Journal of Constructional Steel Research 154 (2019) 250-262

Contents lists available at ScienceDirect

Journal of Constructional Steel Research

"
JOURNAL OF
CONSTRUCTIONAL
STEEL RESFARCH

Innovative steel 3D trusses for preservating archaeological sites: L))

Design and preliminary results

Check for
updates

Gianmaria Di Lorenzo, Enrico Babilio, Antonio Formisano *, Raffaele Landolfo

Department of Structures for Engineering and Architecture (DiSt), University of Naples “Federico II", Naples, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 19 March 2018

Received in revised form 9 December 2018
Accepted 10 December 2018

Available online 20 December 2018

Keywords:

Steel 3D lattice beams
Structural glass slab
Cultural assets
Archaeological sites
Capacity design criteria
Simplified design methods

mentally tested.

Steel three-dimensional lattice trusses are highly efficient technical solutions to cover large spans, especially
when single members are not provided with intermediate restraints able to prevent lateral-torsional buckling
phenomena. In the present paper, a compound structure made of steel lattice beams and structural glass slabs
is proposed for protection of monumental and archaeological sites. Due to both the risk exposure of monumental
heritage to be protected and the use of structural glass, the definition of an appropriate design criterion is man-
datory in order to avoid brittle collapse mechanisms. The attention is herein paid to the design procedure, with a
brief description of basic ideas behind and the main focus on the parametric capacity design of the structure. The
proposed procedure, whose validity is quite general, has been herein implemented by linear numerical analyses,
which represent the basic step for further refined analysis aimed at erecting a full-scale prototype to be experi-

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The preservation of cultural heritage may be assured by adopting
rules of indirect protection aimed at avoiding damages to both immov-
able objects and the surrounding landscape and environment [1,2]. In
case of archaeological sites and artefacts, the protection, and possible
musealization following the digging up phase, is usually made by
using covering structures, which should be light, able to both cover
large spans without intermediate supports and ensure accessibility to
assets and easy to be assembled, maintained, disassembled and even
possibly reused in other sites [3]. Fulfilling, in a satisfactory manner,
such list of requirements, glued laminated timber structures can be
used for coverings sites and assets to be protected, since they well-
combine the typical colouring and appearance of timber with a slight
cracking pattern, distinctive of a time-stamped ruin [4,5]. In terms of
material, a competitor and a good alternative to the glued laminated
timber is provided by the weathering steel, which similarly can be inte-
grated into the context, thanks to its typical brownish colouring, provid-
ing at the same time a high durability. The present paper is aimed at
proposing a new three-dimensional (3D) truss made of weathering
steel designed as primary structure for supporting floors made of struc-
tural glass slabs, without needs for secondary members. The innovative
steel beam, mainly designed for archaeological sites [6], is thought to be

* Corresponding author.
E-mail addresses: gianmaria.dilorenzo@unina.it (G. Di Lorenzo),
enrico.babilio@unina.it (E. Babilio), antoform@unina.it (A. Formisano), landolfo@unina.it
(R. Landolfo).

https://doi.org/10.1016/j.jcsr.2018.12.006
0143-974X/© 2018 Elsevier Ltd. All rights reserved.

patented, after a properly developed assessment phase, as a pre-
fabricated industrial product. 3D trusses or lattice beams are members
with longitudinal dimensions prevailing on transverse ones. They
belong to the largest family of 3D structures [7], which are typically
characterised by both a three-dimensional behaviour (space behaviour)
and an axial stress regimen (lattice behaviour). Composed of tetrahe-
dral and hemi-octahedral repetitive modules made of metal members,
generally with pipe sections mutually connected to each other by either
welding or bolted connections, these systems allow increasing the
structural performance by spacing out the chords, as in case of plane
(2D) lattice beams. However, with respect to the 2D beam solution,
high torsional and out-of-plane flexural rigidities make the 3D solution
more convenient, mainly in the cases where self-weight support during
construction is required or lateral restraints against lateral-torsional
buckling are absent [8]. For the 3D lattice beam under investigation,
due to the high exposure of assets to be protected, often located in
medium-high seismic areas, and the presence of structural glass panels
[9,10], a suitable project methodology matching capacity design and
fail-safe principles is proposed in order to design members with ductile
and robust behaviour under static or dynamic vertical actions. The cur-
rent work illustrates preliminary the beam analysis and design, while
the assessment phase, currently in progress, will be only briefly
shown for the sake of completeness, considering that the whole numer-
ical and experimental characterization of the investigated beam will be
treated in a future work.

The paper is organized as follows. Firstly, a brief historical review
and state of art on the typology of steel 3D lattice beams is given
(Section2). Subsequently, the structural conception guiding the design
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List of symbols

a,depe  Length and optimal length of tie (batten) plates along
top chord

A, Ao, A, Generic, gross, net cross-sectional areas

Ay, Ay  Effective shear area and web net area

B Width of the lattice beam cross-section

By, B’ Measures of the bases of the hemi-octahedral module

e eccentricity

Eq4 Design stress

Frq Design load per unit length

Foird Design load per unit length producing the yielding of
the bottom chord

foio Yield stress

Gy Lattice beam weight per unit length

& Qi Dead load and variable actions per unit area

H Height of the lattice beam cross-section

H Theoretical height of both the hemi-octahedral module
and the lattice beam

i Cross-section gyration radius

it Inter-spacing between two lattice beams

Iy, I, Second moment of area along strong (y) and weak
(z) axes

I, Ly Torsional (t) and warping (w) constants

LL, Linin» Lmax Net length, total length, minimum length and
maximum length of the lattice beam

I Theoretical length of the inclined sides of the hemi-
octahedron

Meggiob Design global bending moment (due to Fgq)

NEgc Maximum (demand) axial force in bottom chord

NEdd Maximum (demand) axial force in diagonal web
members

Nimax Maximum axial force on diagonal rods of a plane War-
ren isostatic truss

Npird Axial load producing the yielding in the mid-section of
the bottom chord

Ny Number of hemi-octahedral modules in a lattice beam

gy, Ty Cross-sectional shape and global shape ratios

S.Ssq Generic property of a section and a benchmark profile
(for efficiency ratio)

t Thickness of basic profile for the top chord

tr Thickness of plates used for stiffening bottom chord
nodes

Veagiob  Design global shear force (due to Fyjrq)

w Width of tie plates (also distance between holes) along
top chord

Wely Elastic section modulus

XYz Axes of the Cartesian reference frame

A Extra-length of the lattice beam, double of the support
length

Ntz Normalized slenderness

Ps Efficiency ratio

0, Q9  Over-strength coefficient and additional over-strength

coefficient for top chord members

List of abbreviations and acronyms

2D, 3D
BB.CC.

C-RHS

G R, SQ
CHS,

Two-dimensional, Three-dimensional

Beni Culturali (Cultural Heritage), name of the proposed
lattice beam

Cellular rectangular hollow section (referred to BB.CC.
beams)

Channel, round, square profiles (standard profiles)
RHS, SHS Circular, rectangular, square hollow sections
(standard profiles)

CF,HR  Cold formed, hot rolled (with reference to standard
profile)
FEM Finite Element Method

SLS, ULS  Serviceability Limit State, Ultimate Limit State

of the compound structure made of lattice beams and glass slab is
provided (Section3). Afterwards, a detailed focus on the design criteria
implemented for the beam and the related results are illustrated
(Sections 4-6). Finally, even if beyond the scope of this work, a prelim-
inary overview on the overall activities devoted to the performance
assessment of the beam are given (Section7), whereas the study conclu-
sions are drawn in the last paragraph (Section8).

2. A brief historical review and state of art on steel 3D beams

The early studies on the structural behaviour of space systems date
back to the end of the eighteenth century thanks to August Foppl, who
defined the equation for investigating the three-dimensional kinematic
behaviour of systems made of rods in his dissertation “Das Fachwerk Im
Raum” (The space lattice girder) [11]. On the other hand, the first appli-
cations of pre-fabricated 3D lattice structures, due to Alexander Graham
Bell, were made during the early 1900s. Bell immediately understood
the potential of such a constructive system and, as a consequence,
experimented the use of tetrahedral and octahedral modules, obtained
by assembling metal bars and joints, to produce gliders and wing struc-
tures. However, several decades passed to see developed technologies
able to produce, on an industrial scale, connections combining reliable
performance with ease of erection [12]. Among many others, it is
worth mentioning the so-called Mero system, developed in Germany
since 1943 by Max Mengeringhausen, which is a constructive system
still used worldwide for building double-layer truss grids. However,
only after the Second World War many patents were developed aiming
at encouraging the use of industrialised systems in the field of steel
structures [13].

A fundamental contribution to the spread of space lattice structures,
mainly as geodesic domes, was due to Walther Bauersfeld, a Berliner
physicist and engineer, who developed the first structural solution in
1926 and further, since the 1950s, to Richard Buckminster Fuller.

The 1970s represented the “golden age” of prefabricated 3D lattice
structures, that nowadays are finding a new impetus for the construc-
tion of complex geometries made of steels or aluminium alloys [14],
used either in the civil field for the construction of large roofing and
towers [15] or in the industrial one for automotive, lifting and offshore
applications.

Currently, a further impulse to the development of this structural
typology is coming from the widespread use of pipe and box profiles
in any engineering field through the CAD-CAM technology (and nowa-
days also by the Building Information Modelling in the civil engineering
sector), thanks to the improvement of the metal cutting and welding
techniques allowing for designing and producing very complex struc-
tural nodes [16]. Furthermore, the development of robust multi-
objective optimization algorithms and parametric design tools, often
embedded also in commercial structural analysis software packages, is
contributing to the diffusion of metal space structures.

3. The constructive system
3.1. Premise

The constructive system adopted for a covering composite structure
made of primary steel 3D lattice beams and glass slab (see Fig. 1, to
which we refer for notations), specifically designed for safeguarding
and exploiting archaeological and cultural heritage sites, is herein
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Structural system Typology
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Fig. 1. The pictorial view of the proposed roof structure.

described. In order to accomplish the design tasks, a properly tailored
methodology is setup.

The lattice beams, hereinafter referred to as BB.CC. (Italian acronym
of Beni Culturali, which is translated in English as Cultural Heritage), are
made of S355]2W steel, also designated with the numerical code 1.8965.
The use of such a special steel is required according to three reasons:
a) mechanical, due to its strength and toughness; b) durability against
atmospheric precipitations and air pollution, thanks to its enhanced cor-
rosion resistance; c) aesthetic, since its typical brownish colour makes it
very suitable for applications into ancient structures. As seen in Fig. 1,
BB.CC. beams are placed parallel to each other at a given distance, with-
out intermediate supports, to form the primary structure of the cover-
age, which is made of structural laminated glass panels surmounting
the beams through specifically designed guides. Among other possibili-
ties, it should be noticed that glass panels, if appropriately designed and
coated, allow for the proper illumination of assets, contemporary assur-
ing their protection from effects of solar radiation [17].

3.2. Details on steel lattice BB.CC. Beams

In this section the focus is mainly devoted to BB.CC. beams, which
are obtained by welding to each other European standard profiles. As
a frame of reference it is assumed a Cartesian triad having the axes x,
y and z along the length (L), the cross-section width (B) and the height
(H) of the beam, respectively. From a geometric point of view, the archi-
tecture of any BB.CC. beam is composed as a sequence of downward
hemi-octahedrons (with sides B, and B’ and height H') with interposed
tetrahedrons (see Fig. 1 and Fig. 4, the latter used for geometric relations
between H and H' and between B and B’). Structurally we can distin-
guish top and bottom chords mutually connected by web members.

Starting from an initial cold-formed Rectangular Hollow Section (RHS),
produced according to the EN 10219-1 [18] and EN 10219-2 [19] stan-
dards, the top chord member is built as a castellated beam as follows
(see Fig. 2). The RHS profile is longitudinally cut in two hemi-profiles

subsequently assembled through welded tie plates, which allow for suit-
ably distancing the hemi-profiles, reducing geometric tolerances during
the assembly as required by the EN 1090-2 code [20]. These plates have
also the task to stiffen locally the top chord-web member nodes and
even to support the glass slab guides, which are put in the middle of tie
plates for eliminating torsional effects induced by the floor on the beam.
The relevant design parameters for the top-chord are, indeed, length a
and the width w of the tie plate, optimised the former to reduce machining
and material waste, the latter to confer lateral stability to the lattice beam.
When finished, the top-chord profile have octagonal holes (see Fig. 2),
whose idea has been fundamentally inspired by cellular beams with hex-
agonal holes manufactured from standard IPE 200, 300 and 400 profiles
by the ArcelorMittal company. It is worth of noting that, although obtained
from standard profiles, the new member contains a relevant innovation,
since its manufacturing process allows for introducing a new product cat-
egory, herein called as Cellular Rectangular Hollow Section (C-RHS). Such a
category enlarges, in fact, the range of commercial European RHS profiles,
whose cross-section height currently reaches at most 400 mm in the cold-
formed (CF) profiles and 500 mm in the hot-rolled (HR) ones.

The bottom chord is made of hot-rolled round (R) or square (SQ)
profiles, or even, in case of very long trusses, of Square Hollow
Section (SHS) members. The bottom chord nodes are designed as fully
rigid joints and they are stiffened with plates having thickness (tr)
close to that of top chord members. Finally, web members are made of
R bars or Circular Hollow Section (CHS) profiles.

3.3. Nomenclature and products

With the aim to consider prefabricated beams able to cover spans
from 6 to even >30 m, three values of H, corresponding to three product
families (Fig. 3), conventionally named as “short” (H = 600 mm),
“medium” (H = 900 mm) and “high” (H = 1200 mm) beams, are con-
sidered. Within the same product family, a beam is selected through the
thickness t of the basic RHS profile used for the top chord. Consequently,
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Fig. 2. Net cross-section area and manufacturing process of a Cellular Rectangular Hollow Section (C-RHS) profile.

~ Top chord designation

Thickness
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Product 3D Trusses
Families Designation designation

BB.CC. H x t

F C-RHS 200 x 100 x ¢ Lightweight heavy

BB.CC._600x4 Abbreviation of
- Beni Culturali

H=900mm

Thickness
- C-RHS 400 x 200 x ¢ ) 8, 10f 12,125, 16mm
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H=600mm BB.CC._600x6 Depth of beam
BB.CC._600x6.3 Top chord thickness
L e [6, 15m] BB.CC._600x8 (Rectangular Hollow Sections RHS)
Thickness —
—C-RHS 300 x 150 x ¢ 6,6.3,8,10,12,12.5, 16mm BB.CC._600x10
Lightweight heavy
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BB.CC._900x6 - opening
atten
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joint
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End Diagonals

BB.CC._1200x16
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Fig. 3. BB.CC. beams: designation and families of products.
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the generic beam is uniquely identified by the acronym “BB.CC. H x t”.
Hence, as for HE beams, also BB.CC. beams can be referred to as light,
middle and heavy profiles, depending on the chosen thickness ¢ (see
Fig. 3). Alongside with the process and product innovations discussed
before, another advantage of using the C-RHS profile instead of the solu-
tion using two hollow profiles is that there is no need to use diagonals to
stabilise the top chord in its plane.

BB.CC. beams have different performance requirements depending
on the span (L), the dead loads (gy), the variable actions (qi) and the
spacing among members (it).

It is noteworthy that these beams are essentially thought and
designed as serial products that, due to their morphological and geo-
metric features, comply with the character of modular constructions,
as prescribed by the ISO1006 standard [21], which adopts the basic
module M = 300 mm to favour the building industrialization process.

Indeed, the main dimensions of BB.CC. beams, namely L, B and H, are
multiples of M. It is found that, for any given H, the best value of the
width B, as well as of the hemi-octahedron side By, is selected so that
B=By, = H (see Figs. 2 and 3). Moreover, the number of hemi-
octahedronsny and the length L are connected to each other by the
relationship L = nyBy. Thus, we may conclude that the only exception
to the modularity rule is given by an extra-length (A/2), which takes
into account the size of the end bearing device. Thus, the total length
to be considered in the design phase is given by L' =L + A.

4. Design criteria
4.1. Foreword

As stated before, the high exposure of cultural assets to be protected,
often placed in medium-high seismicity areas, and the use of structural

Design phases

1 Level 0 Analysis and Batten
Demand Assessment
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glass as roofing system require the definition of an adequate design
methodology based on the capacity control criterion to avoid early brit-
tle collapse mechanisms and, therefore, to favour ductile failures of
beams under vertical actions. In particular, the most preferable ductile
mechanisms are given by the failure under tensile actions of the bottom
chord. On the other hand, the brittle mechanisms that should be limited
are, for example, either the instability of end diagonal members (global
shear collapse) or the buckling of compressed chord, which can trigger
lateral-torsional buckling of the whole beam in absence of torsional re-
straints, compromising the integrity of the upper structural glass slab.
Other brittle mechanisms may be induced by the failure of both joints
and end supports, the latter being prevented by the extension (due to
the extra-length A/2) and possible stiffening of the top chord.

4.2. The proposed methodology

Depending on the beam span (L) and weight (Gy), the dead loads
(gx), the variable actions (q), the spacing among members (it), accord-
ing to the Schwedeler's approach [22], the maximum demand axial load
in the bottom chord (Ngq,) is given by:

_ Meagor _ Fral?
H 8H

(1)

NEd,c

being Frq =(1.3 g + 1.5 qi) it + 1.3 Gk a uniformly distributed vertical
load applied to a simply supported beam of length L' and height H’
(lattice beam total length and theoretical height, this latter as seen in
Fig. 4). Evaluated the demand in terms of axial, the bottom chord profile
(R, SQ or SHS) is selected in function of the considered beam family.
Then, the design of the top chord follows. The demand axial load is
amplified by adopting a suitable over-strength coefficient Q) to both

Continuous
parameters

Discrete

Design parameters
parameters

B=f(a)

H=600mm

Pre-sizing

H=900mm Structural steel S35512W

Fig. 4. Capacity control design methodology for space lattice trusses.
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favour the taut bottom chord yields before the compressed top one and
compensate for any performance decrease that may arise in this latter.
The expression to obtain ) is provided as follows:

+Qq 2)

where Ny, gq is the yielding axial load in the mid-section of the bottom
chord and Q) is an additional over-strength factor. In the design phase,
referring to the gross area Ag (Fig. 2) of the basic RHS profile, the addi-
tional over-strength coefficient takes into account the decrease in ca-
pacity associated with the section reduction (net area A,) due to the
profile cutting and offsetting, as well as to the possible local or global
(lateral-torsional) buckling phenomena not properly evaluated during
the sizing of members.

The lateral-torsional buckling of the truss, associated to the instabil-
ity of the compressed chord, is instead controlled by searching for the
optimal value of the parameter q, that defines the batten plate size
and, then, of the beam width B.

By adopting the simplified assessment method provided in [23], also
reported in the § 6.3.2.4 of the Eurocode 3-Part 1.1 [24], the beam lateral
buckling is avoided by limiting the normalized slenderness of the top
chord net section X\, evaluated with reference to the z-axis, in the

range between the threshold value N g and 1. Such a simplified method-
ology, which is generally valid, is suitable for symmetric cross-sections,
as those under investigation. Subsequently, by imposing the plastic fail-
ure of the bottom chord (plastic hinge in the mid-section), both the
limit load Fy;, rq and the associated global shear Vgq, g0 are determined.
These actions are used to iteratively design the compressed diagonals
for different values of the beam span, within a plausible range of lengths
[Limin; Lmax] of each BB.CC. beam family. The design axial force Ngg, q
along the diagonal members is attained near the lattice supports and
is estimated as.

Neg g = N I _ . (x=1) FopaBx /o5 L B2+ 4H2 (3)
’ 2 2 SH' x
Bx” +4H

[N] BB.CC.600 ]| ¢=1 KN/m2
BB.CC.900 | ; _
a0y —— i=2m
BB.CC. 1200
| BB.CC.600 T
3x107 T
BB.CC.900 | ji=4m
N BB.CC. 1200
Ed 2X106- o909 | "- ..
1x10%
- []
L
(a) roof

where the (theoretical) length I’ of the inclined sides of the hemi-
octahedron is computed as.

I = %\/sz + B2 + 4HP2 (4)

By, B’ and H’ being the already defined module's measures (see Fig. 4
for reference) and.

Fyira B
Nimay = (1= 1) =0 /B + 4H” (5)

is the maximum axial force on diagonal rods of the 2D Warren isostatic
truss obtained by projecting the 3D beam onto its longitudinal mid-
plane (i.e. the x,z-plane).

The procedure ends by checking that no local mechanism appears in
the end bearings due to shear and crippling crisis of the top chord web.
To this purpose, in such areas the member is transversely stiffened by
plates having adequate thickness.

The capacity models used for local checks towards shear and
crushing of channel (C) profiles are given in § 6.1.5 and in § 6.1.7.2 of
the EN 1993-1-3 code [25], respectively. Whenever necessary, evalua-
tion of the transverse stiffening can be performed according to the
models reported in § 6.2 of the EN 1993-1-5 code [26], with the effective
section defined in § 9.1 of the same standard.

In order to ensure the activation of the ductile collapse mechanism
produced by the yielding of the bottom chord, the sizing of compressed
chord, end-diagonals and bearings without premature collapse should
be performed considering the uncertainties of the effective yield stress
value. This is achieved by multiplying the design stresses Eq4 for the ma-
terial over-strength coefficient v,,, given by the current national and
European regulations as equal to 1.10 for S355 grade steels. Such a coef-
ficient should be evaluated by taking into account the uncertainties re-
lated to the different steel type, to the currently available production
processes [27] and to the thickness of adopted steel products. However,
it is noticed that the entire procedure takes into account full-strength
joints among members. Thickness of gusset plates and their effective
width are related to dimensions of web bracing members according to
the Whitmore's method [28,29], which considers a stress diffusion

BB.CC. 600 | =3 KN/m?
[N]
¢ BBCC.900 L;-onm
4x107 - e
BB.CC. 1200 I
| BB.CC.600 T
3x10F 7T Sl
BB.CC. 900 - i=4m
N, BB.CC. 1200 |
B oo oe® L

lxlO()'

(b) floor

Fig. 5. Axial force Ngq. (demand) in the bottom chord as a function of beam length and spacing.
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BB.CC. 600 g=1 kN/m?
[m?]
BB.CC.900 | ; _
0.0 =ioh ir=2m
BB.CC. 1200
BB.CC. 600 |
0015 o
, BB.CC.900 | =4m
A ci
BB.CC. 1200
00K bt s -
5x107
0 5 10 15 20 25 30 35 (]
L
(a) roof

angle of 30 degrees for plates significantly larger than the members
cross-section. The collapse due to instability of gusset plates is limited
by the presence of transverse stiffeners welded to the web of tie plates.
Moreover, whenever allowed by thickness of elements, members are
connected to the gusset plate through fully welded channels. For further
detail on the adopted capacity design criteria refer to standards [24-26],
also recalled in design phases reported in Fig. 4.

4.3. Results of the parametric design of components

Analysing two different case studies, namely roof slabs (qx =
1kNm~2) and floors subjected to overcrowding (g = 3kNm~2), for
the bottom chord member it is evaluated the demand in terms of axial
force (see Fig. 5) for different beam lengths (L€ [Liyin+Lmax]) and spac-
ing (ir€ [2 m=+4 m]), In fact, BB.CC. beams are designed to cover spans
from 6 to 15 m (H = 600 mm), from 15 to 25 m (H = 900 mm) and
from 25 to 35 m (H = 1200 mm). Fig. 6 illustrates the variation of
cross-section areas required for the bottom chord member, as a function
of beam-lengthlL, given the yield stress fy ) of the S355]2W weathering
steel, which is not constant and, according to the EN 10025-4 product

BB.CC. 600 | = 2
m] — ¢, =3 kN/m

BB.CC.900 | ; _

Bige — i=2m
BB.CC. 1200 .
BB.CC. 600 |

001§ T & &
BB.CC.900 | j—4m

A R
“ BB.CC. 1200
00N b -

5x10°

(b) floor

Fig. 6. Theoretical cross-sectional area of the bottom chord as a function of beam length and spacing.

standard code [30], depends on the thickness of the selected profile,
taking values in the range spanning from 295 to 355 MPa.

The predominant tensile regime allows using round (R), square (SQ)
or square hollow sections (SHS) profiles for the bottom chord of short,
medium and high BB.CC beams, respectively. The basic profiles
used for the top chord of the three BB.CC. beam families are RHS200
x 100 x t (t = 4+12.5 mm) for H = 600 mm, RHS300 x 150 x t (t =
6--16 mm) for H = 900 mm and RHS400 x 200 x t (t = 8-+16 mm)
for H= 1200 mm. The area reduction, namely Ao-A,, depends solely
on the hole geometry and it is variable from 37% to 40% of the initial
cross-section (see Fig. 2).

As already stated, chosen the basic profile, the top chord design
relies on the choice of the thickness providing a suitable over-strength
with respect to the bottom chord and on the evaluation of the optimal
length a of tie plates, by checking the normalized slenderness N\, of
the compressed member with reference to its net cross-sectional area
to prevent the beam lateral instability. As shown in Fig. 7, the thickness
of RHS profiles has not a decisive role in the normalized slenderness of
the flange under compression, even in the most demanding condition,
i.e. L = Lipax.

BB.CC. 600 4y, |  @y=300mm
BB.CC. 600 f,,,, | Luw15m
BB.CC. 900 7, —_ Ay =450mm
BB.CC. 900ty | Lumux=25m
BB.CC. 1200ty | 4 ~600mm
BB.CC. 1200 ,,,, __ Lyypy=35m

ala

opt

Fig. 7. Compressed flange normalized slenderness about z-axis vs. batten plate length compared to its optimal value for the three product families calculated in the worst case scenario

(L = Linax)-
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Fig. 8. Design of web diagonal members under compression as a function of the beam modules number n,: ultimate axial load (a) and theoretical lowest diameter (b).

Introducing rgy = B/H<2/v/3 as the cross-sectional shape ratio, the
optimal value a,p, should be taken so that the beam cross-section is
close to the equilateral triangle shape, allowing for the slenderness
N to remain in the range between 0.5 and 1, which appears suitable
from the design viewpoint (see Fig.8). With this assumptions, it is got-
ten dope= 300, 450 and 600 mm for short, medium and high beams, re-
spectively. The design process ends with definition of parameters of
holes on the top chord (see Table 1 and Fig. 2).

We recall that the web members are selected to resist a design load
Fpira producing the yielding of the bottom chord at the middle-span of
the beam, being Ngq 4 the corresponding largest compressive force, as
evaluated from Eq. (3), also displaying the relationship between the
axial demand and the beam geometry. Fig. 8a shows the variation of
NEg, q as a function of the number of modules ny. The design of these
members (Fig. 8b) is done by considering the case of global shear col-
lapse, which is a severe condition that may occur, for each product
type, when the shortest space grid beam (L = Ly;,) is considered.

Depending on the thickness t of the C-RHS top chord profile, the web
member cross-sections are R profiles with diameters in the range
[30-+-38 mm] or [40-+-55 mm] for short beams or medium ones, respec-
tively. In case of high beams, CHS profiles with diameter of 114.3 mm
and wall thickness from 3 to 8 mm are the best choice.

The results of the design process are finally collected in Table 2,
where all BB.CC. beams are identified through their own acronym and

the weights per unit length of beams, which are indeed useful to evalu-
ate dead loads, costs and environmental impacts, are also indicated. Fi-
nally, aiming at ensuring BB.CC. beams with ductile behaviour, the end
supports are checked towards both shear local failure and. Also in this
case, the stress demand is evaluated assuming the beam collapse
due to yielding of the bottom chord under the maximum global shear
Vedglob = Fplral/2.

It is found that the most severe condition is achieved when L = L,
and the local failure can be avoided by inserting transverse stiffeners
with thickness from 5 to 10 mm, still consistent with the logic of the
system prefabrication. In addition, the production cost of both web diag-
onal members and stiffeners of the support devices are of minor rele-
vance on the overall production cost.

5. The beam efficiency evaluation

The BB.CC. beams can be compared to their natural competitors,
namely hot-rolled laminates or welded I profiles, in terms of efficiency.
The comparison is made through a suitable fast approach [31,32], pro-
posed to compare performances of different hot-rolled profiles pro-
duced in the same country (e.g. IPE vs. HE) or even in different
countries (e.g. IPE vs. UB). The adopted comparison indicator is the so-
called “efficiency ratio” ps, defined as:

indications about profiles used for top and bottom chords and web diag- s = S 6)
onal members are given. In the same table, for the sake of completeness, s Ssq
Table 1
Opening geometric parameters for beams with By = B=H (Phase 5).

Top chord Opening parameters

Beam type Basic profile Reference Depth Initial hexagonal Hexagon Opening Batten plate Final opening height Distance between

beam opening height side width length (octagonal) two openings
h [mm] h'o [mm] Ih[mm] by [mm]  @op [mm] h' [mm] w [mm]

Short 600 x t RHS 200 x 100  IPE 200 200 200 115 231 300 500 69

Medium 900 x t RHS 300 x 150  IPE 300 300 300 173 346 450 750 104

High 1200 x t RHS 400 x 200  IPE 400 400 400 231 462 600 1000 138
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Table 2
Abacus of BB.CC. beams resulted from the design process.
Designation Basic profiles
Top chord Bottom chord Diagonal member
Weight per unit Cold formed hollow Hot rolled steel bars or Square Hollow Hot rolled steel bars or Circular Hollow
length profiles Section Section
Beam UNI EN 10060 UNI EN 10059
family Acronym Gy [KN/m] UNIEN 10219 UNIEN 10219 UNI EN 10060 UNI EN 10219
Short BB.CC._600x4 0,59 RHS 200x100x4 R38 R 30
BB.CC._600x5 0,65 RHS 200x100x5 R42 R 30
BB.CC._600x6 0,75 RHS 200x100x6 R46 R32
BB.CC._600x6.3 0,76 RHS 200x100x6.3 R47 R32
BB.CC._600x8 0,93 RHS 200x100x8 R52 R 36
BB.CC._600x10 1,04 RHS 200x100x10 R58 R 36
BB.CC._600x12,5 1,19 RHS 200x100x12.5 R63 R38
Medium BB.CC._900x6 1,09 RHS 300x150x6 SQ50 R 40
BB.CC._900x6,3 1,15 RHS 300x150x6,3 SQ55 R 40
BB.CC._900x8 1,39 RHS 300x150x8 SQ60 R 44
BB.CC._900x10 1,66 RHS 300x150x10 SQ65 R 48
BB.CC._900x12 1,87 RHS 300x150x12 SQ70 R 50
BB.CC._900x12,5 1,95 RHS 300x150x12,5 SQ75 R 50
BB.CC._900x16 2,34 RHS 300x150x16 SQ80 R 55
High BB.CC._1200x8 1,46 RHS 400x200x8 SHS 200 x 6 CHS 1143 x 3
BB.CC._1200x10 1,86 RHS 400x200x10 SHS 200 x 8 CHS 1143 x 4
BB.CC._1200x12 2,33 RHS 400x200x12 SHS 200 x 10 CHS 1143 x 6
BB.CC. 2,37 RHS 400x200x12,5 SHS 200 x 10 CHS 1143 x 6
_1200x12,5
BB.CC._1200x16 2,94 RHS 400x200x16 SHS 200 x 12 CHS 1143 x 8
being S and Ssq homologous properties of the section under consider- In the case under study, the following main geometric properties are

ation and the benchmark one, respectively. In particular, the benchmark considered for efficiency evaluation:

section is either a billet or a square profile, i.e. semi-manufactured prod-

ucts, having the same cross-sectional area, and thus the same weight 1) the second moment of area I, along the strong y-axis, directly related
and material unit cost, of the cross-section to be evaluated. The effi- to the bending moment performance at the Serviceability Limit State
ciency ratio, designed for hot-rolled profiles, is also applicable to lattice (SLS) in terms of deflection and drift;

structures, if properly tailored equivalent properties Seq are introduced.
Asimilar approach is, for instance, considered in §6.4 of the EN 1993-1-1
standard [24], for analysing stability of compound grid members by
assuming that bending deformability of chords must be added to the
lattice shear deformability.

2) the elastic section modulus W,  and the effective shear area A, ,
(actually very close to the web net area A,,) respectively connected
to the bending moment and the shear strength at the Ultimate
Limit State (ULS);

45 -
40 4 38,7 = W,

Wy
55 | uSLU WnyQ
30 A o = I,
55 uSLE o
20

Py, ="
15 4 mSLU_LT 2y

z SQ
10 A
5 .
1,0 1,0 1,0
0 -
BB.CC._600x5 BB.CC._600x5 IPE 400 HE 260 A SQ 92*

[R40]

Fig. 9. Comparison among the BB. CC. 600 x 5 beam and the commonly used hot-rolled profiles with the same weight.
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Fig. 10. An example of the FE model used to evaluate the reliability of results of the simplified design procedure.

3) the second moment of area I, along the weak z-axis, for stability
assessment at the ULS in the case of either compression or combined
compressive and bending stresses;

4) the torsional constant I; and the warping constant I, for evaluating
the behaviour at both SLS and ULS when primary or non-uniform
torsion is applied.

It is worth noticing that, from a practical design point of view, struc-
tural efficiency parameters, if properly computed for members having
same cross-sectional area A (or weight Gy), allow for easily identifying
the better profile in terms of performance and class of use.

As an example, let us consider the lattice beam marked as BB. CC. 600
x 5. The efficiency ratios depicted in Fig. 9 show that such a kind of

(a)

beam represents a brand-new product, whose lateral-torsional bearing
capacity and stiffness are respectively equal to those of wide-flange and
narrow-flange profiles having the same weight.

Finally, it should be observed that, for ULS checks, medium and high
BB.CC. beam families have better performances than those of HE
profiles. Indeed, the lattice beams under investigation have not limita-
tion on the flange width, which is instead limited to 300 mm for com-
mon wide-flange profiles having height equal or >300 mm.

6. A first numerical validation of the procedure

The simplified methodology for design of BB.CC. beams proposed in
the present contribution has been validated through numerical analysis

LOf T
0.8 :
0.6!
0.4}
0.2}
0.0¢

le/il

(b)

Fig. 11. Superimposition of bending moments (a) and absolute value of eccentricity over gyration radius ratios (b) along the top chord of a 6 m long BB. CC. 600 x 4 beam under symmetric
transverse (1 kN/m, total), uniformly distributed (black solid thick line) and point-wise (grey dashed thick line) loads. Positive values imply that the part of the cross-section located below
the neutral axis undergoes tensile stress (a). Notice that, being |e/i| < 1 all over the beam (|e/i] is about 0.2 or less everywhere but for members close to the boundary, where at most about

0.7 is achieved), it undergoes a stretch dominated regime (b).
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Fig. 12. Superimposition of axial forces along top chord members of a 6 m long BB. CC._600
X 4 beam under symmetric transverse (1 kN/m, total), uniformly distributed (black solid
thick line) and point-wise (grey dashed thick line) loads. Negative values correspond to
compression forces.

by using the FEM commercial code Pro_Sap [33] (see Fig. 10) and a
home-made code (see Fig. 11) based on the principle of minimum po-
tential energy [34], implemented in the general purpose computer

(@)

algebra system Mathematica® [35]. The two codes have been used in
parallel, for the sake of double blind check, for computing member
forces through linear static analysis. Furthermore, the commercial
code has been employed to perform modal and member check analyses,
the latter according to the capacity design rules reported in the EN
1993-1-1 standard [24], also adopted by the Italian code.

The home-made code has been tailored to perform massive para-
metric analysis, using as main parameters the number and the geomet-
ric properties of the lattice moduli, as well as the loads distribution (i.e.
symmetric or not, uniform or point-wise).

Through a large numerical campaign, by varying the span of each BB.
CC. beam in a suitable range of lengths, i.e. Linin < L < Linax, the collapse
mechanism under vertical loads at the ULS and a standard deviation
of internal forces ratios (top to bottom chords, top chord to web mem-
ber, bottom chord to web member) have been monitored. Structural
performances of BB.CC. beams have been evaluated for the three beam
families, analysing a sample set suitably chosen for each group of mem-
bers. The set is composed of 63 FEM models for short (H = 600 mm)
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Fig. 13. Deformed shape (amplification factor of displacements: 2000) of a 6 m long BB. CC. 600 x 4 beam under symmetric distributed transverse load (1 kN/m, total) acting on top chord
members (a). Superimposition of displacement and rotation functions of left top-chord line in case of distributed (black solid line) and point (grey dashed line) loads (b): from top to
bottom, axial displacement u along global direction x, transverse displacements v and w along global directions z and y, rotations about y direction.
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Fig. 14. Distribution of collapse mechanisms obtained from FE and parametric analyses.

beams with lengths from 6 m to 15 m, 84 FEM models for medium (H =
900 mm) beams with lengths from 6 m to 25 m and 65 FEM models
for high (H = 1200 mm) beams with lengths from 6 m to 35 m (see
Fig. 10). Results of both FEM computations and parametric analysis
(Figs. 11-13), which are indeed very similar, showed that the investi-
gated lattice beams undergo a stretch dominated regime (under loads,
symmetric with respect to the z-axis, acting along top-chord, whatever
uniformly distributed on members or concentrated on nodes), as shown
in Fig. 11b where eccentricity (e) is compared to cross-sectional gyra-
tion radii (i) of members, the former being the ratio between bending
moments (Fig. 11a) and axial forces (Fig. 12). This confirms that the
simplest model, relying on Egs. (1)-(5), can be suitably exploited.

The analysis of results (see Fig. 14) shows that the design crite-
rion is particularly robust for BB.CC. beams belonging to the short
and high categories. Indeed, most beams of the short family are
able to develop ductile collapse (through yielding of bottom
chord), without shear failure and with a 2% of analysed sample
exhibiting top chord buckling.

For high beam series, the activation of brittle mechanisms involved a
set of 15% of the analysed cases, which are related to beams with global
shape ratios (ry; = H/L) >1/10, currently without excessive relevance in
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practical applications. A worst situation is, instead, recorded for medium
beams, with global shear failure affecting 24% of specimens. The high
percentage of this collapse typology comes from the use of hot-rolled
laminate round profiles for web members, which cannot exhibit opti-
mal structural performances. Nevertheless, they show certain techno-
logical advantages, namely the low interference between web rods
and bottom chord nodes, that make easier the manufacturing process,
and good aesthetic features, with a low visual impact, which is highly
relevant for applications in archaeological sites. The analysis of the scat-
ters among exploitation indices shows in all cases an optimal utilization
of chords with slight over-strength (from 5% to 15%) of the top chord
with respect to the bottom one, validating the effectiveness of the
over-strength coefficient ) used in Eq. (2).

7. A brief overview on further research activities

As already stated, the presented research activity is aimed at devel-
oping a new kind of steel prefabricated beams. Therefore, in order to ac-
complish patenting and industrial development phases, a careful
process of validation must be performed. The already performed com-
putations are based either on simplified models or on FE model based

25 simauia

(b)

Fig. 15. Advanced investigation tools: analysis with geometric and material non-linearities (a) and full-scale test on a beam prototype (b).
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on the assemblage of beam elements. More advanced computations
have been already performed or are currently in progress by using
two-dimensional FE model through the commercial software ABAQUS
(see Fig. 15a) able to take into account geometric and material nonline-
arities. Such a deeper numerical investigation is also accompanied by
the experimental investigation on both S355J2W steel specimens and
on BB.CC. beam full-scale prototypes up to the structural collapse (see
Fig. 15b). The presentation of these numerical and experimental activi-
ties is beyond the scope of this paper and will find place in future scien-
tific contributions.

8. Conclusions

In the current paper a simplified methodology for the design of a
new steel 3D lattice beam is presented. The lattice beam is made of
S355]2W weathering steel with enhanced resistance to atmospheric
corrosion, which is mainly intended for protecting, in combination
with structural glass panels, monumental and archaeological sites.

To this purpose, since the covering of large spans without intermedi-
ate supports is required, the use of 3D lattice beams is justified. The in-
vestigated lattice trusses have many advantages, namely high
integration with the context, flexibility of use, ease of assembling and
disassembling and low maintenance. Furthermore, 3D lattice trusses,
after disassembly, may be conveniently reused in other environments.

The high exposure of cultural assets, which often are placed in
medium-high seismicity areas, together with the use of structural
glass as a roofing material, have required the definition of an adequate
design methodology, based on the capacity control criteria, aimed at
avoiding the occurrence of brittle collapse mechanisms. The proposed
methodology, whose validity is quite general, has allowed to define
three different product families of the new BB.CC. lattice beam.

The preliminary phase of the beam design has been followed by nu-
merical investigation with different methods, for the sake of a double
blind check and in order to exploit specific abilities of used methods. Re-
sults from the large campaign of numerical analysis performed have
shown that the proposed design criterion is robust and able to control
the collapse mechanism of each prototype in a very wide range of use,
compatible with the current application fields.
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