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Dear readers,

The Editorial Board of the AGG+ Journal for Architecture, Civil Engineering, Geodesy and Related
Scientific Fields continuously works to improve the journal's content, clarity, and visibility, as
well as its visual identity. Therefore, the journal's website is dynamically changing. One
important new practice is the online-first publication of papers. Once the review and
production processes are finished, papers are made available online, eliminating the need for
authors to wait for the annual issue to be published.

Meanwhile, a second special issue entitled Earthquake Engineering is also being prepared and
scheduled to be published in the first half of 2025. While you await this collection of scientific
research reports, you can read the papers in the regular issue 12 ahead of you. The papers
predominantly deal with the dynamic stability of built structures, specifically under the
influence of earthquakes and wind. Therefore, issue 12 can be seen as an introduction to the
upcoming thematic collection.

The editors hope the readership will find the articles constructive, engaging, scientifically
profound, and enjoyable. We welcome contributions worldwide and invite researchers,
academics, professionals, educators, and students to submit their research and insights for
volume 13.

Editors-In-Chief
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OF LENGTH L=3X63.0 M

ABSTRACT

During a seismic impact, the main emphasis is placed on the damage to bridge piers, which were
isolated from the horizontal earthquake detector. Accordingly, when calculating the bridges, the
reaction spectra obtained from the horizontal earthquake detector are used both for the piers and
for the superstructure. The issue of seismic resistance of bridges is very important, especially for
superstructures with long spans. It is necessary to construct dynamic curves of seismic resistance for
superstructures of a specific system. The article deals with composite steel and concrete continuous
span superstructure with a scheme L=3x63.0 m, on which we performed seven real earthquake
records for all three categories of soil using the direct dynamic method and built the reference
response spectra. Based on the obtained response spectrum and the methodology provided by
different normative documents, the calculation of the selected superstructure was carried out, and
the force values were determined. Discussion: On the basis of the results obtained with the reference
response spectra and the curves given in the normative documentation, graphs were drawn, and
composite steel and concrete continuous span superstructure with a scheme L=3x63.0 m of the
vertical response spectra was determined.

Key words: superstructure frequency, period, vertical response spectrum
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1. INTRODUCTION

On the basis of the spectral theory of seismic resistance, the determination of the dynamic
response spectra processed in all normative documents, which is based on the results
obtained by the calculations of the vertical single-mass cantilever system, does not take into
account the very diverse calculation schemes of different constructions. Despite the bridges
and all other structures of any system, as well as the system itself, the stiffness and mass
difference curves are always unchanged and universal, which, in our opinion, is a very big
assumption and is far from reality.

In 2012, New York University professors published an article focusing on the importance of
the proper selection of a seismic vertical detector for the superstructure of a bridge [1].

In 2018, lowa State University professors published an extensive paper in which they
pointed out that the vertical component of the three components of an earthquake is
partially ignored by the use of mitigation coefficients in the regulations, which ultimately
yields results that are inconsistent with reality. The partial disregarding of the vertical
component of the earthquake is due to three main reasons: 1) the amplitude of the vertical
acceleration of the ground is small compared to the amplitude of the horizontal
acceleration; 2) peak values of three-component accelerations are lost in time; 3) buildings
are characterized by much higher rigidity in the vertical direction [2].

The first two reasons are fair but not always true: there are different types of earthquakes,
especially in the vicinity of 50 km from the epicentre, and the vertical coefficient is larger
than the horizontal one [3].

The third reason is an acceptable consideration for industrial and civil buildings because the
buildings in the vertical direction have great stiffness, and for them, the horizontal
components are really dominant, whereas in bridge construction, the vertical ground
accelerations can have a significant impact on the stress-deformed state of bridge
structures.

Therefore, it is necessary to determine the coefficients of seismic dynamism for the
composite steel and concrete continuous span superstructure with a scheme L=3x63.0 m.

2. METHODOLOGY

Figures Composite steel and concrete continuous span superstructure with a scheme
L=3x63.0 m consist of two main beams, longitudinal and transverse connections. A
reinforced concrete slab is used in the roadway part, which is connected to the main coils
with beams. The clearance of the bridge deck is 11.5 m, of which the width of the lane of
the carriageway is 7.5 m, the width of the safety lanes is 2.0 m, the width of the sidewalks
is 1.5 m, and therefore the total width of the cross-section of the superstructure is 15.90 m.
the thicknesses of the lower and upper belt of the main beam are different in different
cross-sections and accordingly the stiffnesses are also different (Fig.1).

003 | AGG+ 2024_12(1): 002-014
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Fig. 1 Cross section of the superstructure with a scheme L=3x63.0 m (Drawing by the authors)

For the superstructure, the frequencies and modal periods for the first three forms of
oscillation were determined (Table 1).

Table 1. frequencies and periods of superstructure

L=3x63.0 m
Oscillation form Circular frequency rad/s Freqll;:ncy Persiod
1 2 2} 4
6.26 0.996 1.004
11.412 1.816 0.551
50.210 7.991 0.125

After fundamental periods and natural frequencies of superstructure were determined for
each soil category, seven accelerograms with oscillation periods closest to the fundamental
period of a superstructure were selected from the database of accelerograms.

Earthquake peak accelerations have different magnitudes in mutually orthogonal
directions. Since the vertical component is dangerous for the superstructure, therefore,
such records of vertical oscillation were selected, the oscillation period of which is as close
as possible to the fundamental periods of the superstructure.

For this purpose, various accelerograms were selected from the accelerogram, whose main
phases were decomposed into harmonics. Harmonics further allows the selection of the
specific accelerogram from several accelerograms.

The calculation model of the superstructure was generated using structural analysis and
design software MIDAS Civil (Fig. 2). The accelerations of the superstructure were
determined using the direct dynamic method. The acceleration spectra were calculated
based on the software SeismoSignal 2023.
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Fig. 2. The reference model of the superstructure of the scheme L=3x63.0 m (Drawing by the authors)

To determine the acceleration spectrum, the real record of the three-component
“Kalamata” earthquake—accelerogram was used (Fig.3). The vertical component of the
accelerogram was separated and normalized in order to exclude the magnitude factor (Fig.

a).

Acceleration [rs? Acceleration [rs?

Acceleration [mis?]

Fig 3. Kalamata earthquake record (code: 005814) (Drawing by Internet-Site for European Strong-Motion

earthguake: Kalamata, 13.101987 13:39:40UTC, magnitude: 6 4kw, fault mechanism: thrust

station: Githio-Police Station, building-type: free-field, local geology: rack

epicentral distance: §1km, fault distance: ?, instrument: SMA-1
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Fig. 4. Vertical accelerogram of the Kalamata earthquake (code: 005814) (Drawing by the authors)
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Fig. 5. Vertical normalized accelerogram of the Kalamata earthquake (code: 005814) (Drawing by the authors)

As a result of analysing vertical normalized accelerograms subjected to the 1997 Kalamata
6.4 magnitude earthquake of the superstructure, accelerations were obtained. The results
were compared to the normalized accelerations, and it was determined how many times
they were increased in the case of the real structure (Fig.6).
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Fig. 6. Vertical normalized accelerogram (code:005814) and response of the superstructure with a scheme
L=3x63.0 m under the impact of the Kalamata earthquake (Drawing by the authors)

For this specific case, the maximum acceleration of the response of the superstructure was
4.53 m/s2. Their spectra were constructed accordingly and are presented in Fig. 7.

a (m/s)

F 9

et

0 0.5 1 1.5 2 2.5 3 3.5 4 T (5)

Spectr-399 Spectr-005814

Fig. 7. The vertical normalized spectrum of the Kalamata earthquake (code: 005814) and the response spectrum
of the superstructure with a scheme L=3x63.0 m (Drawing by the authors)

The same approach was applied to the rest of the selected accelerograms, which allowed
working out the accelerations spectra (Fig.8).

Spectra of accelerations for soils of category | in terms of seismicity are given in Fig. 8, which
includes the spectra provided by normative documentation (Geo [4], SNiP [5] [6] [7], EN [8]
[9] and AASHTO [10]).
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B L-3x63.0m - I
12

10

a
2
0 =
16 T ()
—GEO | — RUS 2011 - RUS 2014 — RUS 2016-1
o EN ELASTIC === EN DESIGN m— AASHTO A — AASHTO B
3x63.0-000198 3x63.0-000981 3x63.0-002025 — 3x63.0-005814

3x63.0-005819 3x63.0-005820 3x63.0-006104 ——1=3x63.0 m

Fig. 8. Response spectra of the superstructure with a scheme L=3x63.0 m for soils of category | (Drawing by the
authors)

The same approach was implemented for soil categories Il and Il during the construction of
composite steel and concrete continuous span superstructure with a scheme L=3x63.0 m.
Seven accelerograms were selected, and the spectra of accelerations were obtained as
results of their impact. They are shown along with the spectra provided by different
normative documents (GEO [4], SNiP [5] [6] [7], EN [8] [9] and AASHTO [10]) in Fig. 9 and
Fig. 10.
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Fig. 9. Response spectra of the superstructure for soils of category Il (Drawing by the authors)
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Fig. 10. Response spectra of the superstructure for soils of category Il (Drawing by the authors)

The calculation of the selected superstructure was carried out with the spectra obtained by
us for the soils of different categories, as well as with the methodology provided by different
normative documents (GEO [4], SNiP [5] [6] [7], EN [8] [9] and AASHTO [10]).
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3. RESULTS

The vertical component of the seismic action shall be represented by an elastic response
spectrum Sve(T), derived using expressions [8]:

0<T< Ty sve(T)=avg-[1+1-(n-3.0—1)]
T
T < T < Tg: Sye(T) =ayg m-3
Tc
Te < T < Tpt Sye(T) =aygn-3.0- [

TcT
TD<T<4s:Sve(T)zavg'ﬂ'&O'[frzD] "

where

Sye(T) —is the vertical elastic response spectrum;

T — is the vibration period of a linear single-degree-of-freedom system;

ayg — is the design ground acceleration;

Tg = 0.08 —is the lower limit of the period of the constant spectral acceleration branch;
Tc = 0.72 —is the upper limit of the period of the constant spectral acceleration branch;

Tp = 1.0 —is the value defining the beginning of the constant displacement response range
of the spectrum;

n=1 — is the damping correction factor with a reference value of n=1 for 5% viscous
damping.

0< T < 0.08: sve(T)=1-[1+l-(1-3.0—1)]

0.08
008< T < 0.72: Sye(T) =1-1-3

072 < T < 1: sve(T)=1-1-3.0-["'Tﬂ]

1.0<T<4s:sve(T)=1-1-3.o-[%] 2)
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Fig. 11. Vertical response spectra of the superstructure with a scheme L=3x63.0 m (Drawing by the authors)

For the superstructure with a scheme L=3x63.0 m, calculations were made for all three soil
categories at different levels. The results of seismic forces are presented in Table 2.

Table2 seismic forces of superstructure with a scheme L=3x63.0 m by different normative documents

Superstructure with a scheme L=3x63.0 m
Static 7 Intensity 8 Intensity 9 Intensity

N Name M. tem M, tem % | Mtem | % | M, tem %

1 L=3x63.0 317.21 12.4 634.63 249 1271.65 49.8
2 GEO-I 105.94 4.2 254.57 10.0 551.82 21.6
3 GEO-II 131.96 5.2 264.13 10.3 528.49 20.7
4 GEO-III 136.08 53 217.86 8.5 408.69 16.0
5 RUS-2011 113.23 4.4 226.68 8.9 453.59 17.8
6 RUS-2014 119.71 4.7 239.65 9.4 479.52 18.8
7 RUS-2016-I o 102.84 4.0 205.9 8.1 412.02 16.1
8 RUS-2016-I1 5 165.12 6.5 330.47 12.9 661.39 25.9
9 RUS-2016-Il1 - 186.53 7.3 373.27 14.6 746.85 29.3
10 EN ELASTIC 309.47 121 619.16 24.3 1238.54 48.5
11 EN DESIGN 171.86 6.7 343.88 135 687.98 27.0
12 AASHTO-A 427.29 16.7 855.86 33.5 1715.01 67.2
13 AASHTO-B 534.16 20.9 1070.65 419 2144.59 84.0
14 AASHTO-C 884.32 34.6 1712.26 67.1 2952.4 115.7
15 AASHTO-D 1186.46 46.5 2069.35 81.1 3259.03 127.7
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The graph presented in Fig. 11 was developed to visualize the results calculated on the basis
of various normative documents (GEO [4], SNiP [5] [6] [7], EN [8] [9] and AASHTO [10]).

y MEm)
3500
—&—1=3x63.0
3000 ——GEO-I
—#—GEO-II
SEn0 —8—GEO-IIl
—+—RUS-2011
——RUS-2014
2000
RUS-2016-1
—4—RUS-2016-1
1500 —m—RUS-2016-11l
—EN ELASTIC
1000 EN DESIGN
AASHTO-A
500 AASHTO-B
AASHTO-C
§ AASHTO-D

7 Intensity 8 Intensity 9 Intensity

Fig. 11. According to various normative documents and new spectra, the values of the forces of the superstructure
with a scheme L=3x63.0 m

Studies have shown that taking into account the first three modes of vibration of the
superstructure with a scheme L=3x63.0 m, the magnitudes of the forces determined by the
spectrum of the response obtained by the spectra given in the normative documents of
(GEO [4] and SNiP [5] [6] [7]. The results also exceed the magnitude of the force received by
the spectrum given in the normative documentation of EN [8] [9].

The vertical spectra given in different normative documents (GEO [4], SNiP [5] [6] [7] and
AASHTO [10]) take into account different soil categories obtained by transforming the
horizontal spectrum. The vertical spectrum is given only in the normative document of EN,
and it does not depend on the soil category, which was also confirmed in this research -
regardless of different soil categories, the range of the new spectrum obtained on the basis
of the response spectra of accelerograms is unchanged. Therefore, it is possible to use one
vertical response spectrum for all soil categories.

4. CONCLUSION

The spectra obtained by the impact of accelerograms on the composite steel and concrete
continuous span superstructure with a scheme L=3x63.0 m produce significantly higher
force values than the spectra obtained without taking into account their own fundamental
periods.

As provided in the EN normative document, the following research confirmed that it is
possible to use the same vertical response spectrum for all soil categories.
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Studies have shown that it is necessary to use wide-area spectra for the long period
composite steel and concrete continuous span superstructure with a scheme L=3x63.0 m.
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OAPEBUBAILE CMEKTPA OAA3UBA CYNEPCTPYKTYPE AYHKUHE L=3x63,0 M

CAXKETAK: Mpuankom censmuyKor yaapa, riaBHU Harnacak je ctaB/beH Ha owTehetba cTyboBa MocTa
KOjV CYy M30/10BaHN Of, XOPU3OHTA/NIHOI AeTeKTopa 3em/boTpeca. Y CKaagy € TUM, Npu NpopavyHy
MOCTOBA, PEAKLMOHM CNeKTPU A0OMjeHM ca XOPU3OHTAHOT AEeTeKTOpa 3eM/bOTpeca Ce KopucTe U 3a
cTtyboBe v 3a Haarpaghy. CeMsmumuKa OTNOPHOCT MOCTOBA je BEOMA BaXKHa, NocebHO 3a HagrpaaHe
Ca BE/IMKMM pacnoHnma. HeonxoaHo je KOHCTpyMcaT AUHAMUYKE KpUBe CeEU3MUYKE OTNOPHOCTU 33
Hagrpaghe oapeheHor cuctema. Y pagy je obpaheHa KOMNO3UTHA YeIMYHO-BETOHCKa HenpeknaHa
PacMoHCKa Hagrpagkba ca wemom L=3x63,0 m, Ha KOjOj CMO AMPEKTHOM AUHAMWYKOM METOLOM
M3BPLIMAKN CeAaM peasiHUX 3eM/bOTpeca 3a CBe TPU KaTeropwje T1a v nsrpagunn pepepeHTHe cnekTpe
oa3vBa. Ha ocHoBy pobujeHor cnektpa oasvBa M MeTogosorvje npegsuheHe pPasnnunMTUm
HOPMATUBHMM AOKYMEHTMMA, U3BPLUEH je MpopayvyH ogabpaHe Hagrpaste u ogpeheHe BpujegHoCcTH
cuna. Ouckycuja: Ha ocHoBy fo06mjeHMX pe3ynTaTta ca pepepeHTHUM CMEKTPMMA OA3MBA U KPUBMUX
AaTUX Y HOPMATUBHOj AOKYMEHTALM]K, YUPTaHWU cy rpaduKoHM 1 ogpeheHa KoMMNo3UTHa YennyHa u
6EeTOHCKA HENPEKMAHA PacNoHCKa Haarpaatba ca wemom L=3x63,0 m BepTMKaNHOr CNeKTpa 0A3M1Ba.

KrmoyuHe pujedu: ppekseHyuja Ha02padr-e, nepuod, 8epmuKaaHU criekmap o03usa
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ABSTRACT

Glasshouses, greenhouses, conservatories and orangeries — all types of buildings intended specifically
for plant cultivation — represent a relatively recent addition to the histories and repertoires of
horticulture, agriculture and architecture. During approximately three centuries of their notable
existence, these structures managed to not only enable the growth of exotic plants removed far from
their natural range but also to form a particular genre of architecture, which developed through
different phases, from feeble experiment through high exclusivity to near irrelevance — and back into
new paradigms of vegetation-culture-architecture relationship. Starting not only from
historical/contemporary examples but also from the general promise of enclosed ecologies, this paper
aims both to analyse the phenomenon of greenhouse, as well as to explore parameters and options
for its further expansion along conceptual and design-oriented lines.

Keywords: greenhouse, glasshouse, conservatory, nature presentation, programmatic integration


mailto:ognjen.sukalo@aggf.unibl.org
mailto:maja.milic-aleksic@aggf.unibl.org
mailto:slobodan.peulic@aggf.unibl.org
https://orcid.org/0000-0003-4549-0552

0. Sukalo, M. M. Aleksié, S. Peulié INTERNAL EXTENSIONS: A CASE FOR THE REASSESSMENT OF THE ARCHITECTURAL
PHENOMENON OF GREENHOUSE

1. HISTORY AND CONTOUR PROPOSITIONS

Plants create one of the most basic propositions of our experience of space. Additionally,
vegetation — or “nature” as it is often simplified— represents the most basic context for
architecture. Exceptions would amount only to climatic zones of extreme aridity, salinity or
cold. Environments composed predominantly of built forms are also amongst those
exceptions but are nonetheless often regarded as incomplete, barren and even inhumane
— precisely due to the absence of vegetation. It is perhaps only the sky that “surrounds”
architecture more often than plants. However, for most of the architectural history, plants
and buildings (especially interiors of building envelopes) very rarely entertained any
interconnectedness or close interaction. In classical antiquity, such connections, if built on
a grand enough scale (that is, in royal interpretation), even qualified for a “world wonder”

[1].

Basic reasons for this lack of interaction can be mostly attributed to (historical) limitations
of building materials, building practices and overall economy:

e Built space has, almost permanently, been supremely resource-demanding, financially
expensive and mostly in short supply.

e Traditional building materials, either in themselves, their connections and joints, or in
appearance and air quality, have, for the most part, been incompatible with humidity
that larger plant ensembles demand (but also transpire).

e Transparent and translucent materials — the prerequisite for any cultivation inside the
envelope —had a very long and gradual history of establishing themselves to be anything
more than a darkness-preventing device, let alone a source of adequate illumination for
the growth of plants. The cost of these materials was initially prohibitive, but after a
certain point, it proved to be a catalyst for the prestige-induced development of the
historical greenhouse.

Observed through the lens of the aforementioned (historical) forces, the phenomenon / the
idea - of a greenhouse does prove to be a pure progeny of the industrial age and, indeed,
might be a distinct illustration of the ways in which industrial production transformed the
idea of built space. However, despite these reasons being crucial - and some of the
associated problems insurmountable - no less important was also the lack of specific
cultural, political and ideological preconditions for the emergence of architectural-
horticultural spaces. These preconditions have slowly started to emerge with the early
modern period and the rise of two specific socio-cultural phenomena:

¢ Intense European exploration of the XV and XVI centuries, together with the fact that
these (mostly naval) explorations were focused primarily on geographical areas with
climatic conditions warmer than those found in Europe. From such locations, early (and
later) explorers, often with some members of the crew versed in natural sciences,
started to bring numerous seeds and live specimens of exotic plant life.

e Rise of the scientific method and worldview and, within it, the clear emergence of
distinct disciplines such as botany. More abstractly, it was the age of Enlightenment, and
the principal drive of unimpeded, “pure” reason at its core, that enabled - conceptually
—plants to be decoupled from their original environments and (re)assembled within
structures simulate only partial parameters of the original habitat, such as temperature
and humidity.
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e Much later, new narratives were also called for in the course of greenhouse building
revivals of the 1960s/'70s and 2000s. For the seventies, those were narratives of
emerging (geo)systemic scientific disciplines, while the most recent impulses relate to
either the sustainability of food production or the conservation of biological diversity in
an age of possible serious climatic disruptions. Possibly with less of a true invention with
regards to the teleology of the greenhouse, this last chapter of the development testifies
more to the significance of the legacy, as well as the aesthetic appeal of the previous era
of enclosed botanical spaces.

With this expansion and rationalistic structuring of the European worldview achieved,
technological advances in iron and glass manufacturing started to shape the classical
glasshouse — or ‘conservatory’ — of the XIX century. Still being very expensive, especially in
light of existing glass and window taxations in England, France, and other countries of
Western Europe [2], the conservatory became the signalling device for wealth and social
status. Initially being used for a wide variety of horticultural and social purposes, the
glasshouse quickly became the prime focus for many botanical institutions, which had been
in existence for decades and even centuries prior. Large conservatories, glasshouses, and
palm houses (etc.) were erected in Kew, Paris, Brussels, Copenhagen, Berlin, Vienna, St.
Petersburg, and New York, as well as in aristocratic estates, especially in Britain [3].

Figure 1. Glasshouses at the Royal Botanical Garden Edinburgh /4], displaying an array of periods and elements:
on the left side is the Temperate Palm House (Matheson, 1858), with a substantial part of the solid-wall envelope
(quite an unusual trait for the time, save for the orangeries of the previous era) and clearstory central nave for
the tallest of species. This building is also the highest XIX-century conservatory in Britain [4]. To the rear is the
octagonal Tropical Palm House (unknown architect, 1834). The right side of the photograph reveals the Front
Range (main glasshouse range, architects A. Pandreigh and G. Pearce, 1960) with its hi-tech structural
exoskeleton. Photo: Andrew Bowden, CC BY-SA 2.0 Deed license.

However, what seemed like a dawning of the evolution of the new architectural type (and
even field) — coinciding precisely with the spirit and industrial capabilities of the time —
proved to be its short and almost only true peak. It lasted only several decades,
approximately from the 1830s to 1880s, and was perfectly exemplified by Joseph Paxton’s
non-horticultural edifice of 1851, where it promised both the new idea of space (and space
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boundaries) as well as the technological might of continuous envelope expansion [5]. After
nearly extinguishing itself by the end of the nineteenth century, the process left behind
buildings in a relatively narrow stylistic range: cast- and wrought-iron girders, assembled for
maximum span and embellished in high ornamentation (traditional in appearance but with
few precise historical stylistic references) [3].

In this paper, based on and extended upon previously published research [6], we will aim
to outline the conceptual boundaries of the phenomenon of horticultural-architectural
space in the wide range of its designated programmes. We will explore reasons for the
short-lived expansion of the XIX century and the logic (and possible inconsistencies) of the
phenomenon’s revival in recent decades. Further, we will try to construct the conceptual
apparatus for understanding and designing the botanical-architectural space, where we will
try to be guided by its history, its general components, recent examples and our own design
explorations in the field. More so, we will propose that there is a specific programmatic and
aesthetic field in architecture, which is based on (re)presentation of the botanical world.
We find compelling reasons to increase clarity in this field since the recent inflation of
vegetation-related concepts threatens to unnecessarily and regretfully collapse the
“bubble” in a similar fashion to the way it happened at the end of the XIX century.

2. METHODOLOGY

The methodological approach has two aims in mind: First, to clarify the wider scope of the
(historical) phenomenon of greenhouses, and second, to propose possible directions for
design work in the field of enclosed ecologies and botanical collections. Clarification of the
scope invites, first and foremost, a typological approach, especially in light of the wide
diversity of forms and the different historical types that emerged throughout the
development of the greenhouse—such as the orangery—besides the tracing of historical
lines and the construction of historical narratives. Thus, we will construct two basic
typologies: one stemming from the programme and the other from the form of the
greenhouse. The form itself will be actually studied through the properties of the envelope,
which in this kind of building bears disproportionately large significance in both aesthetic
and technical sense.

The second part of the methodological procedure, being centred on design possibilities
rather than on historical facts alone, proposes (in a substantially more open and free
manner) some of the possible key design approaches. It does so by extrapolating upon the
omissions recognised within the history of the conservatory: which general approaches
were not there, which trends were not fully explored, what are unrecognised contemporary
tropes, etc. However, any of the proposed directions would still be in conjunction with the
core elements of the foundational typology, either in the programme or in the envelope.

3. PROGRAMMATIC TYPOLOGIES

Great botanical conservatories?, as well as their small, private offshoots, are far from being
the only — or even representative — forms of plants grown in enclosures. The broadest

1 o

Note on terminology: “conservatory”, “greenhouse” and “glasshouse” can often be used interchangeably,
except when the applied materials dictate otherwise. “Glasshouse” is obviously inappropriate when glass is
substituted with other translucent material. “Greenhouse” is the most general term, though it has its
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typology, according to purpose, might be summed up through four broadest designations:
general gardening, agriculture, special purposes and botany.

3.1. GENERAL GARDENING

These often combine several purposes but also remain present in many other types since
interest in the practices of gardening and resulting ambientes are hardly ever absent from
precisely designated botanical spaces. Also, it is in the (historical) nature of greenhouses —
and, as we will argue later, perhaps regretfully so — to be overly universal and
multifunctional in its spatial arrangement. Thus, many of them acquired their form from
one intended use and transferred to another, even though some disadvantages were
obvious and hardly ever resolvable. For example, the Nash Conservatory (arch. Nash 1825,
rebuilt and adapted by Wyatville 1836) was originally built precisely to fit the category of
“general gardening” as something more than a horticultural pavilion adjacent to
Buckingham Palace [7]. Its classical architecture (a modification of the outer envelope of
the peripteros) was as equally in focus as the exotic plants that it was intended to house.
Due to inappropriate positioning on the northern side of the palace, and thus with
insufficient light for plants, it was dismantled and rebuilt in Kew Gardens eleven years after
the initial construction. There, it changed its botanical roles several times, with its
possibilities limited both due to low height and too much solid envelope. Today, it serves
auxiliary purposes [8], similar to many orangeries, which, despite our inclination to
cautiously observe progressive linearities, probably at least somewhat represent a
technological phase surpassed by the nineteenth-century classical greenhouse of iron and
glass. (Orangeries will come again to the forefront later in the text.)

Exceptions, transitions and typological overlappings aside, greenhouses intended as a form
of “enclosed garden” do exist as a type in itself, and their large overall range spreads from
countless small conservatories (most often private, intended for growing of food,
ornamentals and simply for pleasure), up to the royal ensembles built to impress by stature
and show of horticultural form and colour, rather than by its botanical collection. A prime
historical example of this end of the spectrum is perhaps found in the Royal Greenhouses
of Laeken, which is a vast ensemble of different greenhouses on the premises of the court
and royal gardens of Belgian monarchs. It was conceived and built during several decades
(from the early 1870s to early 1900s), upon the wishes of King Leopold Il and through his
close collaboration with architect Alphonse Balat (and after Balat’s death, with Henri
Magquet and Charles-Louis Girault) [9]. It was not built as a structure completely devoted to
housing endless collections of plants but as a set of representative spaces in a new
architectural medium of transparent structures and materials: the “ideal glass palace”, as
the correspondence between the Balat and King Leopold suggests [10]. It was, at least in
extrapolation and outcome, a collection of several new types of new architecture (including
a chapel, the Iron Church), none of which served plants exclusively but integrated them into
this new vision.

narrower connotation: small garden structure, often with glass alternatives. Here, interchangeable use is
often only due to stylistic requirements of the text.
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Figure 2. Interior of the Embarcadeére Greenhouse, Royal Greenhouses of Laeken (arch. Alphonse Balat, 1874-
1890). Photo: Jean-Pol Grandmont, CC BY-SA 3.0 license.

Historical accounts often mention the origins of controlled environment gardening as being
a matter of courts and royal wishes and excesses. According to Pliny the Elder [11],
physicians of Emperor Tiberius (ca. 30 AD) proposed to Caesar to eat a certain kind of
vegetable (a cucurbite) every day of the year. Imperial gardeners achieved the task by
devising carts that were drawn inside buildings by night, drawn outside by day —and on cold
days, covered with semi-transparent mineral slates (selenite). Much later, in a different part
of the world (but before any exact record of European examples), Korean royalty in 1450s
also enjoyed a prolonged growing season of citrus trees housed in structures covered with
hanji (a specific kind of oiled paper, made from inner bark of paper mulberry, Broussonetia
papyrifera), heated with ondol (underfloor heating), with substantial thermal mass of
several earthen walls [12].

Proper greenhouses and orangeries started to appear in Italy and Western Europe in the
XVI and XVII centuries, mostly enticed exactly by gardeners (for citrus and other fruits, as
well as for apothecaries) [13].

General gardening — for purposes of enhancing the ambience and character of architectural
spaces - but also for the production and use of small amounts of food or flowers — remains
today by far the most dominant form of horticultural-architectural space, from modest
attached extensions in a residential context, through all kinds of “green” embellishments of
commercial enterprises (including housing), up to large public projects for new or revitalised
spaces.

3.2. AGRICULTURE

Outside of the scope of gardening and its multilayered interests, bulk production of food
did not converge with the greenhouse for a very long time. It can be argued that the demise
of glasshouses as architecture coincides with continued improvements in glass and
iron/steel manufacturing, which, especially during the last decades of the XIX century,
democratised ownership of conservatories, thus decreasing its allure as wealth signalling
item [14]. These same improvements brought forth opportunities for the mass production
of food, thus removing almost all practical limits to the spread of agricultural enclosed
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environments. The greenhouse escaped the realm of architecture, first into only specific
tasks of agriculture and, later, into becoming a significant force in shaping entire landscapes
- like in the Netherlands (where glass as a material of choice still dominates) or south Spain
(with polyethylene or other kinds of oil-derived translucent materials). Although now a
much more widespread phenomenon, this was also an amplified echo of numerous
historical examples of agriculture-driven large-scale built modifications of microclimate
(and thus of local landscapes).

Figure 3. Contemporary landscape dominated by agricultural glasshouses: Westland, Netherlands. Photo: Tom
Hegen, with permission.
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7.« MONTREUIL-s0us-BOIS. - Le Clos des Fiches ot les Carridres - G. F

Figure 4. A historical landscape dominated by agricultural controlled environments (heat-retaining walls, some
with greenhouses): Montreuil-sous-Bois, suburbs of Paris. Photo: unknown author, public domain.

Figure 5. A historical landscape dominated by agricultural controlled environments (heat-retaining walls):
Thomery, Tle-de-France. Photo: Google Earth, Maxar Technologies 2023.

The past two decades have seen the reconceptualisation of elements of agricultural
greenhouses as particularly useful to architecture, urban planning and sustainable design.
High environmental costs of food production and transportation have produced many calls
for the reintegration of urban life and agriculture/gardening [14]. New concepts of “urban
farms” emerged, either as mono-thematic or overlapping with other architectural
programs. Up until now, few have been built and put to (effective) production.
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Figure 6. Agrotopia, an agricultural greenhouse with visitor and research facilities atop the agricultural market,
Oostnieuwkerksesteenweg Roeselare, Belgium (van Bergen Kolpa Architects & Meta architectuurbureau, 2022).
Photo: Filip Dujardin, with permission.

3.3. SPECIAL PURPOSES

During the second part of the XX century, specific qualities of light-admitting controlled
environments attracted attention to experiments which surpassed individual disciplines
such as botany or horticulture. Drawing both from theories of ecological microcosms [15],
earth system science and the perceived need to develop a material and operational basis
for outer space colonisation, distinct experiments were established in which broader
(systemic) parameters of general climate, energy circulation, biological productivity and
human integration were deemed more important for exploration, than researching and
presenting individual species [16]. The most notable and the largest of these was the
Biosphere 2, an air-tight complex of microbiomes (simulations of forests, mangroves,
savannas, scrubs, deserts, etc.) under a large greenhouse with complex mechanical support
systems. Biosphere 2 (name suggesting its conceptual successor role for the “biosphere 1”
— Earth) was built between 1987 and 1991, and in the early 1990s, this complex hosted a
rather theatrical and less-than-ideal semi-scientific mission of several humans who lived
inside, breathed inside closed circuits of oxygen and carbon, grew food and purified water
for complete two years. It continues to serve a unique role among greenhouses today [17].
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Figure 7. Biosphere 2, a research facility in Oracle, Arizona (architecture Peter Jon Pearce et al., 1987-1991),
currently run by the University of Arizona for Earth systems and closed ecological systems research, but initially
envisioned by one of its founders, John P. Allen, as a vehicle of establishing ways to both repair the Earth’s
systems and enable life beyond them [16, 17]. Photo: Philéco 1, CC BY-SA 3.0 licence.

Light-admitting and heat-retaining enclosed spaces do offer themselves for numerous other
tasks, sometimes highly derived and quite innovative. For example, practices of ecological
design, originating profusely in the 1970s, greatly emphasised the potentials of the
greenhouse in many combinations (for example, animal husbandry with entrapment and
use of residual animal heat [18]. Perhaps the most interesting, both technically and
culturally, is the use of greenhouses for biological wastewater purification. Pioneered by
John Todd, these systems used complex assemblies of many kinds of organisms (fungi,
algae, bacteria, protozoa, up to molluscs, fish and higher plants — with plants being visually
dominant and spatially most demanding). These would be assembled in purification
sequences in order to use up the organic matter in wastewater or bind the inorganic
pollutants. A controlled environment envelope would be indispensable for optimal and
consistent functioning of such systems. In temperate or cold climates, the envelope would
be continuous and translucent, but in the tropics, it would consist mainly of controllable
shades [19]. The resulting appearance is that of a multifunctional greenhouse, where plants
do dominate in size, but it is not strictly a botanical or horticultural structure, but a biological
one in the sense of encompassing many kingdoms of life: plants, fungi, animals, bacteria,
etc. It is also ecological in the sense of both spontaneous and purposeful arrangements of
organisms into interconnected systems. Finally, it is also technological in the sense of having
precise tasks, utilitarian boundaries and strict performance parameters. In addition, it
represents an object with a wider cultural mission: to address usual (mis)understandings
about water, pollution, the interconnectedness of life, and the vitality of natural systems.
Todd’s work resulted in the establishment of several smaller (often experimental)
wastewater treatment facilities, but it also fundamentally influenced a specific niche in
wastewater treatment technology. There, plants and glasshouses are being presented as
tools for new urban integrations of these formerly unsightly technological facilities. The
cultural significance of plants here is underscored by the fact that in contemporary systems
of this kind, the biological treatment of wastewater by the plants and on the plant roots
comprises a relatively small percentage of the overall process. The rest of the treatment
occurs mostly on structures (meshes and similar) intended to host microbial activity at
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lower depths in treatment pools, where plant roots do not reach in sufficient quantity. [20].
Thus, while not being indispensable, the plants (and with them, the greenhouses) remain
the main trump card of those urban planning solutions in which the (waste) water cycle is
accepted again into the city.

Figures 8. and 9. South Pest Wastewater treatment facility (Budapest, 2012, architecture: Organica Water,
precise authorship unknown to us): Plants grown in a controlled environment assist in the process of
aerobic/oxygenated fixed-film wastewater treatment.). Photo: Ognjen Sukalo

3.4. BOTANY

Botanical conservatory (understood stricto sensu) represents only a special purpose
greenhouse if judged by predominance of use. Agriculture and general gardening cover
most of the space and individual examples. Buildings which are devoted solely to most
optimally presenting the widest range of botanical specimens and botanical taxa are
comparatively rare. However, in terms of architectural achievements and paradigm
framework, both historical and recent, it is botany (and its adjacent life science disciplines)
which define the field.

There is a great degree of overlap between the botanical conservatory and the one for
general gardening and amenity purposes. Differences are linear rather than discrete, but
the main defining parameter probably remains the level — and the whole narrative — of
information related to plants and their assemblies. In a somewhat wider perspective,
although the aforementioned differences in practical examples might be linear, the
conceptual differences between the simple amenity - on one side - and the possibility of
referring to the whole kingdom of plants of the world — on the other — stand as quite stark
and put botanically oriented concepts ahead of all previously explored programmatic types.
It is mostly with this idea of botanical representation of the “corners of the world” that we
will later propose new readings of a greenhouse as such and of its (new) opportunities.
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Figure 10. Botanical garden of Padova (Italy) in XVI century lithograph: the Renaissance proclivity towards “ideal”
urban forms meets the concept of a botanical garden as a representation of the world itself /21 ]. Circular outline,
surrounded by water, with an inscribed square, subdivided by cardinal directions. Landscaping/architectural
layout is attributed to both Andrea Moroni and Daniele Barbaro [22]. The right middle portion of the lithograph
presents one of the earliest graphical depictions and probably one of the earliest European examples of a
greenhouse [23]

3.5. PROGRAMMATIC TYPOLOGIES: SUMMARY

The growing of plants in contained environments initially started as a peculiarity of the
uppermost social strata, as an exercise in providing for the culinary whims of the wealthy.
As such, it has its origins in food production but was simultaneously engaged by the practice
and culture of general gardening. This initial line of high-class gardening of edible exotics
persisted for a long time (arguably until the arrival of relatively fast transportation of food)
but has branched into four main lines:

1) General gardening for pleasure and delight. It was in later centuries democratised
to form a wide range: from very large and exclusive (as in the example of Belgian
monarchs of the XIX century) all the way down to innumerable small
conservatories aimed for aesthetics, occasional fruit and even attractive winter
microclimate for humans.

2) Mass/commercial food production entered the stage fairly late, only at the
moment when the prices of materials and industrial capacities matched the
enormous scale of agriculture. This scale continued to direct this particular line of
development, easily surpassing the level of individual architectural buildings and
spreading to whole landscapes instead.
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3) The prospects of a growing environment that can be modified and controlled to a
significant degree produced several narrowly focused uses of the greenhouse:
experiments in outer space colonisation, water purification, etc.

4) Botanical conservatories branched very early, notably in the early modern period,
with the rise of the first botanical institutions and apothecaries. However, it was
with the European exploration and colonisation that larger plant ensembles were
required. Thus, the ever-improving iron and glass manufacturing enabled the rise
of one of the most emblematic new types of XIX-century architecture: the classic
botanical conservatory.

4. ENVELOPE TYPOLOGIES

In regards to the way architectural-horticultural spaces are conceived and materialised, we
propose a relatively simple set of parameters. First, a conservatory is, typically and
historically, a rather simple structure — a bubble of sorts — which most often does not allow
for complex internal structuring. Although this proposition is something that we might want
to question in our conceptual enquiries later, the envelope remains infinitely more
consequential than any aspect of internal structuring. Thus, after programming, the second
(or it should have been the first) parameter of this typology pertains to the skin that is there
either to let the sun in or to keep the heat in the appropriate range. Leaving conceptual and
design concerns for later and for a different kind of discussion, we propose an envelope
typology that strictly distinguishes between hard elements and those that permit the
passage of light:

4.1. TYPE AND DEPLOYMENT OF LIGHT ADMITTING ENVELOPE

4.1.1. Translucent envelope being non-existent

This possibility pertains, for the most part, to the creation of favourable microclimates
through the (partial) encirclement of plant-growing space by buildings, free-standing walls,
depressions in the ground, etc. It offers relatively little in terms of increasing critical minimal
annual temperatures. (For example, cloudy winter days with little solar gains, followed by a
clear night sky, can result in temperatures similar to those outside of this microclimate.)
[24] still, there are possibilities for the advancement of growing conditions on the opposing
side of the spectrum: developing extremely warm (and dry) conditions for proper fruiting
or flowering of certain species (as well as for avoiding certain plant diseases).

Traditional walled growing enclosures (previously illustrated here by historical speciality-
crop growing for Parisian markets) are the principal example, but there are examples of
combined use of this approach even in the relatively recent large-scale botanical
conservatories.

4.1.2. Translucent envelope being auxiliary

Most (older) historical examples revolve around this concept: Tender exotic (or out-of-
season) plants do grow outside in favourable weather conditions but remain housed under
translucent material in colder weather and/or by night. Initial (large and formal) European
solutions for controlled-environment horticulture were orangeries, high-ceiling, high-
aperture and multiple-door buildings intended for housing citrus (and other) plants during
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winter or night. During warmer parts of the year, plants (in pots or other root containers)
would be carted outside, often to be formally presented in designated park-like spaces
adjacent to the building itself [25]. Similar to the previous category, solar orientation of the
buildings and yards would be such as to maximise thermal and light gains. Versailles
Orangerie, designed by Luis Jules Hardouin-Mansart and built from 1684 to 1686,
represents one of the most prominent examples of this type of building (although being
known for its inadequate light, non-ideal northwestern exposure and malfunctioning
heating system). Smaller and simpler orangeries of a similar age exist in many other
locations, with examples from Kensington (1705, Hawksmoor), Belvedere (Von Hildebrandt,
1714), Kew (1761, Chambers), Kuskowo (Argounov, 1764) and other across Europe and
somewhat later North America [25]. Orangeries - in the sense of this typology: buildings
whose envelope combines closed and translucent properties - certainly are somewhat of a
“historical phase” of a “proper” greenhouse, determined by dictates of technological and
material propositions of the age and were “surpassed” with advents of iron frames and
cheaper glass. Still, their architecture is - in not just one sense - more substantial and in a
safe continuum with other types of architecture, and has been unfortunately abandoned
for a more “perfected” version. The last two centuries have failed to provide us with an
adequate prominent example. The New Orangery at the Prague Castle (arch. Eva Jifi¢na,
1998-2001) fits that category in name only and is, at least by our understanding of this
subject, a classical greenhouse.

Figure 10. Orangery at Royal Botanical Gardens Kew (arch. William Chambers, 1761) currently serves as a
restaurant. Photo: Benjamin Evans, public domain.
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Figure 11: New Orangery, Prague Castle (arch. Eva Jificnd, 1998-2001): the name is derived from the historical
existence of a citrus-growing structure in the place on which this new building was constructed. In the typology
presented herein, we maintain this example to be mainly outside of the (historical) scope of orangeris and, in fact,
to represent precisely a greenhouse. Photo: Prazak, CC BY 2.5. license.

4.1.3. Buildings with significant translucent envelope — proper greenhouses

Since establishing itself during the middle two-quarters of the XIX century as the most
dominant and prestigious form of controlled-environment-cultivation structure, the (non-
agricultural) greenhouse was produced in numerous examples. It appears in wide scopes,
both in terms of size (area, volume, height) and in terms of its representative intentions and
qualities. This category certainly comprises the central theme of this paper and some of its
history, which we have already discussed. Here, we will only note a certain trajectory of
change in the nature of the envelope itself through the evolutions that have occurred during
the period of renewed interest in the second part of the XX century and onward. At the
centre of these changes lie the innovations in the design of a more translucent envelope,
fewer construction members inside, larger spans and hemispheric spaces.

Being a child of the “long XIX century” (1789-1914), the conservatory certainly had to wait
for tumultuous times of world wars and unstable interbellum to pass, then for more
pressing concerns to be managed in the first decades after the Second World War, to arrive
yet again at a prolonged period of stability and abundance. It belongs to prosperous times,
and the construction of new greenhouses started again around the 1960s. However, a large
gap has developed in technology and (quite a bit more) in architectural paradigms since the
last time these kinds of buildings were made. New construction systems, new envelopes
and new esthetics were to be developed and deployed. Perhaps one of the most illustrative
examples of this emerging experimentation and its relation to history is the Front Range of
the Edinburgh Botanical Garden.

The brief in the commissioning for this new piece of controlled-environment botanical
horticulture was explicit in asking for zero internal structural members and maximum
admittance of light. This second request certainly reflects the historical limitations of
Edinburgh’s Temperate Palm House, a building with a substantial amount of hard materials
in its envelope (see Figure 1), a sort of transitionary form between older orangeries and
classic iron-supported greenhouses, but it also speaks well about considerations of local
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climate of cloudy Scotland [26]. The solution (both by brief author E.E. Kemp and by
architects Allan Pandreigh, George Pearce and John Johnson) was found in the concept of
“exoskeleton”, which might have originated exactly in the universe of greenhouses (in 1853
by Charles Macintosh [26]), but was also completely “of the times” in forming one of the
earliest examples of high-tech architecture (see Figure 1).

The second part and the end of the XX century saw large botanical conservatories being
constructed in some form of geodesic dome, but it also saw the acceptance of translucent
materials other than glass. Most prominent examples include The Climatron (the
greenhouse of the Missouri Botanical Gardens, arch. Murphy and Mackey 1960) and, much
later, the Eden Project (arch. Grimshaw, 2001). These innovations were partially led by
ambitions for both greater light penetration and increased energy efficiency: Replacement
of heavy glass asks for fewer and smaller construction members, especially since single-
panelled glass remains unacceptably inefficient at conserving heat, while multiple-panelled
glass elements would add even more to the weight. Advancements can be considerable,
such as in the Eden Project, where the main hexagonal elements span 11 meters due to the
lightness of ETFE-insulated ,,pillows” and with proportionally very thin and scarce structural
members [27]. However, new and prominent glass envelopes are still being constructed.
Remaining issues with the thermal properties of glass are addressed either by the adequate
placement of other elements of the envelope (see further: The Great Glass House by Foster
and Partners) or by substantially less need for heat conservation (subtropical climate of
Singapore's Garden by the Bay, Grant Associates et al., 2006-2012).

Figure 12: The Eden Project, Cornwall, UK (arch. Nicolas Grimshaw, 2001), the largest public/botanical
greenhouse in the world. The envelope is comprised of a hexagonal-triangular tubular steel structure covered
with inflated panels made of ETFE (ethyltetrafluoroethylene). Photo: Jiirgen Matern, Creative Commons license
BY-SA 2.5.

4.2. TYPE AND DEPLOYMENT OF NON-TRANSLUCENT ENVELOPE

Besides being important from the point of view of architectural composition, solid (and
especially high mass) materials represent the valuable repository of heat, often gained in
large quantities on clear days. This thermal mass enables moderation of temperature
extremes — which might have been an uncommon concern of the XIX century classical
conservatories, unheeding of the energy use at the time.

4.2.1. None - ground being the only hard material besides the skeleton

It is worth noting that the relationship between the ground and the upper translucent
envelope can vary, from the ground being flat through constructing dug-ins on slopes
(properly oriented, as in the classic passive solar design of the 1970s) to the construction of
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greenhouses in depression. For example, Nicolas Grimshaw’s Eden Project is constructed
on top of an abandoned kaolin surface mine, while Norman Foster’s design for Great
Glasshouse of the National Botanic Garden of Wales (2000) creates intentional earth banks
on the lower (especially northern) parts of the greenhouse.

Figure 13: The Great Glasshouse at the National Botanic Garden of Wales (arch. Foster and Partners, 1995-2000).
Besides being surrounded by embankment as a whole, the building has several additional indentations across the
section in order to provide opportunities for heat capture and microclimate formation. Photo: Col Ford and
Natasha de Vere, CC BY 2.0 Deed license.

Figure 14: Muttart Conservatory in Edmonton, Alberta, Canada (1976, arch. Peter Hemingway). Excavated
mounds provide both micro-climatic stabilisation and reduced energy use, as well as a finer relationship with the
landscape. The translucent envelope efficiently shrinks into only four high points and almost minimal surface
area. The ensemble significantly expands on entrenched notions of a greenhouse. Photo: WinterE229 Winterforce
media, public domain.

4.2.2. Hard materials being integrated into the envelope

As a type, classic orangeries provide the most illustrative range of this integration: from
solid materials dominating and forming inconspicuous (non-horticulture-related)
architecture to roofs and other parts of the envelope dissolving into transparent glass
domes. An important design consideration here becomes the ratio of thermal protection
(provided by mass) to light penetration (provided, of course, by translucent materials)[24].
The aforementioned orangeries — the more enclosed ones - could do away with maximum
light penetration due to the seasonal nature of their operation. Most of their plants were
not tropical and thus had some form of dormant season, which, when acclimatised to
temperate climate conditions, could be spent in less than ideally lit buildings.
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Figures 15. and 16. (Half)greenhouse, Banja Luka, Republic of Srpska, Bosnia and Herzegovina (2011-2014, arch.

Ognjen Sukalo) during construction of the heat-retaining northern wall and roof structure. Materials: earth,
straw, wood, glass. Photo: Ognjen Sukalo.

4.2.3. Greenhouses attached to other buildings

Here, besides architectural composition (both visual and spatial-programmatic), the main
subject becomes the thermal and ambient interdependence between the main (hard
material) space and the attachment. Unlike attachment, the integration of greenhouse
space with that of hard material architecture belongs to a different conceptual domain, and
in this paper will be explored in the following sections.

4.3. ENVELOPE TYPOLOGIES: SUMMARY

In a classical sense - and for all practical purposes also today — the conservatory is comprised
almost solely of the translucent envelope. However, upon an inspection of the historical
development of this architectural phenomenon, it is easy to recognise specific phases with
different ratios of the solid and hard envelope, borne out of technical necessities but
directed towards very distinct architectural types and modes of operation — like in an
example of orangeries. On the other end of the timeline, during the revival of the late XX
and early XIX century, some limitations of the all-translucent envelope have been brought
forward, while the mass of the non/translucent part was put to greater use, with not just
technical but also aesthetical good results. Overall typology, dispersed throughout the
historical timeline, consists of two parts: 1) type of light/admitting envelope and 2) type of
non-translucent envelope.

Within the first category, there are three main variants/types:
a) Non-existent translucent envelope (growing in open sky microclimates),

b) Translucent envelope being auxiliary (like in an orangery where it admits light
on dormant plants),

c) A “proper” greenhouse with a rich history of development in its appearance and
structure.

The second category is comprised of two types:
a) Non-existent hard parts - except for the earth

b) Hard parts being integrated into the envelope, both conceptually and in terms
of the thermal properties of the building. The main example is the dug-in
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conservatory, with very prominent examples being built during the last
decades of the XX century.

c) Greenhouses attached to other buildings.

5. CONCEPTUAL PARAMETERS AND POSSIBLE DESIGN AVENUES

I think one of the big architectural issues of the future is realizing the real
significance of plants in human life. And the connection between plants
and buildings can only get closer, | think.

Nicolas Grimshaw [27]

Enclosed — architectural, that is - spaces admitting enough light and providing enough room
for not only plants but their whole assemblies to grow, clearly represent an addition to the
historical progress of architecture. Such improvements - not in the sense of material
improvements, but in the sense of paradigm expansion — might be relatively rare
throughout the history of architecture. The world of vegetation accepted into the world of
shelter seems to offer a promise upon which indeed has been acted but whose potentialities
have hardly been exhausted.

Based on previously elaborated history and typology, herein we propose a matrix of
parameters for the design of greenhouses as fully integrated elements and entities of
architecture.

5.1. PROGRAMMATIC INTEGRATION AND SPATIAL DISPERSION

Despite attached greenhouses being an established genre for a considerable time, further
integration still remains a fecund possibility — especially in the domain of plant assemblies
intended for botanical presentations. Botanical conservatories have historically, almost
exclusively, tended to be isolated programmes, spaces and forms (and this includes the
attached version). Modernist, as well as more recent attempts, certainly made steps toward
further integration, but mostly in some form of a ‘great hall’. A decent example of this
approach is found in Sheffield Winter Garden (by Pringle, Richards, Sharratt, 2002), while
New York’s Ford Foundation (Roche, Dinkeloo, Kiley, 1968) remains one of the earliest - and
arguably one of the most successful - integrations of semi-botanical plant assemblies and
large, unifying hall-like spaces in buildings not primarily related to plant-presentation or
leisure.
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Figure 17: The Ford Foundation, New York (arch. Kevin Roche, const. John Dinkeloo, 1968), perspective section.
Source: Lewis, P., Tsurumaki, M., Lewis, D.J.[28], with permission.

Indoor botanical presentations have predominantly tended to form ever more isolated
units, which was based on both botanical categorisation/grouping as well as on needs for
maintaining proper climatic conditions. These conditions can differ strongly in between, for
example, spaces devoted to montane desert plants and those devoted to warm, humid
environments. Further development of conservatory concepts emphasized these groupings
based more on climate than strictly on botany. For example, the Princess Of Wales
Conservatory at Kew (built in 1982-1986 by Arch. Gordon Wilson) contains as many as ten
different climatic zones [29]. If this tendency to isolate space strictly along 'scientific' lines
is modified, broad opportunities arise to weave botanical narratives with other architectural
programs.

Figures 18. And 19.: Concept for the central building of Trapisti Arboretum, Banja Luka (arch. Ognjen Sukalo,
Slobodan Peuli¢, Maja Mili¢ Aleksi¢, 2020). General spatial disposition (figure 18) shows the glasshouse as an
integral part of architectural form; its presentational function is continued into the solid envelope, which is, in
turn, being transformed through a thin clearstory roof opening. The perspective section through the glasshouse
and entry space (figure 19.) also displays the use of ground indentation for thermal as well as spatial reasons
(lowering the building’s profile while increasing the useful height). llustrations: Slobodan Peulic.

5.2. HEIGHT VS. GROUND

The dimensional range of different plant species is very broad — and it is conceptually
relatable to a dimensional-programmatic range of human-built structures. Great
conservatories, both contemporary and historical, have mostly responded to these
botanical spatial requirements by creating spaces with a balanced spread of ground surface
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to height — by creating, in the broadest sense, the hemispheric “bubbles”. Variations, in XIX
century examples, amounted mostly to the incorporation of basilical structural and spatial
composition, which allowed for taller plants to stand in the central nave and smaller ones
in aisles. Still, geodesic domes of the past several decades contributed to the
homogenisation of the vertical-horizontal composition of the greenhouse. We believe it can
be argued that this insistence on all-encompassing, even-spreading and homogeneous
space greatly contributed to the architecture of conservatories rarely surpassing its ascribed
domain of aristocratic folie or scientist’s glassed garden. Differences in plant height — and,
additionally, in root space requirements — offer a much more diverse and structured palette
of elements for architectural composition. Here, the theme of ground should not be
overlooked: the rooting space of smaller plants is much more architecturally malleable than
the verticality of palms and trees.

Figure 20: Aiming for height: Klimatron Conservatory of the Alexander Fomin Botanical Gardens in Kiev, Ukraine
(1977, authors of architecture unknown to us). Photo: ArtemKo, CC licence 2.5.

5.3. INTERNAL STRUCTURING

We have already observed that the phenomenon of enclosed horticultural space in almost
every case aims not only for optimal penetration of the light through the “skin” of the
structure but also eschews any hard-material blockages throughout its interior, like trying,
in every instance, to enable light to travel to the centre of the aforementioned “bubble”
and the ground. While this is mostly understandable from the point of view of single-
programme building, any complex attempt at integration — which would take the
greenhouse as its starting point — will necessarily have to navigate relationships of light and
dark, space and boundaries inside of the main envelope.
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Figures 21. And 22.: Coupling and “hybridisation” of two types. The greenhouse dominates in the outer envelope
but is, in turn, internally structured. Sundby Naturhus, Sweden (2014, Tailor Made Akitekter). The Naturhus
(natural house) concept of a house within a greenhouse was first extensively explored in the work of Swedish
architect Bengt Warne in the 1960s and 1970s. Photo: Bjorn Wallentinus, Tailor Made Arkitekter and Greenhouse
Living (general consultant).

5.4. LANDSCAPING CONTINUATION

There exists a relatively large range of species that might be non-native and not completely
acclimatised to a particular (temperate) location of the greenhouse but which does not
necessarily require enclosed spaces for these species to survive or even thrive. A
microclimatic adjustment often suffices for these plants, and historical examples (for
example, peaches in fle-de-France, but also of many botanical rockeries, alpinetums,
domestic herb gardens etc.) abound. What perhaps lacks is a more consciously designed
continuum of a greenhouse and on-the-ground modifications done with form, hard
materials, walls and landscaping. Greenhouses need not always stand as sole “objects”
imposed upon the surface of the landscape but may be an accent to the larger stretches of
intervention.

5.5. OBIJECT VS LANDSCAPES

Leaving (relatively) small botanical domain aside, we should pay additional attention to the
main field of production of space in regards to enclosed horticulture — that of sprawling
landscapes of agricultural greenhouses. Rather than excluding it from the scope of
architecture (or viewing it only in terms of the “phenomena” to be researched), these
landscapes can be recognised as a legitimate context of any architectural incursion. This
seems especially valid in light of intensive (controlled environment) agricultural systems
near or within urban centres having ever more importance for providing food for the
growing population. It is in these “seas of glass” that solid-material architecture can play an
organising role, especially in conjunction with pronounced verticality or visible, out-of-glass
greenery.
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6. CONCLUSION

The cultivation of plants in controlled environments — in greenhouses, conservatories, and
glasshouses - has been a very specific architectural programme since its inception in the
XVII or XVIII century. Different demands for light (compared to those related to human
indoor use) have at first prevented this architecture from emerging, but later, with
advancements in iron and glass production, it went through a few phases to create fully
illuminated, completely glazed buildings. These buildings, having their first and highest peak
in the XIX century, quickly created its somewhat simple and soon irrelevant genre— despite
the ethos of the age being very favourable to glass as an instrument of architecture. A
certain revival did appear from the 1960s onwards, but with high correlation to new types
of construction (high-tech exoskeletons, geodesic domes, etc.) with still little scrutiny given
to the exclusivity of the glass-only envelope and to the detriments of form-based only in
geometry. The adoption of the greenhouse in commercial agriculture, with the resulting
uncontrolled growth of its use, pushes this type of structure further away from generally
accepted realms of architecture and complex design. (Recent explorations of urban
agriculture did, however, provide some renewed interest and relevance.)

Starting with the presupposition that the basic tenets end elements of the idea of
greenhouse promise substantially more than the history of its implementation has yet
managed to provide, we proposed the structure for understanding this idea, as well as what
could be, in our analysis, key design landmarks. Understanding begins with covering the
basic domains of appropriate use of controlled horticultural environments, where historical
dominants of gardening and agriculture are supplemented with special applications, such
as constructed ecological systems for research, waste-water treatment, etc. This analysis
places the historical flag-bearer — the botanical conservatory — only in the ‘special’ category
but, in doing so, implies different quality and potentiality of narratives of
botanical/climatic/ecological assemblies compared to those intended only for general
gardening or amenity.

Analysis of essential spatial and material propositions determines the typology according to
the nature and potentialities of different types of envelopes, starting from the main one —
the ground. Distribution of hard envelopes proves to be undeservedly neglected, thus
suggesting the direction for possible programmatic and design improvements. However,
surpassing the mere remoulding of the mono-programmatic greenhouse, certain
opportunities arise for (as of yet) sparsely explored cross-programme integrations. As the
most promising among many, five conceptual parameters of integration are proposed for
further expansion of the field:

A) rejection of the paradigm of the single, unified and maximised greenhouse space, or, in
other words, suggestion for its dispersion or branching throughout other spaces and
programs with which enclosed botanical spaces are being integrated;

B) malleability and expressive potential of markedly vertical plant spaces, along with the
horizontal axes and pronounced adaptability of the concept — and spatial distribution — of
growing ground.

C) Possibility and even necessity of more complex internal (hard) structuring of buildings
which are potentially “hybrid” in nature but still based on the dominance of outer
translucent envelope.
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D) Continuation of larger strokes of design throughout, primarily landscaping but also
potentially through auxiliary and other central buildings — in order for these landscaping
elements to create a non-enclosed controlled growing environment and microclimates
(while being in aesthetic concert with the glassed ones)

C) Acceptance of sprawling agricultural greenhouse landscapes as legitimate and interesting
contexts for interpolations of solid-materials architecture.

In its most developed conceptual form, controlled environments containing exotic plants —
organised and presented precisely as such (as ambassadors of biological and planetary
riches from far away) — can play a role of secondary context. It would make for a complete
additional layer of natural surroundings added to the one existing in the location. It also
expands the notion of location, including orientations according not only to near and far
surroundings but also to the place and role of buildings and humans in larger processes of
the Earth.
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NPeKo BMCOKe EKCKNY3UBHOCTM, A0 CKOPO MOTNyHEe MpeneBaHTHOCTU — Y3 MOoCTeneHn noBpaTtak ca
MapruHa nomohy HOBMUX Mapagurmu ogHoca usmehy Beretaumje, KyaType u apxutektype. Monasehuy,
He camo 0o, UCTOPUjCKMX W CaBpPeMeHuUX Mmpumjepa, Hero u og onwTer obeharba Koje npyKajy
3aTBOpPEHe €eKoJIoruje, 0Baj TEKCT HacToju Aa ucnuta GEeHOMEH CTAK/NEHMKa Y TPEHYTHOM CTakby,
uctoBpemeHo ucnutyjyhu napametrpe u MmoryhHOCTM 3a HeroB Ja/bM pasBoj Yy AOMEHY
(apxuTekToHCKOr) An3ajHa.

KrbyyHe pujeyu: cmaKkneHUK, OpaHicepuja, mpaHcayyeHmHocm oMmomaya, npocpamcKe
uHmezpayuje.
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ABSTRACT

From the point of view of modern construction, the damage to reinforced concrete large-panel and
frame buildings is especially interesting. The construction of this building is very diverse. Their use has
a short history. Therefore, the systematisation of damages and generalisation of results for such
buildings is more difficult. Below are some statements sufficiently substantiated with factual material.
It is similar to the skeleton of large-panel buildings. However, the resistance of reinforced concrete
wall panels is, of course, much higher than the resistance of stone piles. That is why the panels
themselves are rarely damaged by earthquakes. Relatively weak points of large-panel buildings are
the edges of the panels, the support nodes on the roof panels and other connections. It is in these
places that cracks, broken corners and other injuries develop during earthquakes. Three methods of
restoration-reconstruction of damaged large-block multi-story buildings are proposed: metal diagonal
web member and system-variable rigid in the interior space of the building, using today's terminology
with seismic insulators, with the arrangement of additional frames; with reinforced-concrete pylons
built over the entire height and perimeter of the building and by arranging loggias in their space; By
building pylons along the longitudinal facades of the building and building a floor/floors on top of the
building, along with arranging additional frames with seismic insulators if necessary.

Keywords: Seismic Resistance, Seismic Hazard Zone, SHZ, Buildings, Sustainability, Constructions
with Discrete Parameters.


mailto:jangidzezaza@gmail.com
https://orcid.org/0009-0001-9454-1187

Z. Jangidze STABILITY CALCULATION OF IRREGULAR STRUCTURES WITH IRREGULAR DISORDER DURING SEISMIC IMPACT

1. INTRODUCTION

The relevance of the research topic/issue and the novelty of the research in the paper is an
attempt to consider several noteworthy or problematic issues identified in the process of
performing the mentioned works and to further discuss-determine-specify-solve them.
They will be specifically analysed in the appropriate chapters and paragraphs. At the end of
this work, we will try to include the solutions and definitions in the list of its novelties, but
still, in its introduction, we will single out the terminological problems in the Georgian
language that are easily noticeable in almost all similar issues, as well as typical for all areas
of our life, including issues of earthquake-resistant construction. These problems are very
noticeable among public groups at the level of amateurs of this or that issue, but also,
unfortunately, even among professional specialists. Fortunately, today's beneficial changes
in many areas of life give us hope that for Georgian professional engineering terminology
and various fields of science, proper services will be created for the thorough resolution of
similar issues. Moreover, despite always using common sense and logical approaches, we
have no claim to the final truth when interpreting and formulating one or another issue
below under our point of view.

Under the terms of seismic resistance is determined the ability or capacity of a building
structure to withstand dynamic loads caused by earthquakes and strong wind conditions.
Loads have its magnitude and direction defined on the local coordinate system acting
through the object. To preserve human life, expensive equipment, as well as material and
cultural values, it is necessary to ensure seismic resistance of buildings.

For new constructions, seismic resistance of buildings is achieved by using the norms and
rules mostly based on the study and analysis of the results and outcomes of earthquakes.
For the existing buildings, with a study of each element where visible damage is observed
by the user, tenant and/or owner. With that case, everything begins with the examination
of the technical condition of the damaged house.

The development of models of seismic hazard zones (SHZ) for a given area consists of two

main stages:

= |dentification of potentially active areas originating from earthquakes in the study
region;

= Determination of their seismic activity level.

The use of such an approach effectively captures the intra-spatial variability of seismicity in
the SHZ, the recurrence characteristics of earthquakes, and their epistemic error.

The database includes historical data; the results of field geological studies; all types of
geological processes identified in the field (landslides, landslides, rockfalls) and hazard
database; Compilation of the base of the catalogue of geological hazards; geological hazards
zoning map, where all types of geological processes are depicted; Various thematic maps
(geology, exposure of slopes, inclination of slopes as a basis for determining the energy
potential of the terrain, etc.).

2. METHODS

The stability of irregular reinforced concrete structures under seismic impact can be
calculated using various methods, such as linear and nonlinear static and dynamic analysis.
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The method used will depend on the type and level of damage to the structure, as well as
the level of seismic hazard [1]. Failures in reinforced concrete structures may include
Torsion failure.

Linear static analysis methods, such as the equivalent lateral force method, can be used for
structures with small disturbances. Nonlinear static analysis methods, such as Pushover
analysis, can be used for structures with moderate to severe disturbances. Nonlinear
dynamic analysis methods, such as ageing analysis, can be used for structures with severe
disturbances and high seismic hazards. These methods involve simulating the behaviour of
the structure under various earthquake ground motions [2]. It is important to note that
seismic design codes have different provisions for irregular structures such as UBC97,
NEHRP, ASCE7, IBC, 1S1893, etc.

The engineer must know the code and the level of disturbance of the building to use the
correct method of analysis and design.

2.1. EUROCODE 8-PUSHOVER

Pushover analysis is a method used in earthquake engineering to evaluate the seismic
performance of buildings and other structures [3]. It is based on the concept of "stressing"
a structure through a series of incremental load-displacement steps, simulating the effects
of seismic forces on the structure.

Eurocode 8 is the European standard for earthquake-resistant design of structures, and it
contains guidelines for Pushover analysis. Here are some key aspects of Pushover analysis
in Eurocode:

= Load patterns: Eurocode 8 recommends several load patterns for Pushover analysis,
including unitary, triangular and trapezoidal patterns. These load patterns represent the
different types of lateral loads that a building may experience during an earthquake and
can be used to evaluate the performance of various structural elements.

= Plastic joint formation: Pushover analysis relies on the formation of plastic joints in
structural elements, which represent local failure points of the structure. Eurocode 8
defines the properties of plastic joints, including strength, deformation capacity and
energy dissipation capacity.

= Capacity curves: The results of Pushover analysis are usually presented in the form of
capacity curves, which show the relationship between the applied load and the
corresponding displacement or deformation of the structure. Eurocode 8 gives guidance
on how capacity curves should be plotted and interpreted, including how to determine
the limit state of the structure and the failure mechanism.

= Nonlinear analysis: Pushover analysis is a nonlinear analysis method that takes into
account the nonlinear behaviour of structural members under load. Eurocode 8 guides
how to model the nonlinear behaviour of materials and structural elements, including
the use of plastic joints and other damage models.

= Verification and validation: Eurocode 8 emphasises the importance of verification and
validation in Pushover analysis. This includes checking the input parameters and
assumptions used in the analysis and validating the results against experimental data or
other established criteria.

Overall, the Pushover analysis in Eurocode 8 is a valuable tool for assessing the seismic
performance of buildings and other structures. By simulating the effects of seismic forces
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and identifying potential failure mechanisms, Pushover analysis can help engineers design
more earthquake-resistant structures and improve the safety of buildings and their
occupants.

2.2. AIMS AND OBJECTIVES OF THE RESEARCH

The criteria for the accident of damaged buildings have been introduced according to the
rate of opening of cracks in the load-bearing structures, which should become a part of the
reconstruction methodology for the restoration of the damaged buildings of the existing
city housing fund.

A reconstruction-reinforcement-strengthening concept was developed for one specific
group of dilapidated residential buildings - for extensions ("buildings" with main and added
parts built at different times). The concept of restoration-reconstruction and strengthening-
reconstruction for large-block multi-story buildings will be developed so that the group can
be strengthened relatively among the mass-series groups (types) of capital buildings.

Three methods of restoration-reconstruction of damaged large-block and frame multi-
story buildings will be proposed: in the inner space of the building, metal indirect and
system-variable rigid, in today's terminology - seismic isolators, with the arrangement of
additional frames; with reinforced-concrete pylons built over the entire height and
perimeter of the building and by arranging loggias in their space; By building pylons along
the longitudinal facades of the building and building a floor/floors on top of the building,
along with arranging additional frames with seismic insulators if necessary.

3. RESULTS

Using the proposed method, increasing the level of seismic safety by changing the
construction solution of the building is carried out by rigidly connecting the upper part of
the building with a specially built auxiliary structure with certain dynamic characteristics,
which takes over a significant part of the impact of inertial forces during an earthquake.

Thus, as the analysis of the results of devastating earthquakes shows, large-panel buildings
built under the requirements of normative documents have a fairly high seismic resistance.
At the same time, their high level of seismic resistance is ensured by lower costs of materials
(for example, in a 16-story large-panel building, compared to other construction system
houses of the same height (frame, monolithic, etc.), the cost of metal is reduced by 15-20%
per 1 square meter of the total area) and labour costs - by 20-25%).

4. DISCUSSION

The practical value of the research is determined by the implementation of the mentioned
scientific innovations in practice and the optimisation of design solutions for the restoration
and reconstruction of damaged residential buildings. The effectiveness of the proposed
construction system with seismic isolators - simplicity, because the use of seismic isolation
in practice allows to reduce the magnitude of the horizontal seismic load on the building by
2-5 times, depending on the seismological conditions and according to the type of building.
The realisation of the research results is confirmed by the official document of the
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implementation of one part of them in practice and the undeniable technical-organisational
efficiency of other scientific-practical novelties of the work.

The building calculated and constructed by the normative documents, in which the
appropriate increase in price is provided, is intended to absorb only one earthquake or two
earthquakes of relatively low intensity, after which the building must either be demolished
and a new one built or strengthened by engineering measures.

Both of them are associated with large labour costs, money and time, which will always
create big problems for us, especially in housing construction. It was these circumstances
that prompted scientists to start searching for new systems of protection against seismic
impacts. During the last 20-30 years, several practical methods of seismic isolation systems
have been created, which, as mentioned above, are widely used outside our country.

Based on the study of the proposed methods, with given instructions, assumptions and
restrictions, the seismic resistance of the building is not improved initially, by increasing the
stiffness of its structural joints and elements. That result is achieved by using structural
elements, built on its own, separately in the perimeter of the building, with the ability to
integrate into the object structure.

The reliability and infallibility of the main results are due to the use of substantiated
methods of theoretical and experimental research-analysis, the successful implementation
of residential and other types of buildings-reconstruction projects and technological-
organisational preparation in the past-current practical processes, as well as the
coincidence of the results obtained by other authors. In the cities of the most seismically
active countries of the world, there is a significant number of low-rise buildings that do not
have sufficient strength reserves in case of a strong earthquake. These buildings were
designed and built with norms in which the level of seismic resistance is much lower than
the modern seismic resistance norms. In the case of a strong earthquake, these buildings
can be seriously damaged, which will cause the death of people and the destruction of
material values. A clear example of this is the Turkey-Syria earthquake in 2023, which killed
thousands of people.

The problem of strengthening these buildings has great social-economic and historical
significance. It is known that many countries have national programs for the reconstruction
and strengthening of such buildings.

5. CONCLUSION

The results of research carried out in the paper allow the following conclusions to be made:

= The following observation can be made from the review, the problem of refinement of
calculation under the conditions of stability of reinforced concrete structures with
irregularity during seismic impact is relevant and is in the stage of active development.

= The transfer of traditional analytical and numerical calculation methods to the
considered class of problems faces difficulties related to violations of the geometrical
regularity of the structure and the nonlinear nature of the deformation.

= Most of the investigations are devoted to building different models of structural
deformation and obtaining differential relationships between loads, deformation
components and forces. There is practically no calculation of the stability of reinforced
concrete structures with irregularity during seismic impact.



Z. Jangidze STABILITY CALCULATION OF IRREGULAR STRUCTURES WITH IRREGULAR DISORDER DURING SEISMIC IMPACT 049 ‘ AGG+ 2024_12(1): 044-050

6. ACKNOWLEDGEMENTS

This research PHDF-22-2724 has been supported by Shota Rustaveli National Science
Foundation of Georgia (SRNSFG).

7. REFERENCES

[1] D.R. Gurgenidze, G.O. Kipiani, G. 0. Badzgaradze and E. R Suramelashvili, “Analysis
of thin-walled spatial systems of complex structure with discontinuous parameters
by method of large blocks,” in Contemporary Problems of Architecture and
Construction, 1st ed., United Kingdom, London: Taylor & Francis, 2021, pp.172-178.

[2] G. Kipiani, “Synthetic structure of industrial plastics,” in Architecture and
Engineering, vol. 1. Saint Petersburg, Russia: Saint Petersburg State University of
Architecture and Civil Engineering, 2016, pp.26-30.

[3] G. Kipiani, “Definition of Critical Loading on Three-Layered Plate with Cuts by
Transition from Static Problem to Stability Problem,” Advanced Materials Research,
vol. 1020, pp. 143-150, 2014.



AGG+ 2024 12(1): 044-050 | 050

Z. Jangidze STABILITY CALCULATION OF IRREGULAR STRUCTURES WITH IRREGULAR DISORDER DURING SEISMIC IMPACT

AUTHORS’ BIOGRAPHIES

Zaza Jangidze

Ph.D. of Civil and Industrial Engineering awarded by Georgian Technical University, Research
Scientist, Structural Engineer, Master of Civil and Industrial Engineering, graduated in Georgian
Technical University, Author of 15 scientific publications, Structural Engineer at Q Engineering.

MNPOPAYYH CTABM/THOCTU HEMPABU/IHUX KOHCTPYKLIMJA XETEPOTEHOI CUCTEMA
TOKOM 3EMJ/bOTPECA

Ca cTaHOBMLUTA CaBPEMEHE rpaghbe, owTeherba apMUPaHOBETOHCKUX 3rpada ca BEIMKUMM NaHennma
W pamMoBMMa Cy NocebHO 3aHMM/bMBA. KOHCTPYKLMja 0BUX 3rpaja je Beoma PasHO/IMKA, a HhUX0Ba
ynotpeba uma penaTMBHO KpaTKy wucTopujy. 36or Tora je cuctematvsaumja owrteherwa u
reHepanusaluja pesynTarta 3a Takee 3rpaje Texa. icnog, cy HaBeAeHM HeKM CTaBOBM KOju CY ,OBO/bHO
NOTKPUjen/beHN YntbeHUUAMa. CAMYHA je KOHCTPYKUMjU BENUKUX MaHenHux 3rpaga. Mehytum,
OTMOPHOCT apMUPAHOBETOHCKMX 3UAHMX NaHEeNa je, HapaBHO, MHoro Beha of, 0OTNOPHOCTM 3MA0Ba Of,
KameHa. 3aTo cy camu NaHenn pujeTko owTeheHn 3em/boTpecnma. PenatmsHo cnabe Tauke BESIUKUX
nMaHenHWUX 3rpaja Cy MBMLE NaHea, TayKke OC0HLIA Ha KPOBHUM NaHenMma u apyre cnojHuue. Ynpaso
Ha TMM MjecTUma [0/1a3u A0 NojaBe MyKOTUHA, JIOM/bekba CrojeBa M Apyrux owTtehera TOKOM
3emsboTpeca. [lpepsiokeHe cy TpU MeTode 33 pecTaypauumjy-peKoHCTpYKumjy owTeheHux
BMLUECMPATHUX 3rpaja ca BeJIMKUM 6/10KOBMMA: METAIHWU ANjarOHANIHWN 3aTE3HU €/IEMEHTU U CUCTEM-
NMPOMjeH/b1Ba KPYTOCT Y YHYTpallkbeM MPOCTOpY 3rpase, Kopuctehu gaHallkby TEPMUHONOTM)Y ca
CEN3MUYKMM M301aTOPMMA, Y3 NOCTaB/batbe AOAATHUX PaMOBA; Ca apMUPAHOBETOHCKUM cTy60BMMA
nsrpaheHnm Ay uujene BucuHe M obuma 3rpage v noctaB/batbem noha y HUXOBOM MPOCTOPY;
MOCTaB/baktbeM MUIOHA AYX Y3AyKHMX pacaga 3rpaje v U3rpagHbOM crpata/cnpartoBa U3Hag, 3rpage,
Y3 NOCTaB/batbe AOAATHMX PAMOBA Ca CEU3MUYKUM M301aTOPMMA MO NOTPEOU.

KroyyHe pujeyu: ceusmuyka ommnopHocm, 30Ha ceusmuyke onacHocmu, 3CO, 32pade, o0pxusocm,
KOHCMpYKyuje ca OUCKpemHUM napamempuma
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ABSTRACT

The following paper provides research analysis on the influence of wind on a building, considering the
regional and local climate conditions, to improve dynamic stability and reduce wind disruption effects
on high-rise reinforced concrete buildings. The main aspect of disturbance in living conditions is
caused by wind loads on the building. The data is based on structural analysis, generated by the “Lira
CAD 2013” software, for a construction project of a 19-story residential building, completed in
Georgia’s capital Thilisi, 58 Kavtaradze St., in accordance with the given necessary requirements and
restrictions by general terms and conditions of the Georgian state law. Computer aided modeling
provides the ability to simulate and define parameters caused by the wind disruption on an actual
site. Calculation process is based on variables specified by state law for each region of the country.
Modified accelerations which have been caused by wind in multi-story, high-rise buildings have
significantly greater values on upper floors, and reaching the edges of the minimum living comfort
criteria. The given study features the estimation for high-rise buildings under various combinations of
loads. High-rise buildings have gone under significant restrictions due to use of conventional rigid
frames as structural elements in the construction process. That process tends to develop a series of
new research and findings for proper architectural forms, which became possible using the new
generation of fast digital computing software and hardware.

Key words: high-rise building, comfort criteria, wind load, dynamic load, wind distribution, long-term
load, wind load acceleration
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1. INTRODUCTION

In recent years, the urban landscape has undergone significant changes with the emergence
of high-rise, monolithic apartment buildings, which have become emblematic of economic
development. These structures, located in central areas, promise a a comfortable living and
solutions to various household issues. The construction of such buildings requires a careful
balance between energy conservation, ecological concerns, and other critical factors, with
a growing emphasis on ecological safety and integration with service systems [1].

International standards advocate for incorporating natural resources and eco-friendly
technologies in high-rise building projects. The global trend includes the construction of
high-rise, multifunctional complexes in major cities, addressing land scarcity, population
growth, and economic demands. The design criteria have evolved to prioritize resident
comfort, safety, reliability, and operational efficiency.

The development of high-rise buildings is particularly prominent in megacities, driven by
factors such as rising land prices and population growth. Design considerations have shifted
from conventional rigid frames to more flexible structural systems, facilitated by
advancements in steel and reinforced concrete technology. The emergence of box-like
forms has prompted architects to explore new design trends, leveraging fast digital
computers for innovative solutions.

The ideal structure for a high-rise building is characterized by simplicity, regularity, and well-
defined load paths in its structural elements. Complexity in configuration and geometry is
minimized to streamline building behavior and improve calculability. An analysis of
international experience suggests that the construction of buildings with 30-50 floors is
economically viable. However, in Georgia, technical solutions for such construction are still
evolving, with limited practical experience. Challenges arise in coordinating between high-
rise building supervision services, city government structures, and stakeholders such as
architects, constructors, and ecologists. Addressing these concerns is crucial for ensuring
the successful integration of high-rise complexes in the capital, ultimately benefiting city
residents.

2. REGULATION FRAMEWORK

High-rise buildings are more significantly affected by wind loads due to their greater
flexibility, which must be taken into account. Among the two main dynamic loads
(earthquake and wind) affecting buildings, it is necessary to select the larger one. This
selection is defined both by the legislation in force in Georgia and by the international and
European standards. The dynamic comfort of the building is not calculated due to its small
reproducibility. Wind loads are more frequent and more important for high-rise buildings,
especially in the case of aerodynamically complex shapes.

Dynamic comfort criteria are given in the norms of other countries and international
standards: (SNiP 2.01.07-85%*), ISO 10137, the Canadian National Building Code (NBCC),
regulations in Japan according to All, EN 1991-1-4. When calculating buildings using
Eurocode, wind acceleration is defined in compliance with Annex B.4. That methodology is
closer to the international ISO 10137 standard, since the Eurocode does not provide specific
recommendations on the limit accelerations of the wind, and therefore it is necessary to
use the international standard [2],[3],[4].

053 | AGG+ 2024_12(1): 052-061
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The calculation of buildings in the aerodynamic wind tunnel provides the most accurate
results. According to the law in force in Georgia, such a test is not required for high-rise
buildings; it is required only for bridges in order to take into account the vibration effect.

The Eurocode and the international ISO 10137 standard provide analytics for buildings up
to 200 m in height. For taller buildings, an aerodynamic test becomes necessary, as the
standard does not provide wind load data at higher elevations. An aerodynamic test is
generally recommended for difficult terrain and complex city development. This test not
only provides accurate values of wind load, but also determines the accurate acceleration
of the top floor of the building. The norms for conducting the aerodynamic wind tunnel
tests for buildings are specified in 1ISO 4354.

3. PRELIMINARY CALCULATIONS

High-rise buildings have structural and technological specifications. Typically, they can be
categorized as sections of frame, structure and core. Safe and reliable operation of these
structures sometimes requires special engineering solutions. The design of high-rise
buildings is a complex process, considering the list of forces and loads that result in diverse
planning solutions.

The following research provides solutions for dynamic comfort criteria in high-rise buildings
under the influence of wind. Usually, dynamic comfort criteria of a building are not
calculated when their occurrence is not frequent. Wind loads are important for high-rise
buildings, especially for a geometry of surface with a difficult or complex aerodynamic
shape.

Dynamic comfort criteria for high-rise buildings lack universal standards and vary by
country. Norms and standards, such as SNiP 2.01.07-85%, 1ISO 10137, the National Building
Code of Canada (NBCC), AlJ guidelines in Japan, and EN 1991-1-4, outline specific mandatory
requirements.

Research data provided by specialized institutions properly describe various types of
psychophysical changes by individuals residing in high-rise buildings. Air currents above nine
floors induce oscillations with a frequency of 3-4 Hz due to structural loads, potentially
causing resonance with the human body's vibration and disrupting physiological activity.

According to the Eurocode, wind acceleration follows the methodology outlined in Annex
B4, similar to other international standards. However, the Eurocode lacks specific
recommendations on maximum wind accelerations and refers to the international standard
ISO 10137 for guidance.

The following solution is given as an example of a 19-story building, with a 2-story garage in
the basement (Figure 1).
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Figure 1. 3D Model of Building (Image Generated by "Lira SAPR 2013" Software)

According to the ground floor plan, the building has maximum dimensions of 44.9X28.1m.
The vertical supporting elements are reinforced concrete columns and shells stand as
structural members. The roofing structure consists of monolithic slabs and rails.
Calculations are based on finite element methods with the "Lira SAPR 2013" software. All
variables used in structural calculation are derived from the general terms and conditions
defined by the Georgian state law in force.

Seismic load analysis is given for the 2nd ground category, with an acceleration of 0.17g.
The initial seismic impact data follows the guidelines from PN 01.01-09 technical document,
in accordance with the general terms and conditions of Georgian state law. Specific
correlation coefficients are applied for the analysis of static loads. The detailed data is
provided in the table below (Table 1) [5].
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Table 1. Wind Direction (W and W/O Safety Coefficient) According to the Terms and Conditions of Georgian State
Law for Different Levels of Structure

Wind Loads

Frontal Side Vent Side
Building Height

Normative|Accountable]Normative]Accountable]

t/m? t/m? t/m? t/m?
0 0.034 0.048 -0.026 -0.036
6.64 0.037 0.052 -0.028 -0.039
9.96 0.044 0.062 -0.033 -0.046
19.92 0.058 0.081 -0.043 -0.061
39.84 0.075 0.105 -0.056 -0.078
49.8 0.082 0.114 -0.061 -0.085
59.76 0.088 0.124 -0.066 -0.093

The given set of loads is distributed on the columns evenly, corresponding to the area of
the exterior surface. It is important to note that, based on research data from specialized
institutions, individuals in high-rise buildings experience psychophysical changes due to
wind disruption. To be more specific, air currents at higher levels, induced as structural
loads above the 9th floor, generate oscillations with a frequency of 3-4 Hz (Table 2).
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Table 2. Frequency Ranges, Intersection to Critical values (Table Generated by "Lira SAPR 2013" Software)
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PERIODS

If this frequency coincides with the human body's vibration, resonance occurs, inhibiting
physiological activity. In such cases, it is necessary to include specialized instructions and
practical solutions. Therefore, architects and constructors are actively involved to solve a

comfortable living condition.

The impact of loading, including forces from internal loads and structural displacement,
must be considered by applying a proper coefficient of reliability. In the given example, the
coefficients of reliability above the ground level of the building are provided in the following

diagrams (Figure 2, Figure 3).
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Figure 3. Wind Load for Y Direction (Image Generated by "Lira SAPR 2013" Software)
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Depending on building’s height and geometry, the wind coefficient has to be estimated
using the following data with the finite element method analysis software - Lira SAPR 2013

(Figure 4):

Wind analysis parameters with pulsation - &
Building code -
Correction factor 1.00
Distance between ground level and .00
min Z-coordinate of design model 3 m
‘wind region of the site i
[Table. & SNIP 2.01.07-85%) @

Length of structure along ¥ JIED

Length of structure along v 1690 'm

Site type [according to SMNIP 2.01.07-85%) Tupe B -

Type of stucture | TZ2=0 v]

Logarithmic decrement of vibration 0.3 [RAC structures] -

Orientation of the surface exposed = 5

to the wind in the design model 12 (wfind alang the -axis) v]
x) (2]

Figure 4. Wind Analysis Parameters for a Specific Zone (Image Generated by "Lira SAPR 2013" Software)

According to the valid standard used for design of structural construction under the
Georgian state law (SNiP 2.01.07-85), buildings higher than 40 meters must be analyzed
with the wind pulsation coefficient to properly maintain dynamic comfort criteria. This
standard also defines the maximum acceleration obtained under wind load for the upper
floors - 0.08 m/s2.

Dynamic load analysis also could be solved with the finite element method using the Lira or
Scad software. This allows the wind to be accelerated at the knots for a variety of geometric
shapes. The direction of the load is critical to properly determine the vibration values. For
the given example, the load caused by the wind condition is estimated with the following
equation (1):

Wc=0.5Wp (1)

Where: Wp is the design value of the pulsation coefficient.

4. CONCLUSION

The research results show that accelerations caused by wind in multi-story high-rise
buildings, especially on the upper floors, are significantly higher, and it is necessary that
their values do not exceed the values of minimal comfort criteria. Therefore, it is necessary
to consider the given results in the design process.

Aerodynamic testing is highly recommended in the design process of complex geometrical
shapes and in the urban environmental development. This also provides accurate values of
wind load on the upper levels of the building. Based on the analysis of the given example, it
is necessary to determine the comfort living criteria of a high-rise building and refer to the
relevant structural engineering guidelines, to avoid deviation from the necessary values for
the use of the building.
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OWHAMMWYKA YOOBHOCT Y NPOJEKTOBAHY BUCOKUX 3TPAAA

Caxketak: C/bepehu paa gaje UCTpaXkmBayke aHanM3e O yTUUAjy BjeTpa Ha 3rpady, ¢ 063upom Ha
pervnoHasHe 1 JIoKaNHe KAMMaTCKe ycnoBe, pagy nobosbliarkba AUHaMUYKe CTabUIHOCTU U CMakberba
yTUUaja BjeTpa HAa BMCOKE apMMpaHo-OeTOHCKe 3rpage. [NaBHW acmneKkT HapyllaBakba *KUBOTHUX
ycnoBa je y3poKkoBaH onTepeherem BjeTpa Ha 3rpagy. MojauM cy 3acCHOBAaHM Ha CTPYKTYPHUM
aHanunsama, reHepucaHum codrteepom ,Lira CAD 2013”, 33 npojeKaTt u3rpasr.e ctambeHe 3rpazge og,
19 cnpaToBa, 3aBpLleH y raBHOM rpaay pysuje, Tounucujy, ynmua Kastapaase 58, y cknagy ca gatmm
HEONXOAHMM 3axTjeBMMa W OrpaHMyYerbMMa ONwTUX oapeadbu u ycnosa ApKaBHOI 3aKOHOAABCTBA
Tpy3unje. KomnjyTepckn NoTNOMOrHYTO MoZennparse npyska MoryhHocT cumynaumje u aebuHucarba
napameTtapa Y3pOKOBaHWX CMeTHaMa BjeTpa Ha CTBapHOj JIoKaumju. lNpouec M3payvyHaBarba je
33aCHOBAH Ha Bapujabnama ogpeheHrm 3aKOHOAABCTBOM 3a CBAaKM permoH semsbe. MoandukosaHa
ybp3arba Koja cy M3a3BaHa BjeTPOM Y BMLLIECNpaTHMLAMa MMajy 3HaTHO Behe BpujeAHOCTM Ha
CMPaTOBMMA, a AOCTUXKY rpaHuLEe KpUTepujyma MrMHMManHe yaobHOCTU cTaHoBakba. Y 4aToj CTyauju
je AaTa npoujeHa 3a BMLIECNPATHULE NOZ PAa3NNYMTUM KOMBUHaLjama onTepehetba. Bucoke 3rpage
Cy npeTtpmjene 3HayajHa oOrpaHuyerba 360r ynotpebe KOHBEHLMOHANHWUX KPYTUX OKBUPA Kao
CTPYKTYPHUX enemMeHaTa Yy npouecy u3rpagre. Taj npouec Texu p[a pasBuje cepujy HOBUX
UCTpa)kmMBatba M OTKpuha 3a oprosapajyhe apxMTeKTOHCKe ¢opme, WTO je noctano moryhe
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ABSTRACT

It is crucial to select high-quality candidates for college and university enrollment, focusing on
preparing them for their future careers in the shortest possible study duration while maintaining a
strong graduation rate. The most reliable predictors of academic success (graduation) are observed
during candidate testing (entry exams) and within the first year of study.

This paper examines the factors influencing candidate enroliment in the Civil Engineering study
program, including performance in mathematics (during the first year of study), the status of enrolled
students, and the completion of their studies. It also explores the relationship between the study
duration and academic performance in secondary school, the entry exam results, and the ability to
predict academic success—graduation.

The goals of the research were to analyze the success achieved during secondary education among SP
CE students over the 12-year period, to research the success of students depending on the type of
secondary school completed, qualification exam results, study status, passed mathematics courses
that students study during the first academic year and to examine the possibility of using more
advanced techniques for predicting the completion of studies.

Keywords: predicting academic success, entry exam, mathematics courses, decision trees, regression
analysis
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1. INTRODUCTION

All the countries of Southeast Europe face the problem of low birth rates, which is reflected
in the number of secondary school students and their further education (studying). High
education institutions implement many activities to interest and select the best candidates
for continuing education. Selection of candidates for enrollment is very complex and
demands intense and permanent work with potential candidates during their secondary
education.

In the first year of the Civil Engineering first cycle study program at the Faculty of
Architecture, Civil Engineering, and Geodesy of the University of Banja Luka, students
undertake mathematics courses such as Analytical Geometry and Linear Algebra (AGLA),
Differential and Integral Calculus 1 (DIC 1), and Differential and Integral Calculus 2 (DIC 2).
The majority of students enrolled in this program typically come from gymnasiums and
secondary or vocational civil engineering schools. This paper analyzes the significance of the
entry (qualifying) exam for admission to the Faculty of Architecture, Civil Engineering, and
Geodesy (FACEG), and examines the correlation between entry exam results and success in
mathematics courses, as discussed in previous studies [1]-[5]. The impact of passing
mathematics courses in forecasting the academic success of students is examined in papers
[6]-[9].

This study evaluates three primary factors influencing student enrollment: secondary school
performance, entry exam results, and total score. It also examines grades and the timing of
mathematics exams (those taken in the first year of study), the status of enrolled students,
completion of the first cycle, and the relationship between study duration and success in
both secondary school and entry exams.

Advanced analytical techniques, such as decision trees, were employed to predict students'
likelihood of graduation. Analysis of mathematical exam performance indicated that the
timing of passing these exams (i.e., when the exam was taken and passed) is a more critical
predictor of successful completion of the first cycle than the grade achieved in the exam.

Based on the completion and passing of specific mathematical exams during the current
study year, the prediction accuracy for successful graduation ranges from 82.1% to 91.5%.
Additionally, the prediction for successful graduation among Civil Engineering students is
enhanced by generating rules derived from the data.

2. RESEARCH MODELLING

The goals of the research were:

= to research the success achieved during secondary education among SP CE students
over the 12-year period,

= to research the success of students depending on the type of secondary school
completed, results during the qualification exam, study status, passed mathematics
courses that students study during the first academic year, and

= to examine the possibility of using more advanced techniques for predicting the
completion of studies. Over a span of 12 years (from 2012, the first enrolment term, to
2023), the Civil Engineering Study Program (SP CE) enrolled or accepted transfers from
other faculties, a total of 435 students.
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The scoring system assigns a value of 50 points each to the secondary school score and the
entry exam, with a minimum passing threshold of 15 points for the mathematics entry
exam. As of the beginning of the 2023/24 academic year, there were 311 active students,
and 78 students had successfully completed (graduated from) the first cycle of studies.

For the analysis and graphical representation of the data, various statistical tests were
applied, including ANOVA (Analysis of variance /ANOVA/ is a statistical test used to assess
the difference between the means of three or more groups), Independent Samples t-test
(compares the means of two independent groups to determine whether the population
means are significantly different), x2 test (compares discrepancies between the expected
results and the actual results), Fisher’s Exact test (is used to assess the existence of
statistically significant differences between the share of categories in two group variables),
Kruskal-Wallis test (used to determine if there are statistically significant differences
between two or more groups of an independent variable), and Mann-Whitney U test (used
to test whether two sample means are equal or not).

To enhance the prediction accuracy for first-cycle completion, regression analysis and
classification trees were used, which are among the most commonly applied statistical
techniques for generating rules from data [10]-[12]. The analytical-statistical tool IBM SPSS
Statistics, version 27, was employed for this purpose [10],[13].

3. RESULTS OF RESEARCH

Figure 1 illustrates the number of high school graduates in the Republic of Srpska from the
2012/13 to the 2021/22 academic year [14].

High school graduates in the Republic of Srpska
in the period from 2012/13 until 2021/22 year

13676

10642 10471

10861 9832
10440
9888

9368

2011/12. 2012/13. 2013/14. 2014/15. 2015/16. 2016/17. 2017/18. 2018/19. 2019/20. 2020/21. 2021/22.

Year

Figure 1. High school graduates in the Republic of Srpska from the 2012/13 to the 2021/22 year

The secondary school success scores ranged from 23.1 to 50, with the average score during
secondary education being 41.68. Candidates' scores on the entry exam varied between 15
and 50 points, while the average score among enrolled students was 28.17. The total scores,
which combined secondary school success and entry exam results, ranged from 38.1 to 100,
with the average total score on the entry exam being 69.87.
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Figure 2 illustrates the average success rates in secondary school during the entry exam
and the total scores of SP CE students over the 12-year period.

S

60 62,77
50 43,74
40 ‘.0...‘.....‘.....‘.-.-.“..ll‘-'...‘...‘.~....#....‘--.l*-o-.‘
o o’/f‘-ﬁzf‘\\ o, 3867

s o.__.___o_____o/ \\o_,.."o-_-o--'o_—o_'—q:)
20 24,1

2012. 2013. 2014. 2015. 2016. 2017. 2018. 2019. 2020. 2021 2022. 2023.

* ofp « CI Success in secondary school =0 «CI Qualification exam == CI Total

Figure 2. Average success in secondary school, during the entry exam, and a total score of SP CE students
over the 12 years

Applying the ANOVA test, we found a statistically highly significant difference (p = 0.008) in
the success achieved during secondary education among SP CE students over the 12-year
period. Further application of the Multiple Comparisons Post Hoc test revealed a statistically
significant difference (p = 0.045) in secondary education success between SP CE students
enrolled in 2017 and those enrolled in 2018.

A statistically highly significant difference (p = 0.000) was also identified when applying the
ANOVA test to the entry exam results of SP CE students over the 12 years. Further analysis
using the Multiple Comparisons Post Hoc test showed statistically highly significant
differences (p = 0.004; 0.000; 0.004; 0.000; 0.005; 0.000; 0.002 and 0.001) in entry exam
success between students enrolled in 2013 and 2014, 2015, 2016, 2018, 2019, 2021, 2022,
and 2023, respectively. Additionally, a statistically significant difference (p = 0.019) was
observed between students enrolled in 2013 and those enrolled in 2020.

Students' secondary schools were categorized into three groups: Gymnasium, Vocational
Civil Engineering Secondary School (Civ. Eng. School), and other secondary schools. By
applying the ANOVA test to the data of SP CE enrollees, we identified a highly significant
difference in secondary education success (p = 0.000) and a significant difference in entry
exam performance (p = 0.022) among the three groups over the 12-year period, based on
the type of secondary school completed.

Significant differences are noticeable in the success of candidates during their high school
education and the results achieved on the entrance exam, with the best results on the
entrance exam being achieved by students in 2013 and 2017.

There are noticeable differences in the success of candidates during secondary school
education and the results on the professional exam, and the best results on the professional
exam were achieved by students in 2013 and 2017.

The status of students enrolled up to the academic year 2019/20 (those who had the
potential to graduate) is detailed in Table 1, showing that 272 students were enrolled by
the 2019/20 academic year.
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Table 1. Status of students enrolled by 2019/20.

Secondary schools (groups)
Students’ status Total
Gymnasium Civ. Eng. school Other secondary schools
active 56 57 55 168
dropped out 21 31 22 74
no status 4 16 10 30
Total 81 104 87 272

The application of the x2 test did not reveal a statistically significant difference (x2 = 6.513,
p = 0.164) in the students' status based on the type of secondary school they completed.
However, when applying the ANOVA test, a statistically highly significant difference was
found (p = 0.000; 0.002) in both secondary education success and entry exam performance
among SP CE students in relation to their study status. Further analysis using the Multiple
Comparisons Post Hoc test indicated a statistically highly significant difference (p = 0.000;
0.002) in secondary education success between active students who dropped out and
students without status, respectively.

Additionally, a statistically highly significant difference (p = 0.003) was identified in the entry
exam performance between students who remained active and those who dropped out.

While investigating the status of students, no statistically significant difference was found
concerning the type of high school from which they graduated. However, a highly
statistically significant difference was identified in their success in high school education,
their performance in the entrance exam, as well as between active students and those who
dropped out or are without status.

When researching the status of students, no statistically significant difference was found
regarding the type of high school completed. However, a statistically highly significant
difference was observed in both high school success and entrance exam success, as well as
between active students, students who stopped studying, and those without status.

The mathematics courses passed by students enrolled up to the academic year 2019/20 are
detailed in Table 2.

Table 2. Achieved marks in mathematics courses taken till 2019/20.

Mark
Course Mean Total
6 7 8 9 10
AGLA 68 50 36 15 3 7.04 172
DIC1 65 49 27 15 11 7.15 167
DIC 2 76 31 22 17 10 7.06 156

The period of taking the passed mathematical exams for students enrolled by 2019/20 is
shown in Table 3 and Figure 3.
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Table 3. The time of taking the math exams in the period until 2019/20.

Exam passed
Total
In current year In next year |After two or more years| Not passed
AGLA 152 (80.8%) 18 (9.6%) 2 (1.1%) 16 (8.5%) 188
DIC1 129 (70.1%) 28 (15.2%) 10 (5.5%) 17 (9.2%) 184
DIC2 51 (30.7%) 63 (38%) 42 (25.3%) 10 (6%) 166

Time period of taking the passed mathematical exams for students

80,9%
70,1%
mLAZAG DIR1 =DIR2
38,0%
30,7%
25,3%
15,2%
0, 20,
9,6% 5.4% 8.5% 9,2% 6.0%
] L1 B =
In current year In next year After two or more years Not passed

Figure 3. The period of taking the passed mathematical exams for students

Graduates enrolled until 2019/20 in relation to their completed secondary school are shown
in Table 4.

Table 4. Graduates enrolled until 2019/20 and completed secondary school

Graduated
Sec. school /groups/ Total
Yes No
Gymnasium 22 34 56
Construction school 31 26 57
Other secondary schools 25 30 55
Total 78 90 168

The x? test was applied, and no statistically significant difference was found (x> = 2.621, p =
0.270) in the number of students who graduated versus those who did not, in relation to
the type of secondary school they had previously completed.

Table 5 and Figure 4 present the average mathematics grades of both graduates and non-
graduates who had enrolled by the academic year 2019/20.
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Table 5. Average mathematics grade of (non)graduates

Graduated Secondary school (groups) AGLA DIC1 DIC2
Yes Gymnasium 7.50 7.95 7.73
Civ. Eng. school 7.23 7.32 7.19
Other secondary schools 7.32 7.44 7.72
Total 7.33 7.54 7.51
No Gymnasium 7.04 6.96 7.05
Civ. Eng. school 6.79 6.47 6.32
Other secondary schools 6.44 6.75 6.39
Total 6.75 6.74 6.59

Average mathematics grade of (non)graduated students

8,00
7.60
7.20
6,80
6,40
6,00
Gymnasinm Civ. Eng. school Omf;ﬁ;;ﬂw‘ Total Gymnasum Civ. Eng. school OLhe;" Total
Tes Mo
Linear algebra and analytical geometry Differential and integral calculus 1 = Differential and integral calculus 2

Figure 4. Average mathematics grade of (non)graduates

Table 6 shows the duration of studying (days) for students who completed the first cycle.

Table 6. Duration of studying (days)

Secondary school (groups) N Min. Max. Median Mean Std. Dev.
Gymnasium 22 1478 2923 1941.50 2016.14 402.819
Civ. Eng. school 31 1544 3427 2076.00 2190.65 496.071
Other secondary schools 25 1495 2699 1991.00 1992.44 283.030
Total 78 1478 3427 2002.50 2077.90 416.747

We did not detect a statistically significant length of study using the Kruskal Wallis Test (x?
=2.368, p = 0.306) for students who graduated depending on their completed high school.

We discovered a statistically highly significant correlation between the negative prefix of
the length of studying and success in secondary school (r =-0.317) and between the positive
prefix of success in secondary schools and the entry exam (r = 0.356).

Graduates, depending on the place of their secondary school (group), are shown in Table 7.
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Table 7. Graduates, depending on the place of their secondary school (group)

Graduated
p
Secondary school (groups) Yes No
Banja Luka 7 9
Gymnasium Other cities - municipalities 15 25 .897°
Total 22 34
Banja Luka 29 24
Civ. Eng. school Other cities - municipalities 2 2 1.000*
Total 31 26
Banja Luka 2 3
Other secondary . L
Other cities - municipalities 23 27 1.000*
schools
Total 25 30
Banja Luka 38 36
Total Other cities - municipalities 40 54 278"
Total 78 90

X2 test with Yates’s correction for continuity
¥Fisher’s Exact test

Applying the ¥? test with Yates’s correction for continuity and Fisher’s Exact test, we did not
detect statistically significant differences in the number of students who (did not) graduate
in relation to the previously completed secondary school (groups) and place of secondary
school graduation (groups).

In Figure 5, the achieved success in high school (left) and accomplishments during the
qualifying exam (right) are shown in relation to the completion of studies (graduation).
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40,00
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Success in secondary school
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Figure 5. Achieved success in high school and accomplishments during the qualifying exam.

Using the Mann-Whitney test, when testing for the (non)completion of studies, a highly
statistically significant difference in the achievements of grammar school students during
the qualifying exam was found (p = 0.000), as well as in the achievements of students from
other schools during high school education (p = 0.007) and during the qualifying exam (p =
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0.004). Additionally, a statistically significant difference was observed in the achievements
of construction school students during high school education (p = 0.039) and during the
qualifying exam (p = 0.011).

Table 8 shows the duration of studies (in days) for students who completed the first cycle
of studies, depending on their performance in mathematics-related courses.

Table 8. The duration of studies (in days) depending on the completion of mathematics courses.

Duration of studies (days)

N Min.  Max. Median Mean

AGLA - passed In the current year 77 1478 3427 1992 2071.3
In the following year 1 2584 2584 2584 2584
DIC1-passed Inthe currentyear 73 1478 3187 1991 2033.6
In the following year 5 2076 3427 2740 2724

DIC2-passed Inthe current year 37 1478 2999 1908 1951
In the following year 34 1544 3187 2045.5 2096.9
In the next two years 7 2118 3427 2699 2655.3
Total 78 1478 3427 2002.5 2077.9

Using the Mann-Whitney U test, a highly statistically significant difference (z =-2.795, p =
0.005) was found in the duration of studies (in days) between students who passed the DIC
1 course in the current year and those who passed it in the following year.

Using the Kruskal-Wallis test, a highly statistically significant difference (x2 = 14.115, p =
0.001) in the duration of studies (in days) was also found among students who passed the
DIC 2 course in the current year, the following year, or after two or more years.

Additional application of the Mann-Whitney U test revealed:

e No statistically significant difference (z = -1.888, p = 0.059) in the duration of
studies (in days) between students who passed the DIC 2 course in the current year
and those who passed it in the following year.

e A highly statistically significant difference (z = -3.450, p = 0.001) in the duration of
studies (in days) between students who passed the DIC 2 course in the current year
and those who passed it after two or more years.

e A highly statistically significant difference (z =-2.790, p = 0.005) in the duration of
studies (in days) between students who passed the DIC 2 course in the following
year and those who passed it after two or more years.

A highly statistically significant difference in the duration of studies (in days) was found
between students who passed the DIC 1 and DIC 2 courses in the current year and those
who passed in the following year.

A highly statistically significant difference was found in the duration of studies (in days)
between students who passed the courses DIC 1 and DIC 2 in the current year and those
who passed them in the following year.
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By examining the correlation between passing two or all three mathematics courses studied
during the first year, the results indicate that students are more likely to successfully
complete their studies if they pass at least two courses within the current year.
Alternatively, students can pass at least one course in the current year and the second, or
the second and third, in the following year or the year after (Table 9).

Table 9. Correlation of passing of particular courses and completion of the first cycle (graduation)

Durine the During After two
Course(s) g Graduated the next Graduated | years or Graduated

current year

year later

AGLA 123 101 (82.1%) 26 20 (76.9%) 2 1 (50%)
DIC1 105 93 (88.6%) 31 20 (64.5%) 13 9 (69.2%)
DIC2 47 43 (91.5%) 50 46 (92%) 49 33 (67.3%)
AGLA & DIC1 96 87 (90.6%) 40* 26 (65%) 13%* 9 (69.2%)
AGLA & DIC2 47 43 (91.5%) 50* 46 (92%) 49%* 33 (67.3%)
DIC1 & DIC2 47 43 (91.5%) 50* 46 (92%) 49%* 33 (67.3%)
AGLA, DIC1
DIGCZ ,DICL & 47 43 (91.5%) 50* 46 (92%) 49%* 33 (67.3%)

* atleast one of the courses passed in the following year
** at least one of the courses passed after two years

Additional correlation of monitored variables is possible to find using advanced techniques.
As examples, we give the application of the decision trees (Figure 6 and Figure 7).
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Figure 6. Example of the decision tree

Generated rules for three nodes are given as an example:

/* Node 4 */.
IF (Differential and integral calculus 2 - passed exam = "during the current year" OR
Differential and integral calculus 2 - passed exam = "during the next year") AND
(Qualification exam NOT MISSING AND (Qualification exam <= 20))
THEN
Node =4

Prediction = 1
Probability = 0.736842

/* Node 5 */.

IF (Differential and integral calculus 2 - passed exam = "during the current year" OR
Differential and integral calculus 2 - passed exam = "during the next year") AND
(Qualification exam IS MISSING OR (Qualification exam > 20))

THEN

Node =5
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Prediction = 1
Probability = 0.961538

/* Node 2 */.

IF (Differential and integral calculus 2 - passed exam = "after two years or later")
THEN

Node =2

Prediction = 1

Probability = 0.673469

By forcing the variable ,,Entry exam”, we generated the tree (Figure 6) and rules.
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Figure 7. Generated tree by forcing the variable ,,Entry exam”.

Generated rules:

/*Node 1 */.

IF (Qualification exam NOT MISSING AND (Qualification exam <= 15))

THEN

Node =1

Prediction = 2

Probability = 0.588235

/* Node 4 */.

IF (Qualification exam IS MISSING OR (Qualification exam > 15 AND Qualification exam <=

32)) AND (Differential and integral calculus 2 - passed exam = "during the current year" OR
Differential and integral calculus 2 - passed exam = "during the next year")
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THEN

Node =4

Prediction = 1
Probability = 0.880952
/* Node 5 */.

IF (Qualification exam IS MISSING OR (Qualification exam > 15 AND Qualification exam <=
32)) AND (Differential and integral calculus 2 - passed exam = "after two years or later")

THEN

Node =5

Prediction = 1

Probability = 0.696970

/* Node 7 */.

IF (Qualification exam NOT MISSING AND (Qualification exam > 32)) AND (Differential and

integral calculus 2 - passed exam = "during the current year" OR Differential and integral
calculus 2 - passed exam = "during the next year")

THEN

Node =7

Prediction = 1

Probability = 0.960784

/* Node 8 */.

IF (Qualification exam NOT MISSING AND (Qualification exam > 32)) AND (Differential and
integral calculus 2 - passed exam !="during the current year" AND Differential and integral
calculus 2 - passed exam = "during the next year")

THEN

Node =8

Prediction = 1

Probability = 0.545455

A regression analysis for predicting the duration of studies (in days) was considered based
on the timing (terms) of passing the mathematics courses LA&AGtie, DIR1tie, and DIR2e (the
index "tie" indicates the time interval of the exam). The duration of studies has the strongest
positive correlation with DIC2:e (0.419), followed by DIC1:ie (0,408), while the correlation
with LA&AGrtie is weak at 0.139. The positive correlation between the dependent variables
was 0.398 (between LA&AGtie and DICliie) and 0,277 (between LA&AGtie. and DIC2te). The
multiple correlation coefficient R is 0.498, and the coefficient of determination indicates that
the regression model can explain 24.8% of the variability in the duration of studies. The
coefficient of determination is different from zero (the ANOVA test yielded F = 8.122, p =
0.000), indicating the statistical validity of the regression model.

Based on these three independent variables, the regression equation was obtained:
Duration of studies (days) = 808.352 + 474.412 * LA&AGi;¢
+472.805 x DIR1. + 177.009 * DIR2 e
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4. DISCUSSION

FACEG initiated research on passing entry exams in 2012 [5] and has been implementing
workshops in secondary schools that educate the civil engineering and geodesy profiles and
gymnasiums for the past ten years, as well as organising preparation classes. Preparatory
classes consist of 20 hours and, before the coronavirus period, were conducted in the
classroom for two weeks in June. However, since the onset of the coronavirus period (in
2020) until now, they have been held online for five weeks using Google Meet and Google
Classroom applications [15]. The preparation classes comprise 20 online classes (five weeks)
through Google Meet and Google Classroom applications [15]. The importance of
preparation classes has been recognised among the faculties in the region that organise
preparatory courses and/or enable candidates to use the solved tasks from the
mathematics entry exam [16-20]. The criteria for enrollment to undergraduate studies in
Croatia is based on: achieved success in secondary school (400 points) and passed exams at
the state prom test (Croatian language — 50, mathematics up to 450 and physics /not a
condition for enrollment, but yields points/ up to 100 points); achievements at competitions
— direct enrollment (1000 points)/participation in state-level competitions in mathematics
and physics or winning one of the top three places in civil engineering technology/ [20].

Some faculties organise student preparation after enrollment to prepare the students for
their future profession before the start of academic classes [21].

After a good selection of candidates at enrollment, it is necessary to research the influence
of passing particular exams already in the first year of studying to complete studies
successfully. More advanced techniques are required to predict results. The papers [22] and
[23] describe creating a prediction model for students' success using Data mining and
analysing the factors that influence the achieved level of success. Three methods were
tested for data mining: logistical regression, decision tree and neuron nets. The Study [24]
aims to provide a step-by-step guidance set for teachers ready to apply the data mining
techniques to predict students’ success. The successful creation of a model that has 92%
correctness in predicting the students' outcome points to the potential of artificial neural
nets [25]. The paper [26] analyses data on studying success and exam passing rates in the
first year of undergraduate studies for eight generations of students. The goals of the
research were to create a predictive model that would enable the identification of students
with a high probability of not achieving 30 ECTS points during the academic year and to
offer students information on the probability of passing particular exams, i.e., achieving the
targeted number of ECTS points at the end of the academic year.

5. CONCLUSION

The candidates yielded solid success during secondary education (during the whole 12-year
period of enroliment, the average score was 41.14), while the result of the entry exam was
worse (the average score was 25.94). The total average score was 67.08.
Looking into the passing of mathematical exams, it appeared that a more important
predictor of the successful completion of the first cycle of studies was the period of passing
(when the exam was passed) rather than the mark obtained at the exam.

Passing particular mathematical exams during the current year of studying shows that the
prediction of successful graduation is from 82.1% to 91.5%.
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The prediction for the successful graduation of civil engineering students is improved by
generating rules from the data.

Understanding the factors that influence students' academic success is important due to
the design and content of the entrance exams and the relevance of specific academic
courses for successful study completion.

It would be interesting to research the effect of individual professional courses on success
in studying and duration of studies.

This research can also benefit other academic programs at universities.
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MATEMATUKA U PESYNTATU NMPUIEMHOTI UCIMTUTA KAO NOKA3ATE/bU AKALAEMCKOTI
YCIJEXA CTYOEHATA rPAREBUHAPCTBA

CaxketaK: O npecyfHe je BaXKHOCTM ofabpaTh BUCOKOKBANIMTETHE KaHAMAATe 33 ynuc Ha dakynTeTe
1 yHuBep3uteTe, poKycupajyhu ce Ha buxoBy npunpemy 3a byayhy Kapujepy y Hajkpahem moryhem
Tpajatby CTyAuparba y3 oAp)KaBakbe BUCOKe cTone Aunaomuparsa. HajnoysgaHuju npeauKropu
aKafleMCKor ycnjexa (avnnomuparba) npumjehyjy ce TOKOM TecTuparba KaHAuAaTta (npujemHmx
MCNUTa) U NPBE roAMHe CTyAunja. Y 0BOM pady ce Ucnutyjy GakTopum Koju yTuUy Ha ynuc KaHauaaTa Ha
CTyAujcku nporpam rpaheBuHapcTBa, YK/bydyjyhu ycnmjex u3 matematuke (y TOKy mpBe rofuHe
CTyZuja), cTaTyc ynuMcaHuxX CTyeHaTa M 3aBpLUeTaK cTyauja. UcTpayje ce u ogHoc uamehy Tpajarba
CTyAMja U aKafleMCKOr ycmjexa y Cpefh0j LIKOAW, pe3yatata NpujemMHUX UCnuTa M cnocobHocTu
npeasuhara akagemckor ycnjexa — Aunaomupara. Lin/besn UCTpaxkuBama cy bUau: UCTPaXXuTu
ycrjexe MOCTUrHyTe TOKOM cpefer obpasosarba mehy cTygeHTMMa rpaheBuHapcTBa Tokom 12-
roAuvLWHEer NeprMoaa; UCTPAKMTU YCrjex CTyAeHaTa y 3aBUCHOCTM O4: BPCTe 3aBPLUEHE CPeAHbEe LKOE,
pe3ynTaTa Ha KBaJIMGUKALMOHOM UCMUTY, CTaTyca CTyAMpPatba, NO0KEHUX MaTEMATUUYKMUX NpeaMeTa
Koje CTyAeHTM W3yyaBajy TOKOM NpBe roAuHe cTyavja M ucnuTatm moryhHocT Kopuwhera
HanpeAHMUjUX TeXHWKa 3a npeaBuhare 3aBpLueTKa cTyanjama.

Kroyune pujedu: npedsuharbe akadeMcKoe ycrjexa, npujeMHU ucrnum, Mamemamuy4ku rnpeomemu,
cmabsa 00n1y4yusatba, pe2pecuoHa aHaau3a
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