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Abstract

In this paper the authors analysed four single-layered braced barrel vaults with different
types of bracing. Each braced barrel vault covered the area of 20 m x 28 m and was made
from steel hollow sections. The static-strength analyses of the structures were conducted
using the Autodesk Robot Structural Analysis program, taking into account self-weight,
glass cover, snow load and wind load. In the case of wind load, wind pressure
perpendicular to the longitudinal wall was determined in accordance with the EN 1991-1-
4 standard. However, the standard does not specify how to calculate wind pressure
perpendicular to a gable wall for braced barrel vaults. For this reason, two variants
suggested by the authors of this article were analysed for this direction of the wind. The
influence of the type of bracing on force distribution in a braced barrel vault and on
material consumption was analysed. The impact of the gable wall boundary conditions on
force distribution in the braced barrel vault was also evaluated. Both the bracing type and
the boundary conditions had an impact on the force distribution in the analysed braced
barrel vault.

Keywords:  braced barrel vault, bracing, large span structures, steel structures

' Corresponding author: Institute of Building Engineering, Faculty of Civil and Transport
Engineering, Poznan University of Technology, Piotrowo 5 Street, 60-965 Poznan, Poland,
marcin.chybinski@put.poznan.pl, +48-61-665-2477



20 Jedrzej CHRUST, Marcin CHYBINSKI, Piotr GARASZ, Zdzistaw KURZAWA,
‘WOJCIECH PIORECKI, fukasz POLUS, Weronika STAJKOWSKA

1. INTRODUCTION

Space structures are often inspired by nature. Natural forms provide for
a minimum use of materials and an exceptional rigidity [1]. Geodesic domes [2],
spherical shells [3, 4] or braced barrel vaults are example of space structures.
Barrel vaults have been used in civil engineering since antiquity. Ancient
Romans used braced barrel vault roofs over temples, public baths or audience halls
[5]. Stones and bricks were the first materials used in barrel vaults. Today, braced
barrel vaults are made of steel, aluminium or timber. Metal braced barrel vaults
have many advantages:
o significant stiffness and lightness [6],
e they cover large and column-free spaces [1, 7],
o the damage of single bars does not lead to the destruction of the entire structure
[8],
o aesthetic aspects [8],
e small dimensions of bars, which are easy to protect against corrosion in
production plants [8],
o low height of the structure [8],
casy assembly of the structure without welding [8].

One of the most famous researchers who investigated barrel vaults was
Zygmunt Stanistaw Makowski. He founded the Space Structures Research Centre
in 1963 [9]. Steel barrel vaults may be single- or double-layered. Double-layered
systems may be used for covering larger spans [10]. Connections in double-
layered vaults are often hinged, while in single-layered vaults they are often rigid
[11]. The geometry of the structures may be created in advanced programs, e.g.,
Formian [12], Rhino/Grasshoper [13]. The consumption of steel in structures
depends on the support conditions, the vault height to span ratio and the bracing
type [14]. Long barrel vaults need edge and internal stiffening spaced every 20 m
[15, 16]. Force distribution depends, inter alia, on the braced barrel vault length
[5, 7]. Bars are mainly subjected to normal forces. The values of moments and
shear forces are often low [7]. Compression forces are most important in designing
braced barrel vault bars. Designers should take into account member buckling,
joint buckling, and general buckling of the whole structure or its part [1, 5, 7].
Today this type of structures are often used to create roofs over assembly halls,
sport centres, aircraft hangars, auditoria, shopping centres, museums or railway
stations [1, 7].

Steel bars most often have to be fire protected to satisfy the required fire
resistance [17]. The costs of fire protection may be relatively high when the
standard ISO curve is used to describe gas temperature. However, the temperature
analysis presented in [18, 19] demonstrated that in case of big barrel vault
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structures, the use of the standard ISO curve may be unreasonable. Furthermore,
the results from the said analysis showed that barrel vault steel structures have
great potential to redistribute forces during a fire.

The bar members are connected using node connectors. The following node
connector systems were developed for space frame structures: SDC, Novum
Structures Free-Form, MERO, Octatube, Tuball, Nodus, Triodetic, Wuppermann-
Tezet, Weimar, Oktaplatte, Unistrud, Varitec, Tridimatec, Tubacord, Tragsystem,
Piramitec, Space Deck, Space Grid, Nenk, Tridilose, Obayachi Truss, Unibad,
GEAI Gyro, S-KSB and other.

The barrel vaults may have different types of bracing [20]. In this paper, the
authors analysed four bracing types (see Fig. 1.)
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Fig. 1. Types of bracing analysed in this paper: a) Foppl type, b) Warren type,
¢) Pratt type 1, d) Pratt type 2

The three main goals of this paper are presented below. The first goal is to analyse
the influence of various types of bracing on force distribution in a braced barrel
vault. The second goal is to analyse the impact of various types of bracing on the
consumption of material. The last goal is to evaluate the impact of gable wall
boundary conditions on the distribution and value of the normal force.

2. THE OBJECTS OF ANALYSES

The authors analysed four barrel-shaped vaults. One was 9.88 m high (see Fig. 1a)
[21] and the remaining three were 8.192 m high (see Fig. 1b—d) [22-24]. Each
vault covered the area of 20 m x 28 m. The Foppl type bracing consisted of
equilateral triangles with a side length of 200 cm. The arc length of this bracing
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was 31.177 m. The Warren, Pratt 1 and Pratt 2 bracing types consisted of isosceles
triangles (200 x 200 x 283 c¢m). The arc length of these bracing systems was 28
m. For this reason, the Foppl type bracing was higher than the remaining types of
bracing. It also provided for a higher material consumption. Despite the
differences in bracing heights, the force distribution in the Foppl type bracing can
be compared with the force distribution in the remaining types of bracing provided
that they all have the same support conditions. The single-layered construction
was made from steel hollow sections which were fixed to each other using semi-
rigid connections with high strength bolts [25]. The members were arranged on
a cylindrical surface and the basic curve was a segment of a circle. The structure
was simply-supported on every edge in every edge node. The structure served both
as a wall and a roof. The gable walls were made of reinforced concrete and they
were self-supporting. For a structure supported in all edges, the plate analogy can
be used. The geometry of the structure was created using the AutoCAD program,
and the static-strength analysis was conducted using the Autodesk Robot
Structural Analysis program. In the program, the connections were modelled as
rigid despite the fact that they were defined as semi-rigid in [25]. This
simplification was made because the values of the moment were relatively small
(i.e., below 5 kNm). The models used in the program are presented in Fig. 2.

a b

Fig. 2. Braced barrel vaults modelled in the Robot program: a) Foppl type, b) Warren
type, c) Pratt type 1, d) Pratt type 2
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3. FORCE DISTRIBUTION ANALYSIS

A force distribution analysis was conducted assuming that each bar had an
identical cross-section, i.e., 120 x 80 x 5 mm, and that the vertical uniformly
distributed load was equal to 1.0 kN/m? This load was used to compare force
distribution in each braced barrel vault. Loading the structure at the initial stage
with a symmetrical load, easy to model, makes it possible to evaluate the
correctness of the model (symmetrical distribution of forces) and to perform
a preliminary evaluation of the behavior of the structure (which bars are the most
loaded and which bars could fail by buckling). Figure 3 presents which bars were
subjected to compression and which were subjected to tension in the analysed
braced barrel vaults.
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Fig. 3. Bars subjected to compression or tension in braced barrel vaults
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As evident from Fig. 3, the type of bracing had an impact on the sign convention
(positive or negative) of the axial force. The braced barrel vault with Pratt type 2
bracing had the highest number of compressed bars which could have failed by
buckling. For this reason, the Pratt type 2 bracing is not recommended and can be
easily replaced with the Pratt type 1 bracing. The most loaded bars are
demonstrated in Fig. 4. They are located at the ends of the braced barrel vaults.
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Fig. 4. The most loaded bars in braced barrel vaults
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4. STRUCTURE WEIGHT ANALYSIS

The authors compared material consumption for the construction of each braced
barrel vault. All loads were taken into account, i.e., self-weight, glass cover, snow
load and wind load. The self-weight of the steel bars was automatically taken into
account in the Robot program. The weight of the glass cover was 0.25 kN/m?. The
snow load was determined in accordance with EN 1991-1-3 [26] (see Fig. 5). In
case of wind load, wind pressure perpendicular to the longitudinal wall was
determined in accordance with EN 1991-1-4 [27] (variant 0, see Fig. 6). However,
the EN 1991-1-4 standard does not specify how to calculate wind pressure
perpendicular to a gable wall. For this reason, two variants for wind pressure
perpendicular to a gable wall were analysed. In the first variant, the structure was
divided into two parts: the roof part (for the slope below 60°) and the wall part (for
the slope above 60°) (see Fig. 6). Variant 1 was divided into two subvariants (la
and 1b). The external pressure coefficients were determined for the two extreme
values of the slope, i.e., 5° (variant 1a) and 75° (variant 1b) from EN 1991-1-4. In
the second variant, the entire structure was treated as the roof. The external
pressure coefficients were calculated for each part of the roof individually, taking
into account the slope and the wind area. In this variant the value of the external
pressure was not constant in one zone as its value depended on the slope. The
internal pressure was also taken into account by using the internal pressure
coefficients of —0.3 and 0.2.

The 6.10a and 6.10b combinations from EN 1990 [28] were used in ultimate
limit state calculations. The 6.14 combination from EN 1990 [28] was used in
serviceability limit state calculations.

0.72 [kN/m?)

Ls = 1764

Fig. 5. Snow load
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Fig. 6. Wind load variants: 0 — external wind pressure perpendicular to the longitudinal
wall, 1 — external wind pressure perpendicular to the gable wall (the structure is divided
into the roof and the wall parts), 2 — external wind pressure perpendicular to the gable
wall (the structure is analysed as a roof)
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The bars of the analysed structures were subjected mainly to axial loads. The
minimum and maximum force values in the braced barrel vault with the Warren
type bracing are presented in Fig. 7a—c.
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Fig. 7a. Forces in the braced barrel vault with the Warren type bracing: normal force F
and shear force F)
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Fig. 7b. Forces in the braced barrel vault with the Warren type bracing: shear force F.

and torsional moment M,
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Fig. 7c. Forces the braced barrel vault with the Warren type bracing: bending moment
M, and bending moment M.

The buckling resistance of the bars was evaluated according to the relevant
buckling mode (see Fig. 8). The length of the corresponding buckling mode was
assumed as the critical length about the y-axis.

The cross-sections of the bars in the analysed braced barrel vaults are presented
in Fig. 9.
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Foppl type Warren type

Pratt type 2

Fig. 8. The buckling mode of braced barrel vaults
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Fig. 9. The cross-sections of the bars in the analysed braced barrel vaults
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The cross-sections were determined taking into account the ultimate limit state of
the bars, the utilization of the bars, the assumption of using bars of cross-sections
differing only in wall thickness to enable their connection at the nodes, and the
available assortment of rectangular hollow sections. For each braced barrel vault
the authors sought the optimal solution, taking into account material consumption.
For example, the structure with the Warren type bracing made of 120 X 60 mm or
100 x 60 mm rectangular hollow sections was analysed.

Figure 10 presents steel consumption in each braced barrel vault. The weight of
the structures did include the weight of their nodes.

20000
16000
5 12000 - " Foppl type
%‘ ® Warren type
==
%D = Pratt type 1
= 18000 - m Pratt type 2
4000 -
0 -

Fig. 10. The comparison of steel consumption in the analysed braced barrel vaults

The type of bracing has a major impact on steel consumption. The braced barrel
vault with Pratt type 2 bracing had the highest number of bars subjected to
compression. For this reason, the consumption of steel for this type of bracing was
the highest. Each braced barrel vault covered the area of 20 m x 28 m. However,
the braced barrel vault with the Foppl type bracing was higher than the remaining
vaults and, as a consequence, it was not the lightest.

5. THE IMPACT OF THE GABLE WALL BOUNDARY
CONDITIONS

In the final stage of the study, the impact of the support conditions on force
distribution was analysed. In variant a, displacements in x, y and z directions were
fixed in each support. In variant b, displacements in x, y and z directions were
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fixed in the supports in the longitudinal walls. For the gable walls of the braced
barrel vault analysed in variant b, only displacements in x and z directions were
fixed (see Fig. 11). When displacement in the longitudinal direction (y) is not
fixed, the thermal expansion of the structure is not blocked and the braced barrel
vault is free to expand. This is particularly important since temperature changes
can lead to structure failure [29, 30].
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Fig. 11. The suppo conditions of the braced barrel vault with the Pratt type 1 bracing:

a — the structure with all displacements fixed in the supports, b — the structure with
displacement in y direction not fixed in the gable wall supports

The axial force distribution in the analysed structures is presented in Figure 12.
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Fig. 12. Axial force distribution in th

a — the structure with all displacements fixed in the supports, b — the structure with
displacement in y direction not fixed in the gable wall supports
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In variant b (with displacement in y direction not fixed in the gable wall supports),
the values of axial compression forces were higher than in variant a (with
displacements in all directions fixed in the gable wall supports). What is more, the
location of the highest values of axial compression forces in the structure was
different for these two variants of boundary conditions. In variant a, the braced
barrel vault had the maximum value of axial force at the edge of the structure,
while in variant b it had the maximum axial force in the centre of the structure.

6. CONCLUSIONS

The type of bracing had an impact on the sign convention (positive or negative)
of the axial force. The braced barrel vault with the Pratt type 2 bracing had
diagonal bars mainly subjected to compression. For this reason, the Pratt type 2
bracing is not recommended and can be easily replaced with Pratt type 1 bracing.
The type of bracing also had a major impact on steel consumption. The braced
barrel vault with the Pratt type 2 bracing had the highest number of compressed
bars that could have failed by buckling, which provided for the highest steel
consumption.

The most loaded bars in each braced barrel vault were located at the ends of the
braced barrel vaults. It was due to the support conditions, i.e., the structure was
simply-supported at every edge in every edge node.

Last but not least, the gable wall boundary conditions had an impact on the value
and distribution of the axial force. The structure with displacements in the
longitudinal direction not fixed in the gable wall supports had higher values of
axial compression forces and the maximum axial compression force was located
in its centre part. The structure with displacements in all directions fixed in the
supports showed lower values of axial compression forces and the maximum axial
compression force was located at its edge.
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