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Secondary structures, such as rafter stays, attached to the load-bearing element increase its stiffness, change its sketch and lead
to a redistribution of internal forces. The influence of rafter stays on the bearing capacity of the frame elements was analyzed.
A number of measures are considered to ensure the spatial stability of the linear elements of frame buildings, which lead to a
decrease in the metal consumption of steel purlins. Based on the analysis of internal forces, the peculiarities of the working
conditions of the beam were identified and described. It is proposed to increase material savings through detailed calculation.
A comparison of design results is presented in software for calculating building models with portal frames
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OnTuMmizanisi po3paxyHKOBOI CXeMH JIBONPOJIITHUX MPOTOHIB
Y KapKacHiil cMCTeMi 3 MOPTAJTLHUMH PaMaMH
i3 3acTOCyBaHHAM B’fI3€BHUX MiIKOCIB
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[puennani 1o Hecy4oro enemMeHTa (OCHOBHOI Oanku ab0 KOJIOHM paMHOTO KapKacy) pi3HOTO POy APYTOpsAHI KOHCTPYKIIT,
TaKi SIK BCTAQHOBJICHI ITAHOMIPHO B’SI3€Bi MiJKOCH, 301IBIIYyIOTh HOTO JKOPCTKICTh, 3MIHIOIOTH HOTO PO3paxyHKOBY CXeMY i
NPU3BOASATH O MEPEPO3NOIiNy BHYTPILIHIX 3ycHiib. [[poaHanizoBaHO BIUIMB PO3KPIIUICHHS B’SI36BUMH MiIKOCAMHU HA HECYdy
3[aTHICTH EJIEMEHTIB KapKacy i3 BUKOPHCTAHHSAM MaTeMaTHYHHX METOIIB. PO3MIsHyTO psin 3aX0MiB Ajist 3a0e3neYeHHs Mpoc-
TOPOBOI CTIHKOCTI JIIHIHHNX HECYYUX €JIEMEHTIB KapKacHUX OyaAiBelb, 110 MPU3BOATH JO 3MEHIICHHS METaJOEMHOCTI CcTale-
BUX [POTOHIB MOKPUTTS JUIs TUIIOBOTO Kapkacy. Ha 0CHOBI aHaii3y BHYTpILIHIX 3yCHiIb OyJI0 BUSBJICHO Ta OIMCAHO OCOOIIH-
BOCTI yMOB po6oTH Ganku. Po3kputo nepeBaru Ta HeOMIKH KOHCTPYKTUBHUX PIIICHB BiIIOBIHO IO MPUHIUIIB IPOCTOTH Ta
e(eKTHBHOCTI. 3alpOIIOHOBAHO 301IBIINTH EKOHOMIIO MaTepially 3a JJOIIOMOTOIO JIETAIbHOTO pO3paxyHKy. Bupimenns 3agadi
B CHCTEMi KOMIT'IOTepHOI anreOpu wxMaxima 3a po3paxyHKOBOIO MOJEIUIIO ITOKA3aJI0 CYTTEBE 3MCHIICHHS BHYTPIIIHIX 3y-
CHIIb, SIKE M€ BUCOKY 301KHICTb i3 pe3yJIbTaTaMu pO3paxyHKy MOJEIi METOIOM CKIHYCHHHX €JIeMEeHTiB. BapTo 3BepHyTH yBary
Ha 3HaYHUH IIePepO3IOJIiI 3yCHilb, a CaMe 3TMHAJILHUX MOMEHTIB, Y IIPOrOHi. 3MEHIIEHHS MaKCUMAJIbHOTO PO3PaxXyHKOBOTO
3rHHaJIBHOTO MOMEHTY B HbOMY Moxke pocsirati 20% mpu cepeaHii )KOpPCTKOCTI OMOp, 1110 CYTTEBO BIUIMBA€E HA 3arajibHy Me-
TaJOEMHICTh HECYUHX €JIEMEHTIB Kapkacy (10 15%). HaBeneHo nOpiBHAHHS pe3y/bTaTiB pO3paxyHKY i3 BUKOPUCTAHHSM CIie-
[iaJ1i30BaHOr0 MPOTPaMHOro 3a0e3NeyeHHs AJIs aHalli3y Moesneil OyiBens i3 mopransaumu pamamu (Consteel). YpaxyBans
(axTopiB, 1110 XapaKTePH3yIOTh OCOOIUBOCTI POOOTH MPOTOHIB MOKPHUTTS O3UTUBHO BiZOOpaXKAETHCS HA PiBHI BUKOPUCTAHHS
1 3amacy MinHOCTI MaTepiany. B’s13eBi migkocn MOXyYThb He TUIBKH BUKOHYBAaTH CBOIO Oe3mocepeiHio (QyHKIIIo, ane i edexTH-
BHO BUKOPUCTOBYBATHCS IS i AKPIIICHHS IPOTOHIB, TAKMM YHHOM 3MIHIOIOUH iX PO3PaXyHKOBY CXEMY, 3MCHILYIOUH BUTPATH
CTaJIi, 10 € MO3UTHBHUM YHHHHKOM

Kurouogi ciioBa: po3paxyHkoBa cxema, paMHHI KapKac, Mepepo3noaii 3yCHilb, METaJIOEMHICTb, IPOTiH, B’A3€BHUI MiAKiC
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Introduction

One of the major structural components in the system
ofthe building with a steel framework is the purlin. Pur-
lins make a considerable part of the mass of load-carry-
ing structures (Fig. 1). Roofing purlins of solid cross-
section make up an average of 10 - 15% of the mass of
the building, walls - 15 - 25% depending on the build-
ing ratio of dimensions.

Figure 1 — General view of a steel framework
and purlins

As structural steel for frame buildings is a significant
share in the total energy-intensive production of steel,
the solution of the problem of reducing the metal con-
sumption of load-bearing elements through optimiza-
tion of the design sketch is an urgent scientific and tech-
nical problem that requires the construction of an ana-
lytical model.

Conventional mathematical models in general do not
characterize all the behaviour features of the structure
in the building framework, especially with significant
stiffness of the connected elements. In such cases, the
modelling often has little in common with the actual
processes, does not correspond to the real picture of the
stress-strain state, and needs refinement to adequately
reflect the using ratio of the cross-section by stress re-
quired to ensure the reliability and stability of the struc-
ture as a whole.

We will analyse and identify ways to solve the prob-
lem of determining the bearing capacity of elements

that are prone to lateral-torsional buckling. The ten-
dency of the element to instability occurs due to insuf-
ficient restraining of the attached structures.
These structures reduce the design length of the ele-
ment and increase its overall stability. Stabilization can
also take place through the arrangement of structural
parts: stiffeners, rafter stays, the protrusions of the
beams in the supporting areas, and the adjacency of the
columns in the supports. Effective restraint should be
provided for members carrying either a bending mo-
ment or bending moment and axial force by lateral re-
straint to both flanges. This may be provided by lateral
restraint to one flange and a stiff torsional restraint to
the cross-section preventing the lateral displacement of
the compression flange relative to the tension flange,
see Figure 2.

Figure 2 — The rafter-purlin-rafter stay system with
double side rafter stays and one-side rafter stay;
3D-view of the typical stiff torsional restraint

Review of the research sources and publications

The articles [1 — 4] are devoted to the advanced design
and geometrical optimization of steel portal frames. The
papers [5, 6] present the influence of the diaphragm ef-
fect on the behaviour of pitched roof portal frames. The
purpose of the research is to make a comparison between
the simplified design model of a portal frame, where the
supports simulating the purlins are considered with infi-
nite axial stiffness, and a portal frame design model
where the calculated stiffness of the cladding for the lat-
eral supports is introduced manually.

Despite the leading role of purlin in the structure of
roofing, conditions of its work and behaviour under
loading remain low-investigated owing to the trouble of
their description at difficult resistance, which the pub-
lication [7] confirms and demands careful research.

Rational designing, the detailed analysis of boundary
conditions of restraining, internal forces and stresses
with additional taking note of functioning features with
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reliably attached enclosing structures allows to reach a
significant reduction of steel costs both for purlins in
particular, and on cross frames, in general, that is de-
scribed in the article [8]. A mass of purlins depends
mainly on their bearing capacity and also with an in-
crease in their span - on rigidity. With an increase in the
step of frames steel expenses on them decrease, how-
ever, a mass of purlins grows that has a negative effect
on the total mass of the framework. The solution to the
problem of high metal consumption of the building is
an optimization of the static purlins sketch. Application
of effective cross-sections and design sketches of roof-
ing elements leads to a decrease in design internal
forces and deformations and consequently, to a reduc-
tion of material consumptions by designs in general.

In the article [9] we can find the answer to the ques-
tion of how efficient is the lateral support of rafters by
stays. In single-storey steel buildings, the problem of
how to stabilize long-span carrying structures occurs
very often. Economic aspects are decisive for the
choice of the possible bracing system. The arrangement
of stays along the girder has a high degree of effective-
ness. The paper [10] presents the influence of purlin-to-
beam connection stiffness, allowing the development
of the stress skin action, in the case of roof shear panels
attached to pitched portal frames. The main purpose of
this work is to separate the purlin-to-beam connection
flexibility from the equivalent model and to evaluate
the impact on frame lateral deformation and stability
expressed by the load multiplication factor a.- when
purlin to rafter connection stiffness varies from flexible
to a stiff one.

In combined steel structures and cross frames of the
solid constant or variable cross-section for the purpose
of ensuring effective work of purlins, it is possible to
use the additional effect of supporting rigid rafter stays
between them and the bottom flange of the frame rafter
[11, 12]. They are established for flange restraining out
of the frame plane from the lateral displacement and
torsion and also play the role of vertical bracings, which
due to the small height of the solid rafter are almost im-
possible to arrange. At the same time, the design sketch
of purlin changes and reduction of bending moment in
it can reach 20%.

Definition of unsolved aspects of the problem

In the case of evenly distributed load on the supported
by rafter stays purlin, reduction of bending moment due
to the presence of additional intermediate flexible sup-
ports is taken into account approximately by the intro-
duction of a reduction factor that depends only on the
ratio of edge minor spans and the total span of the sin-
gle-span purlin and does not depend on the level of sup-
ports stiffness, so the development of a universal accu-
rate method of determining the bending moment is an
unsolved problem.

Problem statement

Optimization of the load-bearing elements design
sketch through using a clarification analytical model of
their boundary conditions is one way of solving the ur-
gent scientific and technical problem of reducing metal

consumption for frame buildings. The use of welded,
built-up, spatial cross-sections of purlins or roof sys-
tems without purlins solves this problem partially too,
however, complicates the process of production and
mounting that by a significant number of structural
components plays an essential role in their choice. In
the case of the use of easy thin-walled cold-formed pro-
files, the material is distributed on cross-section not ab-
solutely rationally; some of its parts are conditionally
excluded from work because of excessive sensitivity to
loss of local stability, forming effective design geomet-
rical properties of the incomplete cross-section. Be-
sides, their efficiency decreases due to the impossibility
of'accounting for the plastic stage of material work. The
need for the creation of additional stiffeners by means
of bending of the sheet makes cross-section not so sim-
ple, and its identical thickness in flanges and web of
profile causes lowering of the geometrical properties
important at bending. The last one partially is elimi-
nated thanks to providing continuity of purlins which is
reached by blousing one purlin of Z-shaped form on an-
other on a certain area on both sides from intermediate
support or installation of pads, similar in form. In spite
of the fact that in this sketch the bigger basic bending
moment is perceived by the doubled cross-section, and
the span bending moment decreases, the single-span
sketch of such profiles is simpler and cheaper in mount-
ing. Therefore, we will concentrate attention further on
the purlins made of rolled profiles (channels and I-
beams).

Basic material and results

For a decrease in a mass of purlins and avoidance of
rather a difficult assembly joint, it is reasonable to use
the continuous sketch of work in both planes without a
local increase in the cross-section over support, which,
usually, is carried out in the form of the double-span
sketch on 6 meters that is caused by dimensions of
cargo transport in Ukraine for delivery of structures to
a construction site. The maximum transport length is
15 meters in the European Union, thus the maximum
span is 7.5 meters. The positive property of double-
span purlins in comparison with single-span is their de-
formability lowered by 2.5 times that on condition of
the defining serviceability limit state at rather a small
loading can lead to preservation of about 35% of the
metal mass. However, the bending moment over aver-
age support in the double-span sketch exceeds the max-
imum span bending moment by almost 80%. That does
it determinative and predetermines excess stocks of
purlins bearing capacity in the span. When using chan-
nels there is a possibility of the creation of a compound
I-section in middle support areas at different spatial ori-
entations of profiles that leads to an increase in bearing
capacity, torsional stiffness, and stability of purlins.

A double-span system of purlins arrangement in a
framework (Fig. 3) is a relatively stiff system intended
for use as brickwork restraints. The advantage of its use
is a reduced number of erection components.
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Figure 3 — Double-span system of purlins arrange-
ment in a framework

However, at double-span purlins, there is big uneven-
ness of edge and middle support reactions and, respec-
tively, a difference of load on cross frames. At their
consecutive arrangement, the frames located under the
middle support of double-span purlins perceive loading
nearly 70% more than adjacent frames. It leads to ex-
cessive consumption of steel on frames or the need for
the production of cross frames with different cross-sec-
tions depending on the load on them. At alternate order
of purlins arrangement, loads on each frame approxi-
mately are levelled to allow designing easier identical
frames, but there is a need for developing separately
edge single-span purlins of identical height. It is
reached due to reduction of edge steps of frames and,
respectively, the span of edge purlin approximately for
20%; reduction at the possibility of edge purlins step;
selection of the cross-section of edge purlin with the
following profile number of identical height according
to assortment; for it is used increased strength steel or
regulation of rafter stays stiffness.

On condition of the establishment of the rigid rafter,
working for compression and tension in two places
from frame cross-section, they can be executed from
rolled equal angles with stiffeners or with short local
connectors (Fig. 4).

Purlin

stiffene]

a)

Rafter stay

Rafter

c)

N

Figure 4 — Torsional restraint of a rafter with a
lower flange in compression through rafter-stays
a) with stiffeners; b) with short local connectors

It is possible to execute the calculation of the purlins
supported with rafter stays according to the rules of
building mechanics [13]. But rafter stays need to be
considered in that case as the flexible displaced sup-
ports. To do this, we must first determine the stiffness
of the rafter according to the principle of virtual forces
according to the scheme in Figure 5.

N o R
OF:Q o —;w XQ%
i |

[ = ]

Figure 5 — Restraining of steel linear load-bearing

elements by means of rafter stays and the simpli-
fied design sketch

Virtual forces are applied in the direction of the ac-
cepted displacements of the rafter lower flange, which
are calculated, in this case, using the equations:

/
=[———dx ; (1

(NeNy
Iy { e yaak )

where Mr, Nr—bending moment and longitudinal force
from the external load;
My, Ny — bending moment and longitudinal force from
virtual forces;
EI, EAs— stiffness of the purlin cross-section in bending
and stiffness of the rafter stay cross-section in tension-
compression.

Given the dimensions taken in Figure 5, after integra-
tion the displacements will be equal to:

4 er
P _(‘3“@4. ©
M EI ’
bepY
, f”(mj @
N Ed;

The total stiffness of the rafter stays as pliable sup-
ports is inversely proportional to the total displacement
of the rafter lower flange, and their pliability is the in-
verse value of the stiffness:

1
- 5
Tt I ©®)

1
K== 6)
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Therefore, we will consider spans, geometrical prop-
erties of cross-sections, and elastic properties of sup-
ports (stiffness) known. For the unknowns, we will take
the supporting bending moments. As the basic system,
we will accept the beam divided by hinges into a row
of single-span beams. In the basic system, it is possible
to construct the plots of the bending moments caused
by unit values of unknowns and the plot of the bending
moments from the external load.

The canonical equation for the n-th (middle) support
of double-span purlin will look like this:

Mn—2§n,n—2 +Mn—1§n,n—l +M,0, +

n“n,n

+Mn+15n,n+1 + Mn+25n,n+2 + AnF =0

where M, >, M1, M, , My+1 , My+2 — unknown bending
moments;

Onn-2 s Onn-1s Onns Onntl , Onnv2 — coefficients of the ca-
nonical equation;

Anr— a free member of the canonical equation.

The number of equations (7) will be equal to the num-
ber of unknowns. In the matrix notation, the system of
canonical equations for all five intermediate supports
will look like Md = A, where the vector M, the matrix &
and vector 4 will be written in the form:

(7

5n—2,n—1 5

n-2,n
—1,n-2 5}1—1,”—1 S,

n—l,n 5n—1,n+1 5n—1,n+2
5)1,n—1 é‘n,n 5n,n+1 5n,n+2 (9)
5/1+1,/1—1 5 5 5

n+l,n n+l,n+1 n+l,n+2

0,

n—2,n+1

1)

n-2,n+2

n+2,n-2 5n+2,n—1 5n+2,n §n+2,n+l 5n+2,n+2

_An—Z,F

_An—l,F

(10)

_An+2,F
The solution of the system can be obtained by the ma-
trix method using the inverse matrix. To express the co-
efficients, it is necessary to consider the bending mo-
ments and the reactions in the supports:

K
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The free members of the canonical equations system
will be equal to the following expressions:
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To find fictitious reactions, it is necessary to build a
plot of bending moments in the basic system from a
given load. The constructed plot should be taken as a
fictitious load. From this load, fictitious reactions are
found by the formulas (we can use ready formulas to
determine fictitious reactions [13, p. 208]):

Bn,F = An,F = le 5 (28)
B, =4, 55 = qlz,az ; (29)
B k=4 r= ‘1;341 ; (30)
Bn+1,F = An+1,F = %; (€29)
Bn+2,F = An+2,F =%; (32)

Ays = %; (33)
Ry = Loty L (34)
R, = %+&2ﬂ ; (3%5)
Ry =Lt Tz (36)
R =Tz Lo (7)
Ry = T2y By, (38)

Taking the supports at the location of the rafters ab-
solutely rigid, the pliability of them will be equal to
zero:

K73=Kn=

n n+3 0. (39)

The wxMaxima computer algebra system was used to
find the solutions of the system. Solving the problem in
this software according to the calculation model
showed a significant reduction of the maximum design
bending moment in the double-span purlin. It can reach
20% at standard span (6 m =1 m+ 4 m + 1 m) and
average stiffness of supports with rafter stays (1.0 — 1.2
kN/mm) that essentially influences the general metal
consumption of load-bearing elements of a framework
(to 15%). The calculation of the model by the finite el-
ement method in software Consteel showed high con-
vergence of the results, which does not exceed 0.3% in
the direction of increasing reliability (Fig. 6). It was
also found the optimal angle of rafter stay inclination
relative to the vertical, which is about 30°. When it in-
creases to 45°, a slightly smaller bending moment is ob-
tained, but the rafter stays length increases, which sig-
nificantly affects the total cost of metal.

Conclusions

Rafter stays can not only perform the direct function
but also be used effectively for the restraining of pur-
lins, thus changing their design sketch and reducing the
use ratio of cross-section and steel costs, which is a pos-
itive factor in reducing the metal consumption of load-
bearing elements in a framework with portal frames.
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Figure 6 — Design sketches of double-span purlin without rafter stays and with them;
comparison of bending moment values on plots in software Consteel
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