaped
the modern face of the city. This dynamic of architectural quality new buildings for collective film
viewing and successful conversions can be an inspiration for Prague. Prague has the opportunity
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not only to reflect on its own film history and architectural heritage, but also to open up to new
creative directions and innovations in the field of cinematography and the spatial concept
of cinemas. There are many possibilities for synergy between film culture and the urban
environment [22].

Comparison of number of cinemas in Prague with Berlin, Vienna and Warsaw in the
years 1938 — 1983 with regard to population
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Fig. 22 — Graph comparing the number of cinemas in Prague with Berlin, Vienna and Warsaw
in the years 1938 — 1983. The percentages of the outer circle are adjusted by a coefficient
considering the number of inhabitants of individual metropolises.

In comparison to currently operated cinemas, Prague is doing relatively well. With a total
of 32 cinemas, it ranks third out of four (Berlin — 92 cinemas, Warsaw — 34 cinemas, and Vienna —
24 cinemas). However, considering the population, it closely follows behind the first-ranked Berlin.
This analysis clearly demonstrates the role that film has played for the Czech Republic over
the years and highlights the numerous and significant group of structures dedicated to screening
that has emerged in our territory.

Comparison of the number of currently operating cinemas in Prague, Berlin, Vienna,
and Warsaw from 2000 to the present, adjusted by the population coefficient of
each metropolis.
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Fig. 23 — Graph comparing the number of cinemas in Prague with Berlin, Vienna and Warsaw
in the years from 2000 to nowadays. The percentages of the outer circle are adjusted by
a coefficient considering the number of inhabitants of individual metropolises.
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CONCLUSION

In order to be able to understand the current situation of Prague cinemas and functionally
integrate them into the everyday life of a 21 century Prague citizen, we must first deal
with the history and development of the cinema phenomenon and film art in general. We can say
that during the 20" century - the century of cinema, there was a solid connection between the art
of cinema and the architecture. And through film and our attitude towards it as a communication
medium today, we can observe how architecture is perceived by contemporary society. Overall, it
can be concluded that the architectural and film scene of the post-war Czechoslovak Republic
reflects the complex interrelationship of political ideologies, social aspirations and artistic
expressions of that time.

The nationalization of cinematography in 1945 brought about not only changes in ownership
but also inthe operational conditions of cinemas. The establishment of the state enterprise
Czechoslovak national film marked anew era in cinema construction. After the war, Prague
experienced a significant increase in the number of cinemas, reaching 111. The pivotal moment
came in 1948, when there was a political change and the establishment of a communist
government. This influenced not only cinematography, but also architecture. The new ideological
direction led to centralization and the introduction of a unified style - socialist realism. Functionalism
was discarded infavor of more massive and monumental buildings emphasizing the social
dimension. The new buildings were characterized by muted tones aimed at creating a cozy
environment  inaccordance  with the theory  of folk  buildings.  Architectural  trends
in the cinema industry continued to evolve, with the 1950s witnessing a return to historicizing forms
and a shift from standard cinemas to larger cultural centers. These comprehensive structures,
incorporating theater halls, cinemas, restaurants, and other functions, aimed to strengthen collective
life.

The 1960s brought a reaction to megalomaniacal constructions in the form of smaller cultural
houses, where greater emphasis was placed on variability and multipurpose use. These structures
served as a response to the previous pursuit of monumentality and demonstrated an effort to create
spaces suitable for wvarious cultural and social activities. In general, the sixties
in Czechoslovakia represented a period of cultural and architectural transformation. In the field
of cinema, a young generation of directors stood out, whose work reflected an optimistic atmosphere
and experimented with new forms and styles. The architecture of the time reflected a similar spirit
of innovation. In Brussels, a program combining architecture, art and scenography was a success.
Laterna magika and the Polyekran projection system were introduced here, which was followed by
the Kinoautomat interactive cinema and other new possibilities in the field of audiovisual art. One
of the architectural highlights of the 1960s was the Prague cinema 64 U Hradeb, built in the Brussels
style. Completed in 1964, it served as a multifunctional cultural center and was a model for other
cinemas in Prague. The 1960s proved to be a period of experimentation and direction towards new
ideas in both spheres - cinemaand architecture. Both of these worlds reflected the spirit
of the times, when art forms were intermingled and were looking for new ways to express themselves
and interact with the audience.

In the 1970s and 1980s, Prague's housing estate cinemas - Kosmos, Vitava, Eden,
Sigma and others - were not only an environment for cinema screenings, but also important social
centers. These cultural points were not only used for showing films, but also as key meeting places
and community life for the residents of the housing estates. At the time of their creation, they helped
to create a community spirit and removed the anonymity of the residential environment. Despite
grandiose urban plans that promoted modernist ideals, these efforts prove to have failed. Today's
non-existence of these cinemas points to the dysfunctionality of these experimental urban theories
in practice. None of these cinemas reflected the current economic situation of the market and
the declining interest in collective viewing of flms due tothe mass spread of televisions into
households. In addition, it was significantly oversized. Housing cinemas now exist only in memory,
reminding us how complex and changeable life in the city can be. Some objects no longer even bear
traces of the previous existence of a cinema hall. On the contrary to housing estate cinemas,
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the only brutalist cinema in Prague — Dlabacov, is still in operation. Czech brutalist architecture
in general represents a significant phenomenon. It became a popular style in Prague's urban
structure through foreign influences, primarily Japanese Metabolists. Although this architectural
direction was criticized, some of its works, such as the Dlabacov cinema in the Pyramida Hotel
in Prague, represent today not only architecturally valuable objects, but also cultural centers for
different generations.

In the context of the development of cinematography and urban planning between 1938 and
1983, it is necessary to observe the situation of Prague cinemas on a broader Central European
scale. A comparison with Berlin, Vienna and Warsaw reveals similar fluctuations and changes
in the number of cinemas during periods of war conflicts, political upheavals and subsequent urban
renewal. The significant decline inthe number of cinemas in Prague, Berlinand Warsaw
in the second half of the 20th century reflects both the development of the film industry and complex
changes in society and the architectural paradigm. While in post-war Warsaw and Berlin extensive
reconstruction and construction of new cinema facilities took place, Prague with its cinematographic
activities and urban plans, similarly to Vienna, remains in the shadow of past ambitions. The current
state of Prague cinemas is thus not only a reflection of changes in film culture and technology, but
also the inability to adapt to the dynamic development trends of contemporary urban life and
the cultural scene. The presented historical comparisons show not only the decline of modernist
cinemas in large housing estates, but also the need for new approaches in connecting film art
with the contemporary urban environment.

As the examples of cinemas mentioned above show, in order to ensure the sustainability
of cinema operations, it is not possible to isolate the film screening from other functions. The location
of the cinema hall as a part of a multifunctional building with other commercial facilities is ideal. Even
the hall as such should be used for other activities than just the projection of full-length films, for
example theater and dance performances, laterna magika, broadcasts of important concerts or even
as a digital gallery of visual and audiovisual art or a museum. In the future, thanks to virtual reality,
we could also look forward to tours of very distant places in space. Despite all the conveniences
of the digital age, we should not forget contact with living people. Spectators should not be left alone
in dark halls with only technology. Even now, social interaction is needed to consume art. Maybe
even more than in the past.

This partial research will be followed by a more complex treatment of the topic in the form
of the author's dissertation thesis - Cinema architecture as an interface to the relationship to film.
Another possible topic to follow up on this research is a more detailed treatment of cinemas
in Prague housing estates, which were created or were only designed as part of large urban
complexes and garden cities.
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ABSTRACT

In complex environments, tunnels with a lined structure are more affected by the dislocation
of a segment. This study uses finite element simulations to further investigate the relationship
between environmental changes and segments in lined tunnels. Tunnels with and without a lining
are simulated under varying strata resistance, buried depth, and water level conditions. The
horizontal and vertical displacements and stress changes in the two tunnels are compared when
segment dislocation occurs. The results show that the lateral displacement of the tunnel is relatively
stable and less influenced by external loads. However, the longitudinal displacement change is the
opposite, and it increases significantly when the displacement exceeds 10 mm. When the lined
tunnel is subjected to a large external load and misalignment occurs, the performance of the tube
sheet joint bolts deteriorates, resulting in a stress decrease. Furthermore, the lined tunnel exhibits
an increased ability to resist deformation and does not exactly follow the law of small displacements
from small misalignments. When a large misalignment occurs, the lined tunnel may be damaged by
elliptical deformation along the 45° direction, and its internal forces would be much larger than those
of the unlined tunnel.

KEYWORDS

Tunnel, Lining dislocation of the segment, Lined construction, Mechanical performance
analysis

INTRODUCTION

With the rapid economic development, the utilization of urban underground space is gradually
increasing. Lined tunnels include a secondary lining in their structure that can greatly increase the
space for pipeline arrangement as well as improve the efficiency of power transmission. However,
this unique lining structure also enhances the difficulty of daily operation and maintenance.
Construction of a lined tunnel involves the application of the secondary lining, differentiating them
from other tunnels. However, construction companies have failed to update the relevant operational
experience; thus, the maintenance and overhaul of underground structures has become a primary
challenge. The majority of quality problems in tunnels include dislocation of the segment of lining
sheets due to shield machine turns, morphological changes, or jacking thrust changes, among others
[1,2].

With the operation of lined tunnels, there has been a gradual increase in the occurrence of
cracks or even breakage of the lining segment, as well as water seepage and leakage in the tunnel
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due to dislocation of the segment [3,4]. Current research regarding lined tunnels has mainly focused
on cast-in-place and prefabricated structures, with fewer studies on shield construction structures.
Diemer [5] first investigated the mechanical and seismic performance of structurally similar water
transfer tunnels using a model experimental approach. Sharghi [6] considers the effects of
longitudinal offset, circumferential offset and incomplete contact of the support area on segment
damage and obtains a numerical model that can accurately predict the performance of sectional
tunnel lining. Botuan et al. [7] found that the joint position and axial pressure ratio predominantly
affect the mechanical properties of the nodes of laminated slab-type corridors. Galli [8] studied the
mechanical properties of the lining structure during tunnel excavation, and obtained a model that
can be used to evaluate the lining—soil interaction and the stress distribution in both the lining and
the reinforcing structural elements. Yang [9] highlighted two main external factors for structural stress
changes in model tunnels under the influence of seismic forces: soil liquefaction in the tunnel and
pore water pressure changes. A finite element (FE) model was developed for the formulation of a
duct piece to simplify the calculation using the mean circular method [10], which considers the effect
of the tube sheet joint on the deformation and bending moment. Morgan [11] assumed that forces
on the tunnel lining would produce lateral deformation, causing the circular lining to become elliptical,
and derived a closed solution after neglecting tangential stresses and strains. Chen and Majdi used
finite elements to simulate the change in stress displacement of two adjacent lining rings when the
joint function is considered in three-dimensional tunnel construction [12,13]. Regarding dislocation
of the segment, Liu et al. [14] studied individual lining rings as a whole and showed that the maximum
amount of dislocation of the segment occurred at the location of the capping block and adjacent
blocks. Yuan et al. [15] analyzed the displacement phenomenon of a lining section caused by
hydrostatic pressure during shield construction in water-rich strata. Wang [16] analyzed the
phenomenon of lining segment displacement caused by grouting pressure and hydrostatic pressure
during shield construction in hard rock areas. Zhou [17] examined the mechanism of lining
dislocation of a segment and cracking under construction load in different construction stages of a
tunnel through a river and proposed corresponding control measures. Arnau [18] analyzed the most
influential parameters and their effects on the response of the lining structure when the lining of the
segment tunnel is subjected to local loads or different deformations of adjacent rings.

The above results have focused on the effect of external environmental changes on the lining
tube sheet itself and the tunnel structure. There is a lack of more detailed research on the stress—
strain law for the internal structure of the tunnel due to the change in the misaligned volume. To
further investigate the effect of misaligned volume changes on lined tunnels, this study evaluated
the changes in mechanical characteristics of different types of tunnels under complex environmental
conditions when misalignment occurs via numerical simulations. This work can provide a reference
for the operation and maintenance of lined tunnels and their structural stability and durability in
similar underground environmental conditions at a later stage.

Finite Element Method

Project Profile

An underground project was completed using the shield machine with a single circular section.
The outer ring radius of the tunnel lining is 6 m, the inner ring radius is 5.4 m, and the tube section
size is 300 mm x 1200 m. The single lining ring is assembled from six reinforced concrete precast
blocks (three standard blocks, two adjoining blocks, and one capping block), and the longitudinal,
circumferential, and lining pipe pieces are connected with M24 curved bolts. The soil parameters
extracted from the ground investigation report involving this model interval are specified in Table 1.
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Tab. 1 - Parameters of various layers spanning the tunnel section.5

Type of rock Force density | Cohesion (C) Angle_ of inter?al Lateral pressure
(¥) (KN/m3) (kPa) friction (@) (°) at rest ( K,)
Silty clay 19.7 57.8 14.8 0.50
Silty fine sand 19.0 - 26.0 0.40
Gravelly sand 19.0 - 375 0.35
Rounded gravel 20.0 - 39.0 0.30

Model Parameters

For the lining segment, concrete material was used for the simulation. The constitutive relation
is based on the intrinsic structure model proposed by the American scholar, Hongnestad. The model
curve consists of a quadratic parabola and a section of the oblique straight line.

Upward phase:

& &
0 0 (1)
Declining phase:
2
gse<sg,o="1 1—0.15( £ % ]
&~ &
2

Here, fc is the compressive strength. Hongnestad suggested using &, =0.0038 for theoretical

%

analysis. He also proposed that 8022( j where E, is the initial elastic modulus. The

0

geometric size of the lining segment (Table 2) and the material properties (Table 3) are the
parameters used in the numerical simulation.

Tab. 2 - Geometric dimensions of the segment in the design data

Segment outer diameter/mm 6000
Segment inner diameter /mm 5400
Segment width /mm 1200

Bolt length /mm 464

Tab. 3 - Material parameter

Name of the Density Elastic modulus Poisson ratio Element type
material (kg/m3) (Mpa)
Lining segment 2500 3x104 0.17 C3D8R
Bolt 7850 2.1x10° 0.3 B31

To reduce the complexity of the calculation, the original bolts were replaced with straight bolts
according to the conversion formula for curved and straight bolts proposed by Guo [19]. In addition,
in practical engineering, the bolts do not interact with the lining segment when deformed by external
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forces. Therefore, contact between the bolt and bolt hole was not considered in the simulation, and
the bolt was simplified using a curved instead of a straight approach. There is no external action in
the middle of the bolt, and the end of the bolt is connected to the lining segment cell using the same
node. In this paper, the change in segment dislocation is simulated by setting the displacement
values in all directions in the boundary conditions.

To reduce simulation tolerances, the modeling scheme of two adjacent rings was abandoned
in favour of a monolithic tunnel model with a multi-ring lining segment. The bolts are embedded to
connect two adjacent lining rings so that they form a single unit and are jointly stressed. During the
numerical simulation, the two contact surfaces of the lined lining segment will approach each other,
and additional normal external forces need to be applied to the intrusion area to control the amount
of intrusion within the convergence range [20]. The intrusion distances are as follows:

{1, Xg—X,) n4<0

1,(Xg —X,) n4=>0 3)

Pn = minalyp , a=

where n is the unit normal vector of A; Xg and Xa are the spatial coordinate vectors of points A and
B, respectively.

Fig. 1 - Lined tunnel 3D model

The lined tunnel is shown in Figure 1. The lining structure is highlighted using a block in Figure
2(b). It was poured after completion of the main body of the original tunnel, when the overall tunnel
structure had not yet reached stability. The newly poured lining structure will share the forces with
the tunnel and limit the overall displacement of the tunnel, offsetting some of the internal forces in
the lining segment. Most current lining structures have similar mechanical parameters to the initial
support. To simplify the calculations, the Hognestad approach was employed for the tunnel
constitutive relation. The grid division of the lined tunnel is depicted in Figure 2, with a grid density
of 0.4 m.

(b)

Fig. 2 - Mesh division of (a) unlined and (b) lined tunnel

Load Application

To investigate the effect of segment dislocation, incremental dislocations of the segment were
set for each scenario as 0, 5, 10, 15, 20, 25, and 30 mm. Variables were separated according to the
different environments, with a burial depth of 12 m; a water table height of H = 4, 8, and 12 m; and
a ground reaction coefficient K=ix10* kN/m?, i=[1,5] € N+.
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Taking the tunnel and lining segment as the main object of study, the load-structure method
was considered for load application, considering factors such as strata resistance, burial depth, and
water level.

Arch back soil pressure:
G =2(1-2) Ry = 043Ry ()

where y is the soil heaviness (kN/m?), and Ry is the radius of the lining (m).
Lateral uniform active soil pressure:

p, = qtan? (45° — %) — 2ctan (45° - %) (5)

where ¢ is the vertical soil pressure.
Lateral triangular distribution of active soil pressure:

p, = 2Ryytan? (45° - g) (6)

Water pressure: hydrostatic pressure mode of action.

Longitudinal restraints were set on both sides of the tunnel and vertical restraints at the
bottom, which limited the overall movement of the lined pipe sheet. The earth pressure generated
by the strata was simulated using spring units and restrained at the end of the spring cells.

The horizontal and vertical soil and water pressures in an actual project are considered as
surface loads combined with gradient orders acting on the solid unit, and the lining segment is
restrained, as in Figure 3.

L2

i
<

<)
&

Fig. 3 - Lining segment constraint diagram

Simulation of the Effect of Dislocation of the Segment on Lined Tunnels under
Changes in Strata Resistance

Tunnel Without Lining

Gunding springs were used to simulate the strata resistance, the values were formulated
through the type of interval overburden in the ground survey report and set in linear increments. To
ensure the uniqueness of the formation resistance variables and the accuracy of the results, the
groundwater level was maintained at 8 m. When the tunnel as a whole is not misplaced and K =1 x
10* kN/mé3, it can be seen from Figure 4 that the tunnel arch waist and arch foot positions produce a
larger displacement. This phenomenon is due to the deformation of the concrete in the middle of the
tunnel by the bending moment generated from the earth pressure. The ground resistance coefficient
is controlled at a constant value, and the overall tunnel is subjected to the upper active earth
pressure, which is displaced downward by the equivalent load generated by the upper soil layer of
the tunnel. The additional stress of the soil on the tube pieces is large at the top and small at the
bottom; the upper area of the tunnel is subjected to larger vertical pressure, and the lower part is
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subjected to passive earth pressure, resulting in a larger displacement of the arch waist and arch
foot. The location where the maximum displacement of the structure occurs coincides with the pipe
piece connection, and the inspection of the displacement area and nearby areas should be increased
during operation to avoid accidents caused by connection failure.

U, Magnitude
+9.240e-03
+8.836e-03
+8.431e-03
+8.027e-03
+7.623e-03
16815003 W
—+ +6.815e- \ \ T
+6.411e-03 \ 'l!-”,lllll ’"”]"
e p iy

+5.198e-03
+4.794e-03
+4.390e-03

Fig. 4 - Displacement of unlined tunnel without misplacement of platform

When dislocation of the segment occurs, the lining segment responds more sensitively to the
load, producing an oblique downward deflection of approximately 45° along the direction of the
dislocation of the segment at the arch waist and arch shoulder. As the force increases in the red
area marked in Figure 3, the lining ring is cut into multiple parts and its integrity is destroyed: irregular
deformation occurs, as depicted in Figure 5(a). If no dislocation of the segment occurs, the lining
ring is an intact part, the overall force is uniform, and its displacement is in the form of flat movement,
as presented in Figure 5(b).

U, Magnitude v, Mazgr;;t;deoz
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+2.071e-02 +2.071e-02

() (b)

Fig. 5 - Displacement comparison between misplaced and non-misplaced segments under external
load: (a) during and (b) without segment dislocation

(1) Variation in tunnel lining segment displacement

The comparative results of the overall maximum horizontal displacement of the tunnel, varying
the amount of dislocation of the segment and the strata resistance factor conditions, are displayed
in Figure 6. At the segment dislocation of 30 mm, the maximum lateral deflection of the tunnel occurs
at the shoulder and foot of the arch near the dislocation of the segment ring, exhibiting positive
correlation with the amount of dislocation of the segment and a distribution that decreases toward
the shoulder of the arch, centered on the dislocation of the segment ring. When the dislocation of
the segment is less than 10 mm, the horizontal displacement increases at a slower rate and the
overall height of K; is above Ky, indicating a limiting effect of the strata resistance on the horizontal
displacement of the structure. When the dislocation of the segment is greater than 10 mm, the
difference between the working conditions increases, indicating a faster rate of increase in horizontal
displacement. A comparison of the height difference between K: and Ks shows that the strata
resistance can act as a more significant restraint on the lining segment. When the ground resistance
is raised to 5x10* kN/m?3, the increase in horizontal displacement of the lining is reduced by
approximately one-fifth. This is similar to the phenomenon in actual engineering.
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Fig. 6 - Strata resistances and horizontal displacements of unlined tunnel

Figure 7 presents the results of the comparison of the maximum vertical displacement of the
tunnel as a whole under the change in strata resistance. At 30 mm dislocation of the segment, a
large vertical displacement occurs at the position of the arch waist and foot of the tunnel, and the
elliptical deformation of the tunnel section caused by the displacement increases the displacement
at the top of the arch. The 2% and 3% decreases in Ks compared with K, and K, respectively,
indicate that the structure needs to provide higher internal forces than the general environmental
conditions to generate displacement under the constraint of larger ground resistance. In summary,
comparing the smaller variation in horizontal and vertical displacements with the amount of
dislocation of the segment suggests that the strata resistance factor is a more significant constraint
on vertical displacement.
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Vertical maximum displacement/mm

10 20 30

Segment dislocation/mm

Fig. 7 - Vertical displacement of unlined tunnel with different lining segments
(2) Variation in main stress of tunnel lining segment

The maximum principal stress of the tunnel tube sheet under different stratigraphic resistance
is divided into several zones: linear growth, smooth, and failure, as depicted in Figure 8. In the linear
growth region, the amount of dislocation of the segment is small and the overall tunnel response to
it is insignificant. The maximum principal stress increases linearly, and the lining segment deforms
elastically; thus, the effect of strata resistance can be largely ignored. When the stress enters the
smooth zone, the tunnel reaches a certain structural strength. For a small range, the increase in the
amount of misalignment will not affect the change in stress; thus, the overall trend is gentler. At this
time, the tube sheet can withstand stress close to the limit. When entering the failure zone, with
increasing dislocation of the segment, the dislocation ring produces a larger deformation, and the
tunnel loses the overall structure. At this time, the tunnel can be seen as two parts, both individually
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stressed, resulting in a decline in overall resistance to external forces, and hence the K4 and Ks
curves present downward trends. In this region, the change in strata resistance can influence the
main stress changes, and the greater the resistance, the more pronounced the stress failure
phenomenon. The stress cloud in the dashed box in the figure indicates that the misalignment
disrupted the tunnel integrity, causing a discontinuity of sudden stress changes, and the stress is
divided into several individual parts by the misalignment ring. The KiK2Kz curve is a stable trend
because the structure can maintain the equilibrium state due to the small external load.With the
increase of strata resistance, the overall structure of the tunnel is completely destroyed, and the
internal stress of the tunnel is released, so the curve decreases.

Linear growth region Failure zone
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Fig. 8 - Maximum principal stresses in unlined tunnel under different strata resistances

Tunnel With Lining

The lined structure will increase the lateral stiffness of the tunnel and limit the development of
dislocation of the segments, offsetting some of the displacements. However, its limiting effect can
show differential results at different misbolts. When the misbolts are zero, the maximum
displacement occurs at the position of the tunnel arch shoulder, and there is a large change in the
position of the arch foot compared to the unlined tunnel, as shown in Figure 9(a). As the dislocation
of the segment continues to increase, large displacements occur near the lined structure and the
distribution changes dramatically, as shown in Figure 9(b). Cross section stiffness decreases with
increasing dislocation. The stress field is redistributed when subjected to external loading, resulting
in large deformation.
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Fig. 9 - Maximum displacement of pipe corridor under different fault levels: segment dislocations of
(a) 0 and (b) 30 mm

(2) Variation in displacement of lined tunnel segment

The horizontal displacements of the tunnels do not vary significantly for different strata
resistances and dislocations of the segment volumes, as shown in Figure 10. The reason for this is
because the lined structure restricts the tunnel and produces oblique elliptical variations while
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weakening the horizontal displacements, but the overall trend is the same as that for the unlined
tunnel. With a dislocation of the segment of less than 10 mm, the trend of the horizontal displacement
is slightly lower than in the next stage due to the balancing effect of the lined structure, which
corroborates the conclusions drawn earlier. At this stage, the greater the horizontal resistance, the
smaller the displacement in that direction. The resistance coefficient and displacement gradually
increase when the zone dislocation exceeds 10 mm. This is mainly because the lining structure and
the tunnel form a stressed whole, displacing the dislocation ring and increasing the uniformity of the
adjacent ring. When the external load increases, displacement of the area near the dislocation ring
occurs simultaneously; therefore, the maximum displacement increases.
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Fig. 10 - Horizontal displacement of lined tunnel with strata resistance

2) Lined tunnel displacement variation and comparative analysis

As shown in Figure 11(a), the starting points of the curves are basically the same. Thus, the
maximum horizontal displacement does not change significantly when the tunnel is subjected to
varying resistance in the lining state, and the effect is relatively small. In addition, the maximum
displacement of the lined tunnel varies in parallel with the amount of dislocation of the segment, as
shown by the solid line in the diagram in 45° increments, indicating that the lined structure results in
a more coordinated tunnel displacement. The different resistance conditions have less influence on
the lined tunnel, and the lined structure improves the tunnel’s adaptation to the ground. However,
with the gradual increase in segmental misalignment, the overall maximum horizontal displacement
curve for the lined tunnel is higher than that for the unlined tunnel. Thus, the lining structure promotes
the influence of segmental misalignment on the tunnel, leading to the expansion of segmental
misalignment on both sides and a decrease in the constraint.
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Fig. 11 - Comparison of (a) horizontal and (b) vertical displacements in tunnels with different strata
resistance

Figure 11(b) presents the vertical displacement with varying strata resistance. When no
misalignment occurs, the lining structure has less influence on the tunnel structure under the same
value of ground resistance, and the maximum vertical displacement of both is approximately equal.
This is demonstrated by the coincidence of curves K; and Ksg, Kz and Ko, and the starting point. When
the dislocation of the segment is less than 10 mm, a downward trend appears in the vertical
displacement of unlined tunnels, while the opposite is true for lined tunnels. Comparing the horizontal
and vertical displacements, it is clear that the lining improves the uniformity of tunnel displacements,
but the overall displacement values and trends increase. Therefore, more attention should be paid
to the occurrence of zone misalignments in the acceptance, operation, and maintenance of lined
tunnels. Smaller section misalignments can also lead to larger lining section distress and structural
damage.
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Fig. 12 - Comparison of maximum principal stresses in tunnel with different strata resistances

3) Lined tunnel variation in main stress and comparative analysis

As shown in Figure 12, the lining structure significantly influences the trend and magnitude of
the maximum principal stresses in the tunnel, with a positive correlation between the principal
stresses in the structure and the amount of dislocation of the segment. The increased lateral stiffness
of the lined structure improves the stability of the structure, and thus, a greater internal force is
required to produce the same amount of displacement. However, this can also lead to irregular
deformation of the lined tunnel, causing stress concentration in adjacent misaligned rings and pulling
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down the lining section, which would create cracks and other stability hazards. In the area
highlighted, the lining section is very susceptible to damage.

Simulation of the Effect of Lining Dislocation of the Segment on Lined Tunnels under
Changing Groundwater Levels

Tunnel Without Lining
D Variation in tunnel lining segment displacement

The level of the groundwater table represents the amount of head around the tunnel soil and
determines the strength of the erosion action. Groundwater can cause erosion of the lining segment
and joint bolts, weakening the performance of the reinforcement inside the lining segment, and
jeopardizing the durability and stability of the tunnel structure. The choice of groundwater level is
based on the depth of 16 m, set to 4, 8, and 12 m above the top of the tunnel, and the strata
resistance was taken as K=2x10* kN/m?.

Groundwater acts as a circumferential pressure on the lining segment with a linearly
increasing distribution of the analytical field. The change in groundwater level is modelled by varying
the load acting on the lining segment.

As can be seen from Figure 13(a), the rise in groundwater level can partially offset the soil
load and reduce the force in the arch waist area, and the effect is significant with the rise in water
level. More specifically, under the same misplaced amount, the change in water level hardly affects
the change in horizontal displacement, the maximum water level difference in the figure is AH=12-
4=8 m, but the horizontal displacement only differs by 2%.
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Figure 13 - (a) Horizontal and (b) vertical tunnel displacement changes with water level.

The trends for the effects of water level and strata resistance on vertical displacement are
similar, as demonstrated in Figure 13(b): the maximum vertical displacement at fixed water level is
positively correlated with the amount of misplaced platform. When the amount of dislocation of the
segment exceeds 20 mm, the vertical displacement of the tunnel under all water level conditions
exhibits a large change and a significant increase. Under the influence of changing water level, the
overall vertical displacement of the tunnel is not significant when the amount of dislocation of the
segment is less than that required by the specification. However, if the amount of misplaced platform
exceeds the limit, the tunnel immediately generates large vertical displacements that increase with
the water level, seriously threatening the stability and durability of the structure.
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2) Stress change in tunnel lining segment

Figure 14 shows that the maximum principal stress in the misaligned ring varies significantly
depending on the dislocation of the segment. In contrast to changes in stratigraphic resistance,
changes in groundwater level present a greater range of numerical fluctuations and a more
pronounced effect on the misaligned rings. When the amount of dislocation of the segment is zero,
the maximum stress in the lining segment of H=4 m, compared with at H=12 m, increases by 85.1%.
When the dislocation of the segment exceeds 10 mm, the &—A curve of the dislocation of the segment
ring tends to decrease and increases as the water level increases. This is because an increase in
the water table leads to a decrease in the equivalent force and a reduction in the ground load.

Tunnel with Lining
8} Lined tunnel displacement variation and comparative analysis

From Figure 15, the maximum horizontal displacement increases with the amount of
dislocation of the segment in both tunnels under different water level conditions. When the
dislocation of the segment is less than 10 mm, the maximum horizontal displacement increase is
smaller. When the amount of misalignment of the segments exceeds 10 mm, the horizontal
displacement increases, that is the slope increases. However, if the type of tunnel and the amount
of segment misalignment are certain, the horizontal displacement value can remain constant in a
small range. In addition, the higher horizontal displacement values for lined tunnels are because
within the small dislocation of the segment, the lined structure improves the stability of the tunnel
and the displacement is slightly lower than that in unlined tunnels. With a gradual increase in the
amount of segment dislocation, the strength of the lined structure reaches its limit, can no longer
guarantee its own stability, and begins to change; the horizontal displacement increases with the
direction of the dislocation of the segment ring. If no action is taken at this point, there will be a high
risk of damage to the arch shoulders, as shown in the figure.
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As shown in Figure 16, the overall displacement of the lined tunnel tends to increase linearly
with the amount of segmental misalignment. The unlined tunnel has a relatively flat change due to
the oblique elliptical deformation of the tunnel caused by the lining structure. When no misalignment
occurs, curve Hy is above His indicating that the lined tunnel is structurally better under smaller
external loads. When the amount of misalignment exceeds 20 mm, the vertical displacement of the
lined tunnel in all cases exceeds that of the unlined tunnel. This phenomenon demonstrates that in
practice, it is more important to increase the monitoring of lined tunnels near large misalignments to
prevent displacement overruns.
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(2) Lined tunnel variation in main stress and comparative analysis

As indicated in Figure 17, the pouring of the lining structure did not have a significant effect
on the main tunnel stresses under varying water table, but the range of change was more limited.
As the amount of misbolts increases, the maximum principal stress in the misbolted ring of the lined
tunnel changes more significantly, increasing rapidly with the amount of misbolts. The main stresses
in the unlined tunnel are largely unaffected by changes in the amount of dislocation of the segment.
When the dislocation of the segment is zero, the main stresses in the lined tunnel are low, as the
lining structure shares some of the stresses. As the amount of segment dislocation increases, the
lining structure reacts to increase its own principal stresses.
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CONCLUSION

In this work, the mechanical properties of lined tunnels and the locations prone to damage
when a tube sheet is misaligned were analyzed in the context of a completed lined tunnel. In addition,
the effects of the change in misplaced volume on the structures of the two tunnels were compared
and analyzed under different ground resistance and groundwater level conditions. The following
conclusions were drawn:

D In the same environment, the displacement and stress of the lined tunnel are greater than
those of the unlined tunnel, and the rate of change of both increases as the dislocation increases.
However, for small displacements of the structure, the lining structure will increase the deformation
resistance of the tunnel, as shown by the fact that part of the displacement curve is below the unlined
tunnel. Therefore, when maintaining lined tunnels, the cracks and broken segments should be
repaired and replaced in time to avoid the overall damage.

2) The trends of the horizontal and vertical displacements of the lined tunnels in different
environments were the same, wherein the amount of misalignment increased the displacement. The
rate of change of the displacement of the tube sheet is bounded by 10 mm: the change is small when
it is less than 10 mm and increases significantly when it is more than 10 mm. The horizontal
displacement of the tunnel is less affected by external influences, while the vertical displacement
exhibits the opposite trend. The main influencing factor causing the difference between the two is
the load on the tunnel.

3) The lined tunnel itself has a certain ability to balance the misalignment. This is mainly
reflected in the significant increase of the main stress when a small misalignment (10 mm) occurs in
the structure, and the peak value is reached in the adjacent lined pipe piece at the misalignment
location. Under a large misalignment and external load, the mechanical properties of the tube sheet
joint start to deteriorate, resulting in a stress drop with a slow growth rate.
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ABSTRACT

The study of the constitutive relationship of lunar soil is the key to a deep understanding of the
mechanical properties of lunar soil. Previous models mostly focused on the strengthening behavior,
while rarely reflected the post-peak softening and residual deformation stages during shear deformation.
A new elastoplastic constitutive relation is derived with combining kinematic hardening model and initial
shear stress, which effectively compensates for the shortcomings of existing constitutive models, and
the validity of the model is verified by comparing with existed laboratory test results. The developed
constitutive model not only effectively captures the shear dilatancy and softening characteristics of lunar
soil simulant, but also only requires fewer parameters to be easily determined by simple initial loading
curves from direct shear tests, Furthermore, the influences of some key parameters on shear strength
and softening behavior of lunar soil simulant can be easily obtained based on this constitutive model.

KEYWORDS

Lunar soil simulant, Constitutive model, Shear dilatancy, Softening, Residual deformation

INTRODUCTION

The lunar exploration project first requires studying the interaction between lunar probes and
lunar soil, but there are very few real lunar soil samples, so only lunar soil simulant with similar properties
(these similar properties include basic physical indicators, particle grading and distribution, as well as
particle shape, etc.) can be used to replace real lunar soil [1-4]. The key challenges faced in this
endeavor involve understanding the interaction mechanisms between the lunar drilling equipment and
lunar soil under low-stress conditions, as well as the unique mechanical properties of lunar soil in low
gravity environments [3-5]. To address these challenges effectively, a reasonable constitutive model is
an essential approach to accurately describe the mechanical properties of lunar soil simulant, which will
provide a significant reference value for lunar soil drilling and sampling, design of landers, rovers, and
drilling equipment on the moon.

The success rate of lunar surface sampling primarily depends on the understanding the
constitutive characteristics of lunar soil. In the past decade, some empirical constitutive models have
been established based on data fitting from experimental tests and numerical simulations. For example,

@ DOI 10.14311/CEJ.2024.01.0003 35



Article no. 3
CIVIL

ENGINEERING

JOURNAL THE CIVIL ENGINEERING JOURNAL 1-2024

Hasan and Alshibli [6] simulated the triaxial compression test of JSC-1A (the name of lunar soil
simulant developed by Johnson Space Center) lunar soil simulant using a three-dimensional particle
flow code (PFC3D). Based on the experimental data, they established an empirical constitutive model
for the peak internal friction angle, residual friction angle, density, and average normal stress. Hicher
and Chang [7] established a constitutive model considering the surface energy effects caused by static
electric forces of lunar soil particles based on triaxial compression test data. They analyzed the influence
of surface energy on the shear strength of lunar soil. Richard [8] used the Cambridge model to describe
the constitutive behavior of lunar soil based on triaxial test data. By adjusting the friction angle, the fitted
the modified Cambridge model's yield surface and critical state line suitable for lunar soil. Zou et al. [9]
developed an internal stress model to investigate the bearing capacity and shear strength of lunar soil
simulant. Hou et al. [10] and Jiang et al. [11] also proposed a novel contact model of lunar soil particles
to investigate the main mechanical properties of lunar soil simulant, the results indicated that the lunar
soil simulant under low gravity environment are different from those on the earth. Liu et al. [12]
established a variable constitutive model based on discrete element simulations to study the shear
strength and elastoplastic behavior of lunar soil simulant under loose and dense conditions. Furthermore,
Liu et al. [13] further proposed an equivalent boundary method based on this constitutive model to
effectively address the computational cost issue in discrete element simulations for lunar soil drilling and
sampling. Schafer et al. [14] used an elastic-plastic constitutive model for dynamic behavior of lunar soil
to study the sampling process under different surface gravity environments. Liang et al. [15] used
ABAQUS finite element software based on Cap Drucker-Prager model to simulate the landing impact
process of a lander. Mao and Liu [16] developed a smoothed particle hydrodynamics (SPH) model with
the elastic-perfectly plastic constitutive equation and Drucker-Prager yield criterion to simulate the
electrostatic transporting of multiple charged lunar dust particles. Li et al. [17] also developed a new
wear mechanical model for lunar dust to investigate the mechanical properties of lunar dust (including
adhesion, contact, and wear), and rationality of the model was verified through experiments. These
models effectively reflect some special mechanical properties of lunar soil simulant from a certain
perspective and obtain corresponding applications. However, there are few or almost no models
consider strain softening characteristics caused by cementation failure in the lunar soil simulant, it is
difficult to describe the shear dilatancy and softening characteristics of lunar soil simulant under low
stress levels.

Focusing on this problem, many experimental and simulation works have shown that lunar soll
simulant exhibits significant shear dilatancy and softening characteristics under low stress conditions
[18-23]. A rational constitutive model should reflect the shear dilatancy and softening characteristics of
lunar soil simulant under low stress levels. Though discrete element simulations can effectively capture
microstructural deformation features and related mechanical properties, the small size of sample used
in calculations cannot fully represent the macroscopic mechanical behavior of the entire material.
Moreover, due to the lack of research on the shear dilatancy behavior of lunar soil simulant and strain
softening caused by cementation failure at low stress levels, the understanding of the mechanisms of
the shear dilatancy and softening remains unclear, resulting in lack of a clear understanding of
mechanical properties of lunar soil in low gravity environment. Therefore, it is important to establish a
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micromechanical constitutive model that considers the shear dilatancy and softening characteristics of
lunar soil simulant. This would help reveal the constitutive properties of lunar soil in low gravity
environment and accurately describe its mechanical behavior.

ELASTOPLASTIC CONSTITUTIVE THEORY

The schematic diagram of shear stress-shear strain curve is shown in Figure 1. This curve can be
divided into three stages as the shear strain changes:

(1) Linear elastic stage: In this stage, the shear strain of the lunar soil simulant is relatively small,
and the shear stress has not reached the yield threshold. The deformation of the lunar soil simulant
sample can be considered as elastic.

(2) Elastoplastic stage: With increasing shear strain, the shear stress gradually reaches its peak
value. Then, the sample enters the elastoplastic stage. At this time, the shear stress of the lunar soil
simulant has reached the peak stress, the contact between particles begins to yield, and the shear
stiffness decreases. In the process of shearing, there will also be relative deformation in the normal
direction, and the sample will experience shear dilatancy.

(3) Softening stage: With the gradual increase of shear stress, the internal cementation of the
lunar soil simulant is destroyed, and softening occurs, and the shear stress is greatly reduced. These
three stages can be called elastic, elastoplastic, and softening stages, respectively (See Figure 1).

T

O yO y;} yr y

Fig.1 - Schematic diagram of shear stress-shear strain curve of lunar soil simulant

The current work will be based on the shear stress-shear strain curve OABC shown in Figure 1,
which can be divided into two parts: the first part is the elastoplastic hardening stage OAC, and the
second part is the shear dilatancy and softening stages ABC. Based on these two parts, corresponding
constitutive equations will be proposed.

Development of the elastoplastic strain-hardening model

Based on the theory of elastoplasticity, during the process of shear deformation in the lunar
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soil simulant specimen, the plastic potential function Q, the yield function F, the elastic scalar factor d A ,
and the hardening modulus H are known. The strain increment of the lunar soil simulant under loading
can be divided into two parts: elastic reversible and plastic irreversible strain increments:

de, =deg’ +degf (i=1,2)
(1)

In the equation, i=1,2 correspond to the tangential direction and normal direction, respectively.
Furthermore, based on Hooke's Law, the relationship between the elastic deformation increment
and the stress increment of the lunar soil simulant can be obtained:

(2)
where K is the elastic stiffness matrix.

According to the plastic flow rule, the plastic strain increment of the lunar soil simulant can be obtained:

dglpzdgﬂzi(idaj)@ (3)
oo, H Oo; oo,

oF
Substituting (3) into (2) and multiplying both sides by 8_ we obtain:
[o

oF

F gy 00 @
dor T IO Q
H oo, oo,
By substituting (4) into (3), the plastic strain increment can be obtained:
aaF Krsdgs aaiQ
dgip = O O (5)
H 4 OF . OF
00y 0o,

Finally, by substituting (5) into (2), the relationship between the stress increment and the strain increment
can be obtained.

aQ ok

Kir 8 a Ksj

do, = (K, - aUFr 9 e )de, =Kede,
H+ o K,
oo, oo,

(6)
Where K;p is the elastoplastic stiffness matrix. Equation (6) represents the general form of the

elastoplastic constitutive equation under non-associated flow rule. The hardening modulus H has
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different expressions for isotropic hardening, kinematic hardening, and other cases. Since the tangential
stress and tangential displacement of the lunar soil simulant eventually approach a stable curve
(residual stress tends to stabilize) under shear loading conditions, the strain-hardening model is used
here to describe this deformation mechanism.

Under the kinematic hardening model assumption, the initial yield function is assumed to be the
Mohr-Coulomb vyield function [20-24]:

F(o)=7-0,tan(p,)-C (7)

In the equation, C represents the cohesive strength of the cementation of the lunar soil simulant.
The subsequent yield surface of the kinematic hardening model in stress space is obtained by rigid
translation. Therefore, the subsequent yield function can be assumed as:

f(ailgip’k):F(Ui_ai)_k (8)

In the equation, &P is the plastic strain, @; is the back stress, which is a function of the coordinates of
the loading surface center and the plastic strain. k is the hardening parameter.
In plastic deformation, the yield function satisfies the consistency condition:

df = F g~ F 0% 4,0 _g )
0o, do; O¢f
Based on the associative flow rule, by substituting (3) into (9), we obtain:
_ OF da OF )
0o, 0¢} 0o,

Assuming d«; and de&P are linearly relation, that is, following the Prager hardening rule:
de, =cde’ (11)
where ¢ represents the work hardening function, which is expressed as follows:

T, — T, 1
Ve —yo OF OF
00; 00

(12)

In equation (12), 7, represents the residual shear stress, and }: represents the residual shear strain.
Substituting (11) into (10), we obtain:

oF oF

H=c—m7—
do; 00,

(13)

By combining (6), (12), and (13), the incremental stress-strain constitutive equation for the kinematic
hardening model can be respectively obtained as follows:

KSS KSS Knn K
)dy —£

Sdg, do=—tKmKs gk, — HKmKmpt
A A A

dZKSS_ nn,ud 14
7=( A )de (14)
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Tr _TO
In the equation (14), A= uK, u+ Ky + -
Y=o

Usually, the normal stress is a constant value, and its stress increment do =0. Therefore, we have:

Tr _To

dr =

T, — 7T, dy (15)

KSS

yr_j/()_{—

Equation (15) reflects the deformation characteristics of the lunar soil simulant under shear loading. In
Figure 1, the strengthening segment passes through the initial yield point A (70,7, ) and the residual
strength point C (7:, 7, ). Thus, from equation (15), the following is obtained:

Tr_z-o
Ty = — (¥ =7)+7 (16)
7r_70+7r 7o
KSS
T, — 7T,

Since KSS is much larger than 7, — 7, the in equation (16) can be neglected, that is:

SS

Ty — 7o
ti=——=0)+% (17)
Ve — 7o
In the initial elastic segment OA of Figure 1, Toa = Ksi7/ (18)

In the equation (18), Ksi is the initial shear stiffness.

Development of the shear dilatancy and softening model

Due to the cementitious particles and their irregular geometrical shape in the real lunar soil [1],
as shown in Figure 2, during the shear process, the cementitious particles in the lunar soil and their
micro-asperities interlock with each other, leading to an enhanced stress concentration effect and the
formation of shear planes that are prone to being sheared. This shearing action causes damage to the
particles of lunar soil simulant. When the shearing of micro-asperities accumulates to a certain extent,
the intact regions undergo instantaneous failure, resulting in a sudden drop in stress, known as the
softening phenomenon. In most cases, as the particles undergo shear deformation, the shear stress
first undergoes an increasing stage and then experiences a significant decrease, exhibiting both
hardening and softening phenomena.

The shear dilatancy of lunar soil simulant primarily arises from the irregular surface morphology
of its structural planes. It reflects the complex relationship between the tangential and normal
deformations of the lunar soil simulant, and affects the variation of stress during tangential deformation.
When subjected to shear, the interlocking action between micro-asperities inside the cementitious
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particles significantly increases stress concentration. The appearance of sheared contact surfaces
reduces the shear dilatancy angle. Therefore, the lunar soil simulant exhibits both shear dilatancy and
softening during deformation. As deformation and damage of the cementitious material accumulate, it
causes macroscopic structural failure of the cementitious material and significantly reduces stress,
which is known as softening phenomenon. During the loading process, the shear stress of the lunar soil
simulant first rises and then experiences a sharp drop, corresponding to the phenomena of shear
dilatancy and softening, respectively.

Fig.2 — Lunar soil and cementitious particles in the lunar soil !'l.

The shear dilatancy and softening phenomena proposed in the present work are mechanical
characteristic that lunar soil simulant during shear deformation process, and in our previous numerical
simulations also focused on describing this deformation characteristic [21-23]. Based on this
characteristic, we can assume an initial shear stress that represents the occurrence of both shear
dilatancy and softening in the vertical direction when the lunar soil simulant undergoes shear
deformation, with the softening phenomenon resulting from the failure of the cementitious materials. By
isolating the strengthening mechanism, this part is considered the first component of the constitutive
model for the lunar soil simulant. Combining the aforementioned the shear dilatancy-softening rules and
previous studies [24-28], the following formula can be proposed to represent the shear dilatancy and
softening characteristics of lunar soil simulant:

a(y —7o)
:I-"'C(7/_7/o)k1

In the formula, a, ¢ are parameters; ki is an amplitude parameter that can adjust the magnitude of the

(y) = (19)

post-peak softening for different lunar soil simulants; o represents the initial yielding strain. The
advantages of this formula mainly include three aspects: it has only one extremum within the specified
region; the slope of the function tangent line at the peak is O; as the strain approaches infinity, the
function approaches 0. The function should also satisfy passing through point P(y,, zp—zf (3)), which
can be simplified as passing through point (5, ). zf () represents the shear strength of the follow-
up strengthening model at 5. From this, we can obtain:
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k,(z, — 1
_ (7, — 7o) , C= - (20)
(ki =175 —70) (ki =D, = 70)
Substituting (20) into (19), we obtain:
k(z, _ro)(j‘_% )
o(y)= o (21)
k L+ (L0
Vo =70

Furthermore, considering that the magnitude of shear stress in lunar soil simulant is also related to the
normal stress, the compressive strength of cementitious material, and other factors, by modifying the
above formula based on these two factors, a more comprehensive formula for the initial shear stress tj
can be obtained:

k (7, — 7o) (L)1)
7, = Ya—to (22)
k1_1+(7/_7/0 )k1
7/p_7/0

In the above formula, 7p represents the peak shear stress, rorepresents the initial yield stress, o
represents the uniaxial compressive strength, which is approximately the compressive strength of the
entire lunar soil simulant, and o, represents the normal stress on the lunar soil simulant during loading.

Establishment of the constitutive model and determination of model parameters

Based on the above analysis, the constitutive relationship for the lunar soil simulant in this study
can be expressed as follows:

(23)

- {TOA (7/ € (0 7/0))
T 47, (re(o )

After determining the constitutive model, the next step is to further determine the parameters in
the constitutive model. The meanings and determination methods of the parameters are as follows:

(1) Peak shear strain &, residual shear strain &, , basic friction angle ¢, , and residual friction
angle ¢, can all be obtained from the monotonic shear loading tests.

(2) Peak shear stress 7, : The peak shear stress of the lunar soil simulant can be obtained using
the empirical equation proposed by Barton and Choubey [29], which is given by:

T, =0, tan |:C log (&]Jrgob:l (24)

O,

where C represents the strength of the cohesive force between the bonding particles, O¢s represents
the compressive strength of the cementitious material in lunar soil simulant.
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(3) The residual shear stress 7, is determined by Coulomb's criterion:
7, =0, tang, (25)

(4) Initial normal stiffness K, : Obtained from the normal monotonic loading test, its value is
the initial slope of the normal stress-normal strain curve, as shown in Figure 3(a). The initial shear
stiffness K, is obtained from direct shear cyclic tests, and its value is related to the normal stress. Based
on the shear stress-shear strain curve, the slope of the unloading portion after exceeding the initial yield
point represents the initial shear stiffness, as shown in Figure 3(b). When it is challenging to determine
through experiments, Bandis et al. [30] proposed an empirical formula for the initial shear stiffness K
based on a large number of tests:

Ky = K;(a,)" (26)

Where KJ- is the stiffness coefficient, o, is the normal stress, and nj is the initial stiffness exponent.

@ 51 (b) T

To

0 ‘}J 0 y

0 e

Fig.3 - Diagrams of (a) normal stress-normal strain curve and (b) shear stress-shear strain curve.

(5) The initial yield stress =z, and the initial yield strain 7, : Based on the method shown in
Figure 3(b) for determining the initial shear stiffness, draw a line with a slope of K, from the origin o
which intersects the shear stress-shear strain curve at point F. This point F represents the initial yield
point. When it is difficult to determine the initial yield point, according to Goodman's experimental tests
[31], the initial yield point in the elastic phase is generally located at around 70% to 90% of the peak
shear strength. Considering the yield characteristics of lunar soil simulant, we can estimate the initial
yield point by taking 70% of the peak shear strength [20].

(6) The amplitude parameter kl reflects the shear dilatancy and softening characteristics of the
material, which is related to the magnitude of the normal stress, and the adhesive force between
cementing particles. Typically, for relatively rough particles of lunar soil simulant, the value of k1 is taken
as 4, which can be obtained from the first cycle of the shear loading test curve.
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DIRECT SHEAR RESULTS AND VALIDATION OF THE MODEL

Based on the above derived constitutive model and the determined parameters, direct shear test
and model validation will be conducted using this constitutive model. The parameters involved in the
constitutive model are listed in Table 1.

Tab.1 - Key parameters of the model

w (%) »1(°) o.s/kPa o./kPa ki
2.65 40 1000 700 4
7 (%) @ /() C/kPa 70(%)

8 30 4 1.35

Figure 4(a) shows the shear stress-shear strain curves obtained by this theoretical constitutive
model under different low normal stresses. From Figure 4(a), it can be observed that the shear stress
first reaches its peak value, then rapidly decreases until it enters a relatively stable residual deformation
stage, reflecting the shear dilatancy and softening characteristics of the lunar soil simulant. The peak
shear stress and residual shear stress increase with the increase of the normal stress. Based on the
shear stress-shear strain curves in Figure 4(a), the shear strength 7, can be obtain under different
normal stresses, as shown in Figure 4(b). By comparing with previous experimental results and
theoretical results, there is a good agreement with experimental tests of Zhang et al. [18], indicating that
the model not only captures the shear dilatancy and softening characteristics of the lunar soil simulant
but also successfully simulates the direct shear test. Moreover, the values of cohesive force C and basic
internal friction angle ¢, in the theoretical model are 4 kPa and 40°, respectively. When the porosity
e=1, the values C and ¢, in the experiment tests are 4 and 40.35° respectively. These two parameters
used in constitutive model are almost consistent with those obtained in the experiment, and all belong
to the range of variation of real lunar soil [1, 32], which further validates the rationality of the proposed
model in the present work.

(a) 80 (b) 80
—— 6n=20kPa
70 — on=40 kPa 70L —=— Theoretical results
= 60 kPa *— Experimental results [18]
60 - an= —
3 —— on=80kPa @ 60r
< 50 e
P £ o50t
L a0t 5
i S 40t
8 30- [
= @
? 2l 2 %7
10 20 -
0 | | | | L L ! | 10 . L : : - 1 L
0 1 2 3 4 5 6 7 8 9 10 20 30 40 50 60 70 80
Shear strain (%) Normal stress 5, (kPa)

Fig.4 - Direct shear results at different normal stresses: (a) shear stress-shear strain curves, and (b)
Comparison of shear strength obtained from experiments and theoretical model.
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INFLUENCES ANALYSIS OF MODEL PARAMETERS

Since k1 is an amplitude parameter that can adjust the magnitude of the post-peak softening of
lunar soil simulant, the change in k1 value will affect the residual shear stress after softening. Figure 5
shows the shear stress-shear strain curves at various amplitude parameters. It is found that the change
in k¢ hardly affects the magnitude of peak shear stress, but it has a significant impact on the softening
behavior and the magnitude of residual shear stress. When k=2 and 3, after the sample reaches their
peak shear stress, although there is softening, the softening phenomenon is not obvious and there is
no relatively stable residual deformation stage. The degree of softening increases as the value of k4
increases, when ki=4, there is a noticeable softening phenomenon, and relatively stable residual shear
stress is observed, which is suitable for the shear deformation characteristics of lunar soil simulant.
Therefore, k1 = 4 is used in the present study.

30
25 L
& 20}
<
2]
[72]
2 15}
2 —K, =2
©
S 10f e
— K =4
L 1
5_
0 1 L L L 1 1 1 1

0 1 2 3 4 5 6 7 8 9
Shear strain (%)

Fig.5 - Shear stress-shear strain curves at various amplitude parameters (K1)

(a) 30 (b) 140
I on=50 kPa
- "":?5"52 120 F on= 100 kPa
on= @ " on= 150 kPa
= on= 25 kPa S 100l omE s
¢ 20} A
(7] w
g 2 80|
& 15[ e I
3 @ B0L
& 2
10| * I
40}
5r 20
0 i 1 i 1 " 1 i 1 i 1 i 1 i | " 1 0 " L n 1 n 1 1 1 N 1 n 1 I 1 I 1
o 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 & 7 8 9
Shear strain (%) Shear strain (%)

Fig.6 - Shear stress-shear strain curves of lunar soil simulant specimens under different normal stress
conditions: (a) low normal stress, and (b) conventional normal stress.
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Figure 6(a) and (b) show the shear stress-shear strain curves of the lunar soil simulant samples
under low normal stress and conventional normal stress conditions, respectively. From Figure 6, it can
be observed that the shear stress first increases to its maximum value and then softens, leading to a
rapid decrease in shear stress and entering the residual shear stress stage. It indicates that lunar soil
simulant exhibits significant shear dilatancy and softening characteristics both at low and conventional
normal stress conditions. Moreover, at low normal stress, as the normal stress increases, the peak shear
stress and residual stress increase. Similarly, at conventional normal stress, with an increase in the
normal stress, the peak shear stress and residual stress also increase.

(a) (b)
Fig.7 - Influences of simulation parameters on the stress-shear strain curves of lunar soil simulant
specimens.
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Fig.7 - Influences of simulation parameters on the stress-shear strain curves of lunar soil simulant
specimens. (a) different particle cohesions, (b) different internal friction angles, and (c) different
compressive strengths of cementitious particles.

To further reflect the influences of model parameters on the stress-strain curves and the shear
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dilatancy and softening characteristics of lunar soil simulant specimens, Figure 7 presents the stress-
shear strain curves under different values of particle cohesion, particle internal friction angle, and
compressive strength of the cementitious material in lunar soil simulant. From Figure 7, it can be
observed that regardless of how the model parameters are changed, the overall curve patterns remain
unchanged, namely, the shear stress first increases to reach the peak stress, followed by softening and
eventually reaching a stable residual stress stage. This trend also reflects the pronounced shear
dilatancy and softening characteristics of the lunar soil simulant. In Figure 7(a), as the particle cohesion
increases, the peak stress increases, and the residual stress after softening also increases. Finally, with
increasing shear strain, the residual stress tends to stabilize. Similarly, for different variations in the
particle internal friction angle (Figure 7(b)) and the compressive strength of the cementitious material in
lunar soil simulant (Figure 7(c)), a similar trend is observed, with higher values resulting in increased
peak stress and residual stress. Compared to the internal friction angle and particle cohesion, the
influence of change in compressive strength of cementitious material on shear strength is very small.

CONCLUSIONS

(1) In this study, an elastoplastic constitutive model is developed to effectively captures the shear
dilatancy and softening characteristics of lunar soil simulant. The model uses the kinematic hardening
equations based on the classical elastoplastic theory to describe this strengthening phenomenon, and
reflects the softening characteristics by introducing the concept of initial shear stress, which effectively
compensates for the shortcomings of existing constitutive models in the literatures.

(2) The model only requires fewer parameters to be determined, and all of which can be obtained
through simple initial loading curves from direct shear tests.
(3) The model allows for the analysis of the influences of parameters such as normal stress,

particle cohesion, internal friction angle, amplitude parameter, and compressive strengths of
cementitious material on the peak strength, residual strength, shear dilatancy and softening
characteristics of lunar soil simulant. These results will provide some references for a deeper
understanding of the mechanical behavior of lunar soil and the mechanical analysis involved in lunar
soil mining and future lunar base construction.

The model proposed in this study mainly focuses on dry lunar soil simulant. For the icy lunar soil
in the south pole region of the moon, its deformation characteristics are different due to the special
properties such as water content and ice soil cement, and the corresponding constitutive model also
needs further research.
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ABSTRACT

The concept of geomonitoring and its role in developing the mining industry as a case study of
the development of copper and zinc deposits in central Kazakhstan ("East Saryoba" mine) has been
considered. As a crucial element of the geomonitoring concept, the control of the open-pit mine's slope
stability has been examined. Geomonitoring is being treated as a combination of geodetic monitoring
data and geomechanical properties of the surrounding rocks to analyze the possible slopes' collapses.
The refined approach of geomonitoring has been developed to provide appropriate reliability and
accuracy. The technology is based on complex knowledge about the geological structure of the object of
monitoring and applying state-of-the-art geodetic methods. Research on the geomechanical properties
of the open-pit mine has been carried out. The results of these studies have been used to determine the
collapse zones of the slopes of the open-pit mine. The limit values for the slopes' collapse zone and
inclination angle for the prospective excavation regions in the open-pit mine have been calculated using
the equilibrium state equation. Those values, namely, the size of the collapse zone and the slope's
inclination angle, were used for the geodetic target setup. As a case study, the displacements of these
targets were measured using robotic total stations placed on the control points over the geodetic network.
For the installation of both geodetic equipment during the geomonitoring design and accomplishment,
the authors developed the permanent measuring station construction, which provides fast and accurate
centering. The first results showed that the problem of the geomonitoring design could be solved based
on geomechanical rock properties accounting and their combination with the results of geodetic
measurements.

KEYWORDS

Geomonitoring, Open-pit mine, Vertical displacements, Deformation target, Geomechanical
properties, Slope stability
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INTRODUCTION

The world industry of minerals mining affects both the global economy and the environment. The
leading countries worldwide are conducting grave studies concerning reducing the impact of their mining
activity on the environment. Among those countries by far is the Republic of Kazakhstan. The country
occupies one of the prominent places in the balance of global minerals and raw materials. It is well-known
that the country has a high potential for further developing mineral resources on the world market.
Currently, in Kazakhstan, open pit mining technology is developing most of the mineral deposits. The
deployment of robust geomonitoring systems is the solution to mitigate the unwanted impact of the mining
industry on the environment. The state-of-the-art mining activity requires an essential improvement in
monitoring the geomechanical processes occurring in the mining zones based on monitoring the open-
pit slopes state. The question of slope stability in open-pit mines is a subject of numerous studies [1-5].
The present publications are focused on the application of equilibrium state methods. The work [6]
indicates that approaches to estimate the stability of the open-pit mine slopes were developed years ago.
However, the most widely used methods are still based on the equilibrium state condition. Those methods
require detailed information obtained as a result of geological studies about the ground's inner structure.
Furthermore, it is hardly possible to forecast the slope stability even with detailed information about the
grounds' structure. Geological data alone are not capable of ensuring the precise slope movement model.
This is the case when geodetic monitoring data come in handy and may complement a pure geological
model [7-9]. A number of scholars have examined the application of geodetic technologies for slope
monitoring using miscellaneous geodetic equipment. Among the terrestrial geodetic methods, the critical
role plays total stations [10] and terrestrial laser scanners [11,12]. Among aerial surveying technologies,
the primary contribution is UAVs equipped with cameras and LiDARs. Numerous studies have
investigated the UAV photogrammetry application for geodetic monitoring [13-15]. Space technologies
are another branch of geodetic technologies. Researchers have become increasingly interested in
applying satellite and ground-based radar technologies for precision monitoring [16-26. The data
collected by any mentioned methods, or their fusion are analyzed in different GIS platforms [27,28].
Besides monitoring the slopes of the open-pit mine, the problem of landslide monitoring is worth noting,
which is similar to slope monitoring [29-32]. Even though the landslides are mostly natural objects, their
monitoring is performed using the same LIDAR technologies, total stations, UAVs, and InSAR
technology. This list is by no means exhaustive. However, it shows us the leading role of geodetic
technologies in such a complicated task.

Therefore, combining geological knowledge and geodetic measurements leads to the more
general concept of geomonitoring [33-35]. However, it raises the question of how to organize geodetic
monitoring as a part of geomonitoring so its results are compatible with geological data. The answer is
that it is necessary to find the slope stability parameters using geological data and, in what follows, control
these parameters using geodetic methods. Of course, under such parameters, we mean just geometrical,
as long as only these values are the subject of geodetic measurements. The stability factor characterizes
the slope stability. The value of this factor shows the relative surplus of the rock mass strength compared
to the shear stress [36-38]. Scientists account for the adjacent rock mass's geomechanical properties
and hydrogeological conditions for the stability factor calculation. To date, no study has explicitly looked
at the problem of geomonitoring using the key geometrical characteristics, namely, slope inclination angle
and the size of the collapse zone. This study addresses the geomonitoring design issue and its part of
geodetic monitoring. Given the centrality of this issue, as the first step, let us consider the general concept
of geomonitoring and the features of the study area.

This paper is organized into five subsections. Section Material and Methods provides an overview
of geomonitoring, a brief description of the study area, and a basic theoretical framework for open-pit
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mine geomonitoring design and its practical application. The results section deals with analyzing the first
onsite application of the developed geomonitoring concept and its discussion. The last subsection
outlines the conclusions.

MATERIAL AND METHODS

General geomonitoring approach and study area

The traditional concept of geomonitoring boils down to the following steps: design, observations,
simulation, and prediction [39-41]. The contemporary geomonitoring concept is presented below (Figure

1).
g Results of geological
Deilgn and mechanical studies ]

Observations ]—
A ¢ A 4

Geological and Geomechanical Geodetic observations
tectonics studies observations

v

Simulation

v

Prediction
A

4
Displacements and Geomechanical Danger zones
velocities properties

|

)

e

Fig. 1 — Scheme of the geomonitoring concept

Modern geomonitoring is an integrated process that uses different sensors for the observations.
The results of these observations feed to the core of the monitoring system, the simulation block. The
state-of-the-art concept of geomonitoring on the open-pit mine territories comprises three primary data
sources. Geological, mechanical, and geodetic studies yield these data. For the case of open-pit mine
geomonitoring, the primary goal is to determine the slopes' stability, which is described by spatial
displacements of deformation targets. However, at the design step, those data are not being used. The
crucial parameter for reliable geomonitoring is the width of the possible collapse zone B, (see Figure 2).
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Fig. 2 — Station profile line and surveillance equipment

At each step of an open-pit mine, two targets must be placed—the first at the step rim and the
second out of the possible collapse zone. Owing to the value By, the surveyor can correctly set up the
monitoring targets. To calculate the value B, for the geomonitoring at the design stage, one needs to
know the following ground properties: adhesion by crack, angle of friction, hardness of the rock, and
density. These characteristics will be examined as a case study of the "East Saryoba" mine, located in
Central Kazakhstan (Figure 3).
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Fig. 3 — Study area, "East Saryoba" mine

The "East Saryoba" orefield is considered a large development mine. Since its discovery, 119 ore
bodies have been explored. The largest deposits are in the northeast and have a length of up to 3200 m
and a thickness of up to 17 m (Figure 4).

The output of the geomechanical properties research will be presented in the following
subsection. These results have been used to determine the slopes' collapse zones and limit values for
the slopes' inclination angle for the prospective excavation zones in the open-pit mine. Those values will
be used for the emplacement of the deformation targets.
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Fig. 4 — The combined contour of ore deposits in the depth range +340 m to 0 m "East Saryoba"

Geomechanical studies

Several geological studies have been conducted for the "East Saryoba" deposit. The present
study has employed the results of geological surveys analyzed in the laboratory and field testing.
Satbayev University conducted different research and obtained indicators of rock strength properties.
Table 1 shows the physical and mechanical properties of the deposit rocks based on the laboratory test
results.

Tab. 1 - Geomechanical properties of rocks in the sample data of Satbayev University for 2002-2008

Uniaxial L. . .
Samplin Name compression Uniaxial | Density | Adhesion | Angle of Hardness
piing of the P Strength v, 108 | inblock k, | friction,
depth, m strength of rock, f
rock op, MlMNa kg/m3 MPa degrees
Gcom, MPa
50.1-51.8 o 110 13.0 2.66 25 32 8.0
83.5-84.0 8 125 14.0 2.67 28 32 8.3
112.0-113.0 E 126 14.3 2.68 32 31 8.6
152.6-153.0 [} 139 14.5 2.71 34 31 9.2
170.0-170.8 | & 140 14.8 272 34 29 95
218.1-218.6 © 140 14.8 2.73 35 31 9.6
53.6-54.0 o 138 16.0 2.62 36 30 7.6
115.0-115.6 2 o 160 16.8 2.65 42 30 8.2
155.0-156.0 g < 170 16.0 2.67 46 30 8.8
200.0-201.5 0] 171 16.2 2.69 48 30 9.0

The study of rock geomechanical properties was repeated in 2018. The results are presented in Table
2.
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Tab. 2.- Geomechanical properties of rocks in the sample data of Satbayev University for 2018

Sampling Name Uniaxia_l Uniaxial | Density Adhesion Ar}gl'e of Hardness
depth, m of the compression Strength y, 103 in block friction, of rock. f
' rock strength ccom, MPa | op, MlNa kg/m3 k, MPa degrees '

260 o 170.1 16.5 2.71 37 28 8.2
265 S 173.1 17.2 2.72 49 30 8.8
545 - 170.0 16.0 2.73 45 30 9.0
545 T 172.0 16.9 2.71 48 35 8.2
505 GE) 170.0 16.2 2.72 48 30 8.8
505 © 170.0 16.8 2.73 50 38 9.5

Using data from Tables 1 and 2, we obtained the analytical dependencies that describe the
relationship between the slopes' parameters and the rock properties (Figure 5 and Table 4).
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Fig. 5 — Analytical dependencies for rock geomechanical properties at the "East Saryoba" mine.

The analysis shows that rocks' strength properties change significantly with the depth of their
occurrence.

The next step is the calculation of the slopes’ stability. Having this parameter, one may calculate
the possible collapse zone Bo and critical slope inclination 8, the parameters that are crucial for
geomonitoring. The equilibrium condition has been used to accomplish this task:

M, = Rtgos X=X Picos®; + RCs X=X L, (1)

where R — radius of the cylindrical sliding surface; P; = h;b;ys (h; — block's height; b; — block's width, ys
— simulated density); 8; — inclination angle of the sliding surface; @¢ — a simulated value of the inner

@ DOI 10.14311/CEJ.2024.01.0004 55



Article no. 4

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2024

JOURNAL

friction angle; Cs — a simulated value of the adhesion; L; — length of the sliding surface. The meaning of

these values can be clarified in Figure 6.
v R \/ Hoo
\ 4

Fig. 6 — Diagram of slope stability calculation

The two indispensable parameters for geomonitoring have been calculated. The width of the
possible collapse zone equals:

By = 2H[1 - ctgatg((a + gos)/Z)] - 2H90/

ctg(45° — ¢s/2) + tg((a + @5)/2) @

the value Hq, can be calculated as:

Hgy = 2Csctg(a — @s/2) /vs- 3

The values B, for each slope were used for target emplacement along the east side of the W-E
profile (Figure 7). The vertical displacements for the targets along this profile were determined and will
be analyzed in the results section.

The second parameter—the allowable slope's inclination angle—has been found through
simulation. The most suitable method for fractured rocks is the one that simulates stable slope
parameters, considering rocks' sliding surface and strength properties. The simulation was carried out
for each block of pit mine cross-section W-E (Figure 7). The results are given in Table 5.

Along with calculating the allowable slope's inclination angle, pit slopes were partitioned into
zones accounting for stability factors. The complex analysis of data in Table 5 and the stability factor
showed that the eastern and western sides of the mine have the slope's stability at angles of 65-70°. In
fact, the actual slope's angles do not exceed 50°. Therefore, from the geomechanical point of view, the
slopes are treated as stable.
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Fig. 7 — Orientation of the profile W-E on the "East Saryoba" mine

Tab. 5 - Allowable slope's inclination angles for cross-section W-E.

Relative height Angle of friction, deg

H/Hgq 25 30 35 40

1 90.0 90.0 90.0 90.0

15 84.0 84.5 85.0 85.5

2 77.3 78.1 79.6 80.6

2.5 71.0 72.5 74.4 76.0

3 65.2 68.0 70.2 72.8

35 60.2 64.0 66.5 69.9

4 56.0 60.1 63.6 67.5

4.5 52.5 56.9 60.9 65.2

The cross-section of the pit mine and the targets is given in Figure 8.
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Fig. 8 — Current and prospective profiles of deposit development for "East Saryoba" mine.
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Totally 16 deformation targets were placed along the east profile W-E, two for each slope. The
distances between them were equal to Bo. Under such a premise, the first target is treated as deformed,
and the second is treated as stable for control. The targets were attached to the slope surface and marked
by retroreflective targets. The total station was used (Figure 9, c) to measure the displacements of these
targets. For reliable observations, we have developed a permanent measuring station installed at the
reference points for monitoring (Figure 9, a). This station aims to facilitate observation procedures,
increase measurement accuracy, and speed up monitoring procedures.

(b)

Fig. 9 — Measuring station: (a) Design of the permanent measuring station: 1- concrete or steel pillar; 2-
metal plate 3- mark center; 4-steel set; 5- frame hole; 6,7- attachment screws; 8 - butt; 9- cover; (b)
Cover setup; (c) Total station setup and measurements.

RESULTS

Monitoring results

After setting the targets along the profile W-E, the measurements were accomplished. Total
station Leica carried out observations of the vertical displacements of rock mass from the permanent
measuring station placed outside the pit mine. For 2015-2019, seven epochs of geodetic observations
were performed. The first epoch was considered a "zero" epoch with no displacements. According to the
observations' results, the vertical displacements were fixed for deformed targets (Figure 10) and stable
targets (Figure 11). The analysis of the results shows that the displacements of the deformed targets
(Figure 10) tend to increase with height. The targets placed at the top rims of the pit mine have significant
displacements. During the first observation years, the displacements did not exceed 25 mm. However,
further observations have shown an evident trend. This trend is clear from the mean vertical displacement
for each target that is calculated by

Si
Smean = ZT! (4)

where q is the number of observation epochs; ) S; - total vertical displacement for all epochs. The graph
of mean displacement is attached to Figure 10.

Unlike the deformed targets in Figure 10, stable targets have considerably smaller displacements.
The maximum displacement reached 11 mm for the upper rim of the pit mine. The displacements of the
stable targets mainly change randomly. There is only an insignificant trend for upper targets for the last
observation year (points 7‘ and 8°).
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Fig. 11 — Displacements of stable targets

For the deformed targets, we may calculate the mean displacement velocity
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where Z? v - the total velocity of the vertical displacement.
The velocity graphs are presented in Figure 12. This figure includes the graph of the mean

displacement velocity.
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Fig. 12 — Graphs of target velocities

()

Since the number of epochs is limited, developing a prediction model based on statistical
premises will provide unreliable results. The correct solution is the application of the interpolation model.
However, the determined values of displacements are contaminated by random measurement errors.
Therefore, applying the interpolation model that will simulate the deformation process and smooth the
effect of random errors is recommended. One such model is the spline function (parabolic or cubic). The
approximation is carried out using the least squares approach to reduce the impact of the random errors.
Parabolic and cubic spline models describe the deformation process for all deformed targets with
accuracy, as shown in Table 6. The model based on cubic spline provides more smoothed results with

smaller values of root mean square errors (RMS) and absolute residuals.

The results of the least squares cubic spline approximation are presented in Figure 13.
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