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Annomayusn. CTpOUTENHCTBO KEIE300€TOHHBIX 000JI0YeUHBIX KOHCTPYKITHHA BeETCS yKe Oojee BeKa, B pe-
3YyJbTATEC YCTO MOJYUYAa0OTCA OYCHD OIMYJIAPHBIC apXUTCKTYPHBIC IIPONU3BCACHU. OI{HaKO HUHTCPEC apXUTCKTO-
POB M HHXXCHEPOB K 000JI0UEHYHBIM KOHCTPYKIIMSM, TIOX0XKE, COLIEN HA HET M3-3a TPYAHOCTEH, CBSI3aHHBIX C
onanxyOKoH, ¥ APYTHX Pa3IUUHBIX TPUUWH. XOTS C pa3BUTHEM IIHU(PPOBBIX TEXHOJIOTHI CTPOUTEIHCTBO 000IIO0-
YEeYHBIX KOHCTPYKINH, Ka3aJ10ch ObI, BO30OHOBUIIOCH, HCTIOIB30BaHKE OETOHHBIX 000I0YEUHBIX KOHCTPYKIIUH
Bc€ em€ ocTaéTcsl OTCTAIOMINM, C HEPEIIEHHBIMUA TPYAHOCTAMHU. Llenb qaHHOU CTaThbu — BBIABUTH OCHOBHBIE
TPYZHOCTH NP CTPOUTEJILCTBE OETOHHBIX 000I0UEK U MPEIIOKUTh UX pelieHre. MeTopl, UCIOoIb3yeMbIE B
CTaThe, BKIIOYAIOT B €051 aHaJIMTUUECKOE U SKCIIEpUMEHTaIbHOE MoienupoBanue. [IpennoskeHHbIi npoToTUn
0eTOHHOM KyTOJIBbHOW 0007109eYHON KOHCTPYKIMY CIPOSKTHPOBAH B TOCTPOECH B MaCIITabe SKCTIEPUMEHTAIIb-
HOW KOHCTpYKUUWH. [lomyueHHbIe pe3yabTaThl MOATBEPKIAIOT, YTO UCIOIh30BaHUE THOKOH W MHOTOPa30BOH
onanxyO00ouyHONH MeMOpaHbI MOKET OBITh PELICHUEM IJISl Pa3IMYHbIX KPUBBIX B CTPYKType 00onouku. Pexomen-
IYIOTCS JallbHEHIIIE MPOTPECCUBHBIC UCCIICIOBAHUS IS YAYUILICHUS €€ XapaKTePUCTUK U 3PPEKTHBHOCTH.
Knwouesvie cnosa: 0001049K0Basi KOHCTPYKLMsI, OETOHHBIE 000JI0YKH, PEryIupyeMas onary0ka, MHOIOpa3o-
Bas omairyOka
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Abstract. Construction of concrete shell structures has been exercised for more than a century producing very
popular architectural works. And the interest of architects and engineers on shell structures seemed to have
demised due to the difficulties related to formwork among other various reasons. Although, with advancements
of digital technologies, shell structures construction seemed to resume, the use of concrete shell structures still
remains lagging behind with unresolved difficulties. The objective of this paper is to identify the main diffi-
culties with concrete shell construction and propose a solution. The method used in this study is analytical and
experimental modelling. A proposed prototype concrete dome shell structure is designed and constructed to
scaled experimental structure. And the findings confirm that the use of flexible and reusable formwork mem-
brane can be a solution for various curves in a shell structure. And further progressive studies are recommended
to refine it for better performances and effectiveness.
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Introduction
Concrete Shells

Thin concrete shells have long been used as structural components both from material conser-
vation and aesthetic purposes [1]. Apart from its compressive strength to cover large spans, the con-
crete capacity to fit any mould and shape makes it attractive for the construction of shell structures.
In the early years of the 20th century, shoeboxes, fans and houseshoe concrete shapes were commonly
dominating [2]. And during those early years, material abundance and low labour cost were the main
drivers of interests on concrete shell structure construction [3]. Later on, the advancements on digital
and computer technologies, construction techniques and alternate material developments, enhanced
the use of concrete in the futuristic curved surface structures. The period of 1925-1975 is stated to be
the 5 golden decades for the popularity of concrete shell construction. Nevertheless, from the 1960s
forwards concrete shells started to lose popularity mainly due to increasing costs of labour [4]. More-
over, the decrease in the construction of concrete shell was mostly connected with the cost of form-
works and developments of competing materials such as steel and glass [5]. Furthermore, with the
needs to meet the demands of 21% century architectural aesthetics, the fast developments of modelling
and digital technologies [4], is prompting the rise of concrete shell popularity [6]. However, computer
technologies can only make designing and drawing of complex forms easier, while the translation of
designs in to real world projects remains with its difficulties [7]. And this paper is designed to exper-
iment the application of a reusable surface membrane for formworks of curved surface.

Formwork of Concrete Shells

During the period of 1930-1950s, majority of the formworks used to support curved surface
concrete structures were wooden materials [8], which is characterized to be complex and high skill
labour demanding (Fig. 1).

Fig. 1. Wooden Formwork of 93x52 m for shell in Chiasso, Switzerland
(Photo credit: Aurelio Muttoni)

The challenges of curved surface formworks are also governed by stability and safety issues
against collapse [9, 10], as curved formworks created from the assemblage of material pieces are also
vulnerable to horizontal sliding of failures [11, 12]. Furthermore, material wastages from shell struc-
ture formwork construction demands significant consideration. The study of Shen et. al [13] on
wastages of construction reveals that timber formwork for foundation is executed with a loss of its
20% as wastage. Material waste resulted from formworks of curved surface or complex geometries
is a significant challenge for the concrete construction [14]. The fact that 49% of the total cost of the
construction of Centro Ovale, in Chiasso, Switzerland, was consumed by the formworks and false-
works [8], emphasizes how costly is the conventional formwork system.
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For economic resource use, the devise of reusable, flexible and adjustable formwork is de-
manding to solve the major difficulties of many of the curved surface construction [7]. A number of
researches and experiments have been so far conducted to overcome the curved surface formwork
difficulties. The use of deployable (reusable) formwork is one among the others. A gridshells struc-
ture, first introduced by Russian engineer Shukhov Vladmir [4], is a system of reusable and adjustable
supporting formwork, followed by the use of carbon fiber gridshell [11] and deformable gridshell
[15]. The final result of the deformable gridshell, however, illustrated a flexible nature over the grid-
shell was observed during concrete casting. the casting is noted to be studied and addressed further.

Moreover, fabrics formworks made from various textile membranes such as Polyolefin, Nylon
and Polypropylene have been used as non-conventional formworks [4]. Another innovative approach
is the use of pneumatic (inflatable) formwork which is based on air inflation to air tight membrane
[15]. In many cases, when this method was used to support large amounts of concrete, a significant
deformation was noticed. As large amounts of concrete supported by this method are likely to induce
significant deformations during casting, use of supplementary segments was demanding. Another
limitation of this method is that the span of the structure is determined by the prefabricated membrane
size which demands supplemented by additional conventional scaffoldings [16, 17]. Furthermore, all
shapes to be casted by the use of membrane or textile formwork, which relies on viscous pressure,
can only be of convex (positive) surfaces [7]. And it can be noticed that all the above investigated
papers show that pneumatic (inflated) formwork to be practiced on convex or doom shaped curves
only. Tang [18] argues that the use of pneumatic formwork did not gain significant popularity for its
limitation to specific domed morphology which results space planning and furniture usage difficul-
ties. A comprehensive discussion of the pneumatic formwork can be referred from Kromoser and
Huber [19].

This method represents the latest and economic technology of forming manufactured foam
moulds using CNC machines which historically was used to be made by hand [20]. The light weight,
cheaper costs, easy milling, demoulding possibilities are the advantages of using this method. The
main limitation of this method is that the formwork is extensive for large projects in which the direct
reuse lacks thereby producing more wastes.

Huijben et al [4], conducted an experimental study on the application of vacuumatic structures
which consists structural aggregates tightly packed in an envelope of flexible membrane.

There is a possibility of fabrication an environmentally friendly and efficient construction
technology of curved surface formworks with lesser wastages of materials using the 3D printed bend-
ing technology [21]. The printing and robotic mechanism are, however, in their initial development
stages in which various limitation such as economic, material recycling and sustainably are yet to be
solved [22-24]. Moreover, the available experiments performed yet are limited to prototypes without
large scale experiments [25].

Finally, the adjustable and flexible formwork moulds are being studied for practical feasibil-
ity. In the 1960s Renzo Piano showed up with an innovative electronic machine that can determine
the height of every point of a given curved structure based on a scale model shell [26]. The invention,
however, was never used in real world practices for the limitations of force analysis of that period.
Most of the later developed adjustable formworks for curved surfaces were based on the principle of
Renzo Piano. For example, the adjustable mould developed by the study of M. van Roosbroeck [27].

Another performance towards an adjustable mould was the idea of strip mould which is based
on the arrangements of vertical pins covered by flexible smooth bed. The strip mould proposed and
designed by H. Jansen demonstrates a double curved surface arranged by strips of vertical pins cov-
ered by strips of thin wood layers and rubber mat (Fig. 2).

The main limitations of this arrangement are that the distance between pins is significantly
associated with the radii of curvatures and stiffness of the layers. This means the flexibility of the
arrangement would be limited. The first adjustable mould developed by D. Rietbergen [26] was exe-
cuted in such a way that a computer program can be used for the proposed automatic set up. None-
theless, this development was confined to small scale tests. Similarly, a pin bed mould was developed
which consists of vertical pistons of adjustable height to be covered by a flexible layer. Van
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Roosbroeck [27] prepared a mould which can produce curved concrete of size not greater than
4.5x3.38 m and only up to 1.5 m of curvature. And this is accompanied with practical limitations in
which large number of pin arrangements would be required in small areas (Fig. 3).

Fig. 2. Two strip mould designed by H. Jansen:
a) one layer strip; b) two layer strip mould

a)

Fig. 3. Pin bed moulds:
a) by M. Van Roosbroeck; b) by Hans Jansen

Finally, the above-mentioned studies and practices demonstrate that the implementation of
adjustable mould has not yet reached the verge of producing real world curved surfaces of concrete
shell formworks [28].

That is where this paper focuses to conduct an experimental study on devising a reusable and
adjustable formwork structure for curved surface concrete structures.

Methodology

The hypothesis of this paper for feasible use of the adjustable and re-usable formwork is tested
by practical construction experiments.

Practical prototype formwork of a dome shape and concrete casting were conducted. The
model of the concrete dome shell experimented has a thickness of 7 cm with the dome dimensions
denoted in Fig. 4.

Flexible membrane hard encugh

r‘::';\ /r ﬁhﬁx J to support wet concrete
Y F % e —————
N/ \\:\ / ™
\I%\ // \
N_/ t
-

Adustable pistonfpin

Fig. 4. Rigidity of formwork membrane and spaces of vertical supports
In this study, an arrangement, timber panels of 25x7x2 cm sizes were arranged
to create continuous surface
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Materials used for the formwork

Generally, the material to be used as a surface membrane for any curved surface has to fulfill
two important requirements: Rigidity and flexibility for smooth surface curvature. The rigidity of the
formwork surface membrane is governed by the minimum space between consecutive vertical sup-
ports pins (Fig. 5).

Fig. 5. 3D Simulation of adjustable support pins and flexible plate strips

Membrane Strength Compatibility

Referring to the European strength class systems of timber structure, the bending strength
ranges 14 MPa -50 MPa or C14-C50 for soft woods [29]. And considering the effects of knots and
other defects that reduce strength of timber, this paper takes low strength up 8 MPa for ultimate safety.
And to analyze the timber panel carrying capacity to support a specified concrete thickness, the fol-
lowing empirical analysis is conducted.

Timber panel dimensions: | = 250mm width, b = 70mm, thickness t = 20mm.

Timber bending strength, fb = 9.8 MPa shear strength, fv = 1.0 MPa.

Moment resisting capacity of timber, Mres is given by:

bt3
_@fb*1=0'9*9'8*ﬁ

Mres - t
Y )
For simply supported panel, bending moment maximum is given by:

w12 w=x(250)?
8 8

where w = linear loading of concrete supported by the timber panel.

Equating equations (1) and (2), max value of w is found to be, w < 5.27 N/mm.

With the given length and width of the panel, the maximum than taking specific density of
concrete, yc = 24000 N/m?, the maximum height of concrete that can safely supported by the timber
panel is computed as:

wo 5.27 N/mm
yxbxl 24%10"*N/mm3 * 7mm

The computation above demonstrates that a timber panel of 25 cm long can support up to 3.13
m thick concrete. And this justifies that prototype panel 25x7x2 cm used is structurally safe to support
wet concrete up to 20 cm thick shells.

The panels were arranged side by side with a space of 1mm and nailed to fixed to three parallel
rubber ropes. The plasticity of the rubber provides the desired flexibility of the membrane to fit vari-
ous curvatures as shown in Fig. 6.

And to meet the requirement of smooth curvature, the size of the panel is main parameter. The
shorter the spans and widths of the panel produces the smoother the curvature. However, it is crystal
clear that the length of the panels determines the space between the pin supports. This means shorts
lengths lead to closer supports, which increases the number of the supports and thereby the overall
cost of the formwork.

= 41,160 N — mm. (1)

Moy = = 7812.5wmm?, (2)

h’COTL -

= 3137 mm.
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Fig. 6. Formwork supports and membrane laying

As discussed in section 1, the formwork mould prepared by Van Roosbroeck [27], had pin
bed spacing 3-5 cm which demands large number of support pins. Accordingly, a mould of 2x2m, for
instance, would on average require about 2500 pin supports. And to minimize the number of the
supports and to keep a relative smoother surface, this study randomly selected 25 cm long and 7cm
wide timber panels. And the 2 m diameter dome is supported by less than 64 supports made from
timber sized 5x5 cm which are erected from a ground surface. A steel plate of 30mm wide was laid
over successive supports to provide support to the timber panels and lateral ties as well as shown in
Fig. 7.

Fig. 7. Formwork membranes in position

Results and Discussion

The construction of the formwork for the intended curved surface was successfully erected
and fitted model shape. As it can be noted from Fig. 8, the smoothness of the surface showed some
irregularities and gaps at the joints between successive panel strips.

Fig. 8. Final Dome model

And to create a smoother finish, a thin layer of wet gypsum coat was applied which provided
a smooth surface finish. Finally, the concrete paste was applied, which was cured for 28 days. And
after the curing was over the formwork surface membrane was recovered without for further use.
Despite the fact that the model was tested for the dome shape, the membrane arrangement is found to
be applicable to be curved in any direction. The feasibility of fitting in to both the sagging (concave)
and hogging (convex) shapes is demonstrated to be practical. Moreover, significant carpentry works
were required to make cuttings and fitting modifications of the panel shapes at the ends of the panel
strips with smaller arc lengths. This can be described to be the main challenges with the arrangement
at the end edges.
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Conclusion and recommendation

The arrangement of the timber panel was found to be flexible to fit any curves (of positive,
zero and negative curvatures). And the optimum dimensions of the prototype panel determined the
smoothness of the surface membrane. The panels retrieved after the curing are retrieved to reusable
for farther use. The arrangement of the timber panels with a rubber lining to be flexible to various
curves demonstrated the feasibility of using such reusable formwork membranes. And this can save
the formwork cost from use and throw. The difficulty of fitting at the end edges created from the
rigidity of the timber panel needs further refinement with adjustable panel designs. For the future, the
paper recommends further study to be made to automate the vertical support pins with a computer-
controlled stepper motor driver. Moreover, studying the cost and economic impacts of the reusable
formwork with adjustable vertical supports are the future focus of study.

baaronapuocts / Acknowledgement

Cratpsa IMOATrOTOBJICHA IIPU IMOAACPIKKE IIPpOrpaMMbl CTPATCTUYCCKOIO aKaJICMUYCCKOI'O JIU-
nepctea PY JIH.

This paper has been supported by the RUDN University Strategic Academic Leadership
Program.

BKJ1AL ABTOPOB | CONTRIBUTION OF THE AUTHORS

X./. DamMmnp - TeopeTHueckne 1 KOHCTPYKTUBHbIE acrneKTbl CUCTEM Onany6Ku, a TakxKe 3yueHune nepeo-
BbIX MaTepunasioB U TeXHONOrMI ANA U3roTOBNEHUA 6eTOHHbIX 06010UEYHbIX KOHCTPYKUKUIA; M.U. PbiHKOBCKaa -
aHann3 MaTepuanoB And cTaTbk, pesynbtaToB; U.A. Cepeke —TeMaTUUYECKNE UCCNefoBaHMs U peasibHble NprUMepsl,
WMNNICTPUpPYOLWMe Nyydlne NPaKTUKKM B 061acTu onanybKkm 6€TOHHbIX 060104eK.

H.Yo. Damir - theoretical and design aspects of formwork systems, as well as the study of advanced
materials and technologies for the manufacture of concrete shell structures; M.Il. Rynkovskaya - analysis of ma-
terials for the article, results; l.A. Sereke - case studies and real examples illustrating best practices in the field of
concrete shell formwork.

KOH®JIMKT MHTEPECOB | DISCLOSURE

ABTOpbI 3aABNAOT 06 OTCYTCTBUU KOHOIMKTA MHTEPECOB.
The authors declare no conflict of interest.

CIIMCOK UCTOYHHMKOB

1. Eisenbach P., Grohmann M. Structural implementation of slender concrete shells with prefabricated
elements // J. IASS. 2017. Ne 58. P. 51-64. DOI: https://doi.org/10.20898/j.iass.2017.191.842

2. Ermakova E., Rynkovskaya M. The use of shells in the architecture of the concert halls. Curved and
layer // Struct. 2021. Ne 8. P. 61-69. DOI: https://doi.org/10.1515/cls-2021-0006

3. Tang G. An overview of historical and contemporary concrete shells, their construction and factors in
their general disappearance // International Journal of Space Structures. 2015. Vol. 30, Ne 1. DOI:
https://doi.org/10.1260/0266-3511.30.1.1

4. Huijben F.F., Herwijnen F. Frans., Nijsse R. Concrete shell structures revisited : introducing a new
and 'low-tech’ construction method using vacuumatics formwork // International Conference on Tex-
tile Composites and Inflatable Structures STRUCTURAL MEMBRANES 2011 5th International Con-
ference on Textile Composites and Inflatable Structures (Structural Membranes), 2011, October 5-7.
Barcelona, Spain, 2011. P. 12.

5. Cassinello P., Schlaich M., Torroja J., Candela F. In memoriam (1910-1997). From thin concrete
shells to the 21st century’s lightweight structures // Informes De La Construccion. 2010. Vol. 62,
Ne 519. P. 5-19.

6. Rynkovskaya M. Analytical methods of analysis of right and open helicoids // American Society for
Engineering Education Northeast Section Conference At: University of Bridgeport, 2009. P. 1-5. DOI:
https://doi.org/10.1007/978-3-319-79005-3_11

7. Raun C., Kristensen M.K., Kirkegaard P.H. Flexible mould for precast concrete elements: Proceedings
of the International Association for Shell and Spatial Structures (IASS). Symposium 2010, Shanghai
Spatial Structures — Permanent and Temporary, November 8-12. Shanghai, China, 2010.

90 ISSN 2227-6858 www.dvfu.ru/vestnikis


https://doi.org/10.20898/j.iass.2017.191.842
https://doi.org/10.20898/j.iass.2017.191.842
http://dx.doi.org/10.1515/cls-2021-0006

BECTHUK MHXXEHEPHOM LUKOJbl AB®Y. 2025. No 2(63) | FEFU: SCHOOL OF ENGINEERING BULLETIN. 2025. No. 2(63)

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

Muttoni A., Lurati F., Ruiz M. F. Concrete shells — towards efficient structures: construction of an
ellipsoidal concrete shell in Switzerland // Structural Concrete. 2013. Ne 14. P. 43-50. DOI:
https://doi.org/10.1002/suc0.201200058

Xadmzos T.M., baitOypun A.X. CpaBHUTETBHBIN aHATN3 cIoco0a OIMyCKaromerocss 0eToHa U MeToAa
ckonp3smeit onanyoku. SAFETY. ExarepunOypr, HUL «HUP BCM» Ypansckoro otnenerns PAH;
VYpansckuil ¢eepalibHbI YHUBEPCUTET UMEHU TiepBoro npesugeHTa Poccun b.H. Enbnuna, 2018.
C.1-7.

Bishop C., Trono W., Griffith M. Stability considerations for concrete forming support systems: Pro-
ceedings of the Annual Stability Conference Structural Stability Research Council. Baltimore,
Maryland, 2018.

Schleicher S., Herrmann M. Constructing hybrid gridshells using bending-active formwork // Int. J.
Sp. Struct. 2020. Ne 35. P. 80-89.

MarnkeBuy A.®. HechemHas omanyOka MOHOJMTHBIX KEJIE300€TOHHBIX KOHCTPYKIUH. MocCkBa:
Crpoituznat, 1986. 96 c.

Shen L.Y., Tam W.Y., Tam, C.M., Sam H. Material wastage in construction activites — a hong kong
survey. Retrieved on 12.12.2022, 2002. URL.: https://www.researchgate.net/publication/37812483

Li W, Lin X,, Bao D.W., Xie Y.M. A review of formwork systems for modern concrete constructi-
on // Presented at Structures; Elsevier: Amsterdam. The Netherlands, 2022. Ne 38. P. 52-63. DOI:
https://doi.org/10.1016/j.istruc.2022.01.089

Tang G. The Rise and fall of the thin concrete shell // Second International Conference on Flexible
Formwork. Bath. UK: University of Bath, BRE CICM, 2012. P. 334-344.

Kromoser B., Kollegger J. Production of shell structures made of concrete with the "Pneumatic Wedge
Method" — A new construction method for the construction of double-curved concrete surfaces //
Beton — und Stahlbetonbau. 2014. Vol. 109, Ne 8. P. 557-565. https://doi.org/10.1002/best.201400014
Smmnaa T.B., AnekceeBa A.A. Onamy6o4uHbIe paOOTHI IPY BO3BEICHUU MOHOJIUTHBIX OCTOHHBIX H Ke-
ne300€TOHHBIX KOHCTPYKIUHU: y4ued.-MeToa. mocobue; M-Bo TpaHcn. U komMmyHHKamii Pecr. bena-
pych, benopyc. roc. yu-T tpancm. 'omens: benl'VT, 2018. 96 c. ISBN 978-985-554-403-7 (4. I)
Tang G., Pedreschi R.F. Deployable gridshells as formwork for concrete shells // International So-
ciety of Flexible Formwork. Amsterdam, The Netherlands, Aug 16-17, 2015. ISBN 978-90-5363-
042-6

Kromoser B., Huber P. Pneumatic formwork systems in structural engineering / Advances in Materials
Science and Engineering, 2016. DOI: https://doi.org/10.1155/2016/4724036

Raun C., Kristensen M.K., Kirkegaard P.H. Development and evaluation of mould for double curved
concrete elements // Structural Membranes: International Conference on Textile Composites and
Inflatable Structures — Structural Membranes: V International Conference on Textile Composites and
Inflatable Structures (MEMBRANES 2011), Barcelona, 5-7 October, 2011. ISBN 978-84-89925-58-
8. URL.: https://hdl.handle.net/2117/186225

Zhang X., Yuan C., Yang L., et al. Design and fabrication of formwork for shell structures based on
3D-printing technology // Performance Based Design. eCAADe. 2021. Ne 39. P. 487-495. DOI:
https://doi.org/10.52842/conf.ecaade.2021.1.487

Kpusomanko C., Andopoga JI., Mamuera 1. O60oueyHble CTPYKTYPbI: T€HE3UC, MATEPHAJIBI U IO/~
Bubl. Yacts 2. KoHCTpyKIIMOHHBIE CTpOUTENbHBIE MaTepuaibl / Academia. ApXUTEKTypa U CTPOU-
teabeTBO. 2021. Ne 4. C. 110-119. DOI: https://doi.org/10.22337/2077-9038-2021-4-110-119
Khosravani M. R., Haghighi A. Large-scale automated additive construction: overview, robotic
solutions, sustainability and future prospects // Sustainability. 2022. Ne 14. Art. 9782. DOI:
https://doi.org/10.3390/su14159782

Jipa A., Dillenburg B. 3D printed formwork for concrete: state-of-the-art, opportunities, challenges
and applications // 3D printing and additive manufacturing. 2022. Vol. 9, Ne 2. P. 87-105. DOI;
https://doi.org/10.1089/3dp.2021.0024

Kpusomanko C., Anboposa JI., MamueBa M. O6oio4euHbIe CTPYKTYPHI: TEHE3HC, MATEPHUANIBI U TIO/I-
Bunbl: Yacte 1. [MonBuasl u Harpaeienus / Academia. ApXuUTeKTypa U CTPOUTEIbCTBO. 2021, Ne 3,
C. 125-134. DOI: https://doi.org/10.22337/2077-9038-2021-3-125-134

Hartog E. D. Prefabrication of concrete shells: Master’s Thesis; TUDelft; 2008. Retrieved on Jan 10,
2023. URL: https://resolver.tudelft.nl/uuid:c3a6fa8d-c613-4dd6-bch9-960c83410254

Roosbroeck V.M. The Construction of prefab concrete shells, morphology-segmentation-material-
production method: Master’s Thesis; TUDelft, 2006.

91 ISSN 2227-6858 www.dvfu.ru/vestnikis


https://www.researchgate.net/publication/37812483
https://www.researchgate.net/publication/37812483
http://dx.doi.org/10.1016/j.istruc.2022.01.089
https://doi.org/10.1002/best.201400014
https://doi.org/10.1002/best.201400014
https://doi.org/10.1155/2016/4724036
http://hdl.handle.net/2117/186225
http://hdl.handle.net/2117/186225
http://dx.doi.org/10.52842/conf.ecaade.2021.1.487
https://doi.org/10.22337/2077-9038-2021-4-110-119
https://doi.org/10.3390/su14159782
https://doi.org/10.3390/su14159782
https://doi.org/10.1089/3dp.2021.0024
https://doi.org/10.1089/3dp.2021.0024
https://doi.org/10.22337/2077-9038-2021-3-125-134
http://resolver.tudelft.nl/uuid:c3a6fa8d-c613-4dd6-bcb9-960c83410254
http://resolver.tudelft.nl/uuid:c3a6fa8d-c613-4dd6-bcb9-960c83410254

BECTHUK MHXXEHEPHOM LUKOJbl AB®Y. 2025. No 2(63) | FEFU: SCHOOL OF ENGINEERING BULLETIN. 2025. No. 2(63)

28.

Schipper R., Vambersky J. Flexibles Schalungs system fiir zweifach gebogene Betonfertigteile.
Bauverlag BV GmbH, 2010. ISSN 0373-4331

29. Harte A. Introduction to timber as an engineering material. ICE manual for construction materials.
retrieved on Oct 10, 2023, 20009.
REFERENCES
1. Eisenbach P., Grohmann M. Structural implementation of slender concrete shells with prefabricated

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

elements. J. IASS, 2017, no. 58, pp. 51-64. DOI: https://doi.org/10.20898/j.iass.2017.191.842
Ermakova E., Rynkovskaya M. The use of shells in the architecture of the concert halls. Curved and
layer. Struct, 2021, no. 8, pp. 61-69. DOI: https://doi.org/10.1515/cls-2021-0006

Tang G. An overview of historical and contemporary concrete shells, their construction and factors in
their general disappearance. International Journal of Space Structures, 2015, vol. 30, no. 1. DOI:
https://doi.org/10.1260/0266-3511.30.1.1

Huijben F. F., Herwijnen F. Frans., Nijsse R. Concrete shell structures revisited : introducing a new
and 'low-tech’ construction method using vacuumatics formwork. International Conference on Textile
Composites and Inflatable Structures STRUCTURAL MEMBRANES 2011 5th International Confer-
ence on Textile Composites and Inflatable Structures (Structural Membranes), 2011, October 5-7.
Barcelona, Spain, 2011, pp. 12.

Cassinello P., Schlaich M., Torroja J., Candela F. In memoriam (1910-1997). From thin concrete
shells to the 21st century’s lightweight structures. Informes De La Construccion, 2010, vol. 62,
no. 519, pp. 5-19.

Rynkovskaya M. Analytical methods of analysis of right and open helicoids. American Society for
Engineering Education Northeast Section Conference At: University of Bridgeport, 2009. DOI.
10.1007/978-3-319-79005-3_11

Raun C., Kristensen M.K., Kirkegaard P.H. Flexible mould for precast concrete elements. Proceedings
of the International Association for Shell and Spatial Structures (IASS). Symposium 2010, Shanghai
Spatial Structures — Permanent and Temporary November 8-12. Shanghai, China, 2010.

Muttoni A., Lurati F., Ruiz M. F. Concrete shells — towards efficient structures: construction of an
ellipsoidal concrete shell in Switzerland. Structural Concrete, 2013, no. 14, pp. 43-50.

Khafizov T., Baiburin A. Comparative analysis of sinking concrete method and sliding formwork
method. SAFETY. Ekaterinburg, SIC “NIR BSM” Ural Branch of RAS; Ural Federal University
named after the first President of Russia B.N. Yeltsin, 2018. (In Russ.).

Bishop C., Trono W., Griffith M. Stability considerations for concrete forming support systems. Pro-
ceedings of the Annual Stability Conference Structural Stability Research Council. Baltimore,
Maryland, 2018.

Schleicher S., Herrmann M. Constructing hybrid gridshells using bending-active formwork. Int. J. Sp.
Struct, 2020, no. 35, pp. 80-89.

Matskevich A. F. Non-removable formwork of monolithic structures. Moscow: Stroyizdat, 1986.
96 p. (In Russ.).

Shen L.Y., Tam W.Y., Tam C.M., Sam H. Material wastage in construction activites — a hong kong
survey. Retrieved on 12.12.2022. URL.: https://www.researchgate.net/publication/37812483

LiW.,, Lin X, Bao D. W., Xie Y. M. A review of formwork systems for modern concrete construction.
Presented at Structures; Elsevier: Amsterdam. The Netherlands, 2022, no. 38, pp. 52-63. DOI:
https://doi.org/10.1016/j.istruc.2022.01.089

Tang G. The Rise and fall of the thin concrete shell. Second International Conference on Flexible
Formwork. Bath. UK: University of Bath, BRE CICM, 2012. P. 334-344.

Kromoser B., Kollegger J. Production of shell structures made of concrete with the "Pneumatic Wedge
Method" — A new construction method for the construction of double-curved concrete surfaces. Beton
—und Stahlbetonbau, 2014, vol. 109, no. 8, pp. 557-565. DOI: https://doi.org/10.1002/best.201400014
Yashina T., Alekseeva A. Formwork works in erection of monolithic concrete and reinforced concrete
structures. Ministry of Transport and Communications of the Republic of Belarus, Belorus State Uni-
versity of Transport. Gomel: BelSUT, 2018. 96 p. ISBN 978-985-554-403-7 (part I). (In Russ.).
Tang G., Pedreschi R.F. Deployable gridshells as formwork for concrete shells. International Society of
Flexible Formwork. Amsterdam, The Netherlands, Aug 16-17, 2015. ISBN 978-90-5363-042-6
Kromoser B., Huber P. Pneumatic formwork systems in structural engineering. Advances in Materials
Science and Engineering, 2016. DOI: https://doi.org/10.1155/2016/4724036

92 ISSN 2227-6858 www.dvfu.ru/vestnikis


http://www.icemanuals.com/
https://doi.org/10.20898/j.iass.2017.191.842
https://doi.org/10.20898/j.iass.2017.191.842
http://dx.doi.org/10.1515/cls-2021-0006
https://www.researchgate.net/publication/37812483
https://www.researchgate.net/publication/37812483
http://dx.doi.org/10.1016/j.istruc.2022.01.089
https://doi.org/10.1002/best.201400014
https://doi.org/10.1002/best.201400014
https://doi.org/10.1155/2016/4724036

BECTHUK MHXXEHEPHOM LLUKOJbl AB®Y. 2025. No 2(63) | FEFU: SCHOOL OF ENGINEERING BULLETIN. 2025. No. 2(63)

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Raun C., Kristensen M.K., Kirkegaard P.H. Development and evaluation of mould for double curved
concrete elements. Structural Membranes: International Conference on Textile Composites and
Inflatable Structures - Structural Membranes: V International Conference on Textile Composites
and Inflatable Structures (MEMBRANES 2011), Barcelona, 5-7 October, 2011. ISBN 978-84-89925-
58-8. URL.: https://hdl.handle.net/2117/186225

Zhang X., Yuan C., Yang L., et al. Design and fabrication of formwork for shell structures based on
3D-printing Technology. Performance based design. eCAADe, 2021, no. 39, pp. 487-495. DOI:
https://doi.org/10.52842/conf.ecaade.2021.1.487

Krivoshapko S., Alborova A., Mamieva A. Shell structures: genesis, materials and subspecies. Part 2.
Structural building materials. Scientific Journal “Academia Architecture and Construction”, 2021,
no. 4, pp. 110-119. (In Russ.). DOI: https://doi.org/10.22337/2077-9038-2021-4-110-119
Khosravani M.R., Haghighi A. Large-scale automated additive construction: overview, robotic solu-
tions, sustainability and future prospects. Sustainability, 2022, no. 14, art. 9782. DOI:
https://doi.org/10.3390/su14159782

Jipa A., Dillenburg B. 3D printed formwork for concrete: state-of-the-art, opportunities, challenges
and applications. 3D printing and additive manufacturing, 2022, vol. 9, no. 2, pp. 87-105. DOI:
https://doi.org/10.1089/3dp.2021.0024

Krivoshapko S.N., Alborova L.A., Mamieva I.A. Shell structures: genesis, materials and subspecies.
Part 1: Subspecies and directions. Architecture and Construction, 2021, no. 3, pp. 125-134. (In Russ.).
DOI: https://doi.org/10.22337/2077-9038-2021-3-125-134

Hartog E.D. Prefabrication of concrete shells. Master’s Thesis; TUDelft; 2008. Retrieved on Jan 10,
2023. URL: https://resolver.tudelft.nl/uuid:c3a6fa8d-c613-4dd6-bch9-960c83410254

Roosbroeck V.M. The Construction of prefab concrete shells, morphology-segmentation-material-
production method. Master’s Thesis; TUDelft, 2006.

Schipper R., Vambersky J. Flexibles Schalungs system fiir zweifach gebogene Betonfertigteile.
Bauverlag BV GmbH, 2010. ISSN 0373-4331

Harte A. Introduction to timber as an engineering material. ICE manual for construction materials.
retrieved on Oct 10, 2023, 20009.

MHOOPMALNA OB ABTOPAX | INFORMATION ABOUT THE AUTHORS
Aamup Xa6Te MoxaHHec - KaHAMAAT TEXHWUUYECKUX HayK, NIeKTop, POCCUICKMII yHUBepCUTET ApPYX6bl HapOAoB

(MockBa, Poccuiickas ®epepaums),

P< khabtej@oiate.ru, https://orcid.org/0000-0002-7275-6750
Habte Yo. Damir, Candidate of Technical Sciences, Lecturer, Peoples’ Friendship University of Russia (Moscow, Rus-

sian Federation).

PbiHKOBcKas MapuHa UropeBHa - [OKTOP CTPOUTENbHON MEXaHUKMK, AOLEHT, POCCUICKUI yHUBEPCUTET APY>K6bl

Hapopos (MockBa, Poccuiickas deaepauma),

D<) rynkovskaya-mi@rudn.ru, https://orcid.org/0000-0003-2206-2563
Marina I. Rynkovskaya, Doctor of Civil Engineering, Associate Professor, Peoples’ Friendship University of Russia

(Moscow, Russian Federation).

Cepeke Uccaitac AHpaW - KaHOMOAT TeXHUYECKUX HayK, NieKTop, Poccuiickuii yHMBepcuTeT Apy6bl HapoLoB

(Mocksa, Poccuiickaa ®epepauma),

0<11042195035@pfur.ru, https://orcid.org/0009-0003-4351-8205
Issaias A. Sereke, Candidate of Technical Sciences, Lecturer, Peoples’ Friendship University of Russia (Moscow,

Russian Federation).

Cratbs mocTymiia B pemakiio / Received: 01.03.2025.
JlopaGotana mocie penensupoBanms / Revised: 04.04.2025.
Tpunsra k my6iumkauun / Accepted: 23.06.2025.

93 ISSN 2227-6858 www.dvfu.ru/vestnikis


http://hdl.handle.net/2117/186225
http://hdl.handle.net/2117/186225
http://dx.doi.org/10.52842/conf.ecaade.2021.1.487
https://www.researchgate.net/journal/SCIENTIFIC-JOURNAL-ACADEMIA-ARCHITECTURE-AND-CONSTRUCTION-2077-9038?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://doi.org/10.22337/2077-9038-2021-4-110-119
https://doi.org/10.3390/su14159782
https://doi.org/10.3390/su14159782
https://doi.org/10.1089/3dp.2021.0024
https://doi.org/10.1089/3dp.2021.0024
https://doi.org/10.22337/2077-9038-2021-3-125-134
http://resolver.tudelft.nl/uuid:c3a6fa8d-c613-4dd6-bcb9-960c83410254
http://resolver.tudelft.nl/uuid:c3a6fa8d-c613-4dd6-bcb9-960c83410254
http://www.icemanuals.com/
mailto:khabtej@oiate.ru
https://orcid.org/0000-0002-7275-6750
mailto:rynkovskaya-mi@rudn.ru
https://orcid.org/0000-0003-2206-2563
mailto:1042195035@pfur.ru
https://orcid.org/0009-0003-4351-8205

