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It is well known that real solutions of steel joints in framed structures are far away from
the conservative assumption that joints behave like pure hinges and/or full rigid connections.
Applying semi-rigid philosophy in the design requires consideration of joint characteristics
(M-¢ relationship) in the global analysis. The main parameters describing M-¢ curve are the
moment resistance Mjgrq and initial stiffness S;;ni. In EC3, part 1-8, there are procedures to
determinate joint properties, but calculation of them is very troublesome and time consuming.
Using regression analysis, simple formulas for Mjrq and S;ini, possible for hand calculator,
were obtained for end-plate bolted as well as welded beam-to-column connection. The
distribution of internal forces in the frame depends on, and changes with the changes of joints
stiffness, which in turn depend on beam and column sections. To help designers avoid many
recalculation and speed up their design work there is a need to supply design tools, like "*good
guess' assessment, simple formulas, tables, design guidelines, which enable designer to assess
preliminary members and joints properties. Based on the wide analysis of many frames with
various types of joints, such design tools were developed and are presented in the paper.

Key words: global analysis, design algorithm, semi-rigid joint, conceptual design,
predesign, braced frame, unbraced frame, lateral frame drift.

PeanbHi pilleHHs B cTajieBUX KaAPKACHUX KOHCTPYKIIAX JajeKi Bil KOHCEPBATHUBHOIO
NPUNYIIEHHs], 10 BY3JH MOBOAATHCH SIK YHCTI mMApHipu i/ad0 mNOBHICTIO KOPCTKI
3aleMJIeHHA. 3acTOCYBaHHSI HAamNIBJKOPCTKOCTI B TNPOEKTYBaHHI BHMAara€ po3risigy
XapaKTepuCTHK 3’€qHaHHs (B3aeMo3B’si3ky M-¢) B rimo6asbHOMY aHadizi. OCHOBHUMHU
napamMeTpamu, 10 ONHUCYIOTh 3ajexkHicTe M-¢ , € MoMeHT onopy Mjrq Ta moYaTKOBA KOPCT-
KicTh Sjini. ¥ €Bpokoai 3, yactuni 1-8, nependayeHo nmopsgok BH3HAYCHHS XapPAKTEPHCTHK
3’€IHAHHS, aje iX PO3paxyHoOK Ay:xe KJIOHNITHUH i 3a0upae 6arato yacy. 3 BUKOPHCTAHHAM
perpeciiinoro anamizy, npocti ¢popmyan 1 Mjrq Ta Sjini, IOCHIBHI PyYHOMY KAJIbKYJIATOPY,
O0yJM oTpUMAaHi I TOPUEBOI IVIACTMHU 3 00JTAMM, a TaKOK 3BAPHOI0 3'€IHAHHA PUTeJIb-
K0JIOHa. Po3moais BHYTpIlIHIX 3ycHib B paMi 3a/IesKMTh Bil 3MiHM KOPCTKOCTI By3J1a, sIKa B
CBOI0 Yepry 3ajie:uTh Bil nepepisiB purediB i kouoH. 106 nomomorTu iH:xkeHepaM YHMKHYTH
0araTb0X nepepaxyHkiB i NPUCKOPUTH IXHI NPOEKTHi po0OTH, HEOOXiIHO PoO3podUTH iHCTPY-
MEHTHU NPOEeKTYBaHHs, TaKi sk '‘rapHa 3q0raaka’’, npocti popMyu, Tadaumi, METOAUKH, AKI
J03BOJIAIOTH TPOEKTAHTY MoONepeIHbO OUIHWUTH ejeMeHTH i ix BiaactuBocti. Ha ocHoBi
JOKJIAHOT0 aHAJI3y 6araTb0X paM 3 pi3HUMH THNAMHU 3'€IHAHb TaKi IHCTPYMEHTH MPOEKTY-
BaHHs 0y/iM po3po0JieHi i mpeacTasiieHi B CTATTI.

KarodoBi cioBa: rino0anbHuil aHaNi3, aJdropuT™M MPOEKTYBaHHS, HaMiBXKOPCTKI
3’€IHAHHS, KOHUENTYyallbHe MPOEKTYBaHHs, NoOMNepeaHiii po3paxyHoK, pama 3i 3B’si3Kamu,
pama 6e3 3B’ s13KiB, monepeyHi mepeMillleHHSI paMH.

Introduction

For many years, when in design of steel structures joints properties were not taken into account in
the global analysis, joint safety was checked in the last phase of the design procedure (see Fig. 1).
Applying semi-rigid philosophy in the design requires consideration of joint characteristics (M-¢
relationship) in the global analysis. In this way design procedure changes to the one shown in the figure 2,
where joint parameters should be established in the beginning phase of design, like for members. It is well
known that real solutions of steel joints in framed structures are far away from the conservative assumption
that joints behave like pure hinges and/or full rigid connections.
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1. Idealization of the structure:
e Axial dimensions, types and sections of members
e Static scheme: rigid and/or pinned joints

|

] 2. Actions on the structure and their combinations \

!

R >| 3. Global analysis |

v
""""""" ] 4. Checking of the limit states of members \

| 5. Checking joints resistance |

Fig. 1: Traditional algorithm of steel frame design

1. Idealization of the structure:
e Axial dimensions, types and sections of members
e Static scheme; choice of the types and dimensions of joints

\4
2. Calculation of the joints parameters:
o Initial stiffness S; ini
o Design resistance Mjgq

l

3. Joints classification:
e According to resistance: nominally pinned, partial strength, full strength
e According to stiffness: nominally pinned, semi-rigid, rigid

A4
| 4. Actions on the structure and their combinations |

-------- >[ 5.Global analysis with account of joints flexibility \

A4
------------- >[ 6. Checking of the limit states of members \

y
bemmmmomoooooooes | 7. Checking joints resistance |

Fig.2: Modern algorithm of steel frame design

To conduct joint classification needed in this procedure and for global analysis, the main joint
properties, namely moment resistance M;jrq and initial stiffnesss S;i, must be known in advance. Joint
characteristics depend not only on joint arrangement and detailing but also on connected beam and column
section. In EC3, part 1-8 [1], there are procedures to determinate joint properties, but calculation of them is
very troublesome and time consuming, even with the use of available software. Such calculation should be
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done in the final checking of joint safety. The distribution of internal forces in the frame depends on, and
changes with the changes of joints stiffness, which in turn depend on beam and column sections.

To help designers avoid many recalculation and speed up their design work there is a need to supply
design tools, like "good guess" assessment, simple formulas, tables, design guidelines, which can be used
in predesign (conceptual) phase of design process. The aim of this paper is to propose such solution for
steel frames with semi-rigid joints.

Predesign of beam and column section

In the preliminary stage of frame design (predesign) there is a need to estimate beam and column
section. Based on the wide analysis of many frames with various types of joints [2], it was possible to
indicate values of internal forces in frame members which can be used to estimate preliminary member
section. Types of steel joints used in the analysis are shown in figure 3.

1)

— _-T—.
|
!

I Y 1l
Fig. 3: Semi-rigid joints used in steel frames

In the table 1, geometrical parameters of steel joint used in the analysis are presented. For each type
of joint, its lower (L), middle (M) and upper (U) range of parameters were considered. Values of internal
forces to predesign of braced frames members are presented in table 2.

112



Geometrical parameters of joints used in steel frames analysis

Table 1

Nr geometrical joint parameters Nr geometrical joint parameters
L |L60x86, =05 h, 3M16 L |t,=15mm, 4M16
1 M |L90x9, l,=0,65h,, 4M16 7 M t, = 20 mm, 6M20
U |L120x12, l,=0,8 h,, 5M20 U t, = 24 mm, 6M4
L |2L60x6,1,=0,5h, 3M16 L t,=15 mm, 4M16, t, = 15mm
2 M [2L90x09, l,=0,65 hy, 4M16 8 M t, =20 mm, 6M20, t, = 15mm
U |2L120x12,1,=0,8 hy 5M20 U t, = 24 mm, 6M24, t,= 15mm
L [L80x8, I =0,7b,2M16 L |t,=15mm, 6M16
3 M |L120x12, I,=0,85b,, 3M20 9 M t, = 20 mm, 8M20
U |L150x15, I, =hb,, 4M20 U t, = 24 mm, 8M24
F,L80x8,I1,=0,7b, 2M16
L W: 2160 X 6’k|k - O,SChb, IML6 L [t =15mm, 6M16, t,=15mm
F; L120 x 12, I,= 0,8b., 3M20
4 | M W: 2090 X 9 Ikk: 0,6h:, AM20 10 M |t,=20 mm, 8M20, t,=15mm
F; L150 x 15, I, = b., 4M20
U | \W: 21120 x 12"’ Ik:CO,Shb, EM20 U |[t,=24mm, 8M24, t,=15mm
L |[ty=8mm,I,=0,5h, 1 L h, <300 mm
5 M |t,=12 mm, |, =0,65h, U h, =300 mm
U [ty,=16mm,I,=0,8h, 12 t, =20 mm
| |Pit=8mm, 2M16
S; t,, = 6 mm, 2M16
6 M P; t,, =10 mm, 4M16
S; ty =9 mm, 3M16
U P; t, =12 mm, 4M20
S; ty = 12 mm, 4M20
Table 2
Internal forces to predesign of braced frames members
Beams Columns
Joint label M; M; M. N
[Xx My] [x My]
1L 2L 5L 1,0 0 0 anggLy *
1M 0,97 0,04 0 anggLy *
6L 0,93 0,08 0 anggLy *
5M 0,91 0,1 0 anggLy *
1U 2M 0,89 0,12 0 anggLy *
3L 0,83 0,17 0 anggLy *
6M 0,79 0,22 0 anggLy *
5U 4L 0,78 0,24 0 anggL, *
2U 0,77 0,25 0 anggLy *
6U 0,73 0,31 0 anggLy *
3M 0,69 0,37 0 anggLy *
4M 0,66 0,40 0 anggLy *
7L 0,65 0,42 0 anggLy *
3U 0,62 0,45 0 anggLy *
7M 4U 8L 0,61 0,46 0 anggLy *

“a=1,1 for upper storeys, a=1,2 for lower storeys.
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Table 3
Internal forces to predesign of unbraced frames members

Frame Beams Columns
configuration Joint label M, M; M. N
[X Mo] [X Mo] [X MO]
4U 0,69 0,52 0,1 nsgLy
ns =2 7U 8M 9L 0,65 0,57 0,1 nsqLy
B_ 10L 0,61 0,66 0,1 nsqLy
H 8U 9M 11L 0,57 0,71 0,1 nsqLy
15-30 9uU 11U 0,56 0,72 0,1 nsqLy
10M 10U 12 0,48 0,82 0,1 nsqLy
ns=6 oM 0,53 0,84 upper: nsgLy
E=05 9uU 11U 0,5 0,92 0,16 nsqLy
H 10S 10G 12 0,41 1,1 lower:0,4 nsqLy
4U 0,62 0,44 upper: 0,12 nsgLy
ns==6 7U 9L 0,52 0,67 lower nsgLs
8M 0,51 0,71 0,29 nsqLy
8u 0,5 0,72 nsqLy
B_ 11 9M 10L 0,49 0,74 nsqLy
H 11U 0,48 0,77 nsqLy
U 0,46 0,8 nsgLy
10M 10U 12 0,44 0,92 nsgLy
ns=11 10M 10U 12 0,32 1,75 * nsgLy
B =0,3
H
10L 0,55 0,89 upper: 0,12 nsgLy
oM 0,53 0,95 middle upper: nsgLy
ng=11 11U 0,5 1,05 0,29 nsqLy
quU 0,48 1,1 middle lower: nsqLs
B_ 06 10M 10U 12 0,34 1,22 0,42 nsqLy
H lower:
0,6

“ upper column: 0,16; middle upper: 0,37; middle lower 0,67; lower: 1,1.

Names of the joints in above tables refer to joint which geometrical parameters are shown in figure
3 and in table 1. Joint labels used in tables have the following meaning: digit is the number of joint in the
figure 3, letter is the joint parameter. For example, 7L means unstiffened flush end plate bolted joint of
lower parameters.

In the table 4 are presented ratios of the beam length Lb to beam section height hb in relation to
initial joint stiffness. These values can be used to primary beam section estimation.

Assessment of joint parameters

"Good guess™ assessment to estimate preliminary joint parameters was proposed in [3], [4]. These
formulas are very simple, but sometimes too unprecise because they are based on many simplified
assumptions.

Using computer program CRSJAE [5], which contains full EC3 1-8 procedure for determination of
moment resistance and initial stiffness, wide parameter study were performed and main joint geometrical
parameters influencing joint characteristics were identified. After regression analysis, simple formulas,
possible for hand calculator, were obtained for end-plate bolted as well as welded beam-to-column
connection. These formulas are collected in table 5.
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Preliminary heights of beams in steel frames

Table 4

range of joint initial L,
stiffness h.
b
x =1 ne=2 ne=2 =6 ne=6 =11 | n=11
Lb E:1,5 E:3,0 E:0,5 E:1,1 E:O,3 E:O,6
H H H H H H
STEEL BRACED FRAMES
0-2.2 15 15 15 15 15 15
2,2-38 16,5 16,5 16,5 16,5 16,5 16,5
3,8-6,0 18 16,5 16,5 16,5 16,5 16,5
6,0 - 10,0 18 18 18 18 18 18
STEEL UNBRACED FRAMES
8-12 18 18 - 18 - -
12-18 18 18 13,5 16,5 - 15
18 -22 16,5 18 15 16,5 - 15
22 -25 16,5 16,5 15 16,5 - 15
oo 16,5 16,5 15 15 12 13,5
Table 5

Equations for estimation steel joints parameters

Type of joint

Equations for

Design resistance Mgq [KNmM]

Initial stiffness S;;, [KNm/rad]

1 2 3
welded, internal, Mg =8,2-107h%°h2 + 20 S, =0,39h;*®h?? + 2293
unstiffened
welded, external, M., = 6,5-107ht?h2* +18 S, =0,0251h2%h" + 2765
unstiffened
welded, stiffened Mg, =25 .10 h§v3 —12 Sjini = o0
bolted, extended end | M, =4,8-10*h)*h;*t>%d*® - 21 S =044h *#2h210t05d 0
plate, internal, _ 4896
unstiffened
bolted, extended end Mg = 7,4-10°h0%h}?t04d % Sim =L15hY*hp2t2% do%%

plate, external,
unstiffened

-19211

bolted, extended end
plate, stiffened

Mg = 5-10°h04°hted® gt

S;m = 0,0563h ;0% h 209900
+12714

bolted, flush end
plate, internal,
unstiffened

Mg = 1,4 -10°h%®hL7 (08¢ + 7

_ -0,32, 2,340,51 4-0,13
S, = 0,13h;%2h 205
— 6261

bolted, flush end
plate, external,
unstiffened

Mg = 4,6 -10°h%®hi5t04g e

_ -0,38,2,64+0,6 -0,03
S, =0,012h%®h2°t%° d
+1074

bolted, flush end
plate, stiffened

M R - 3,4 _10-5 h;0,0Shill),77tg,63 d0,98

— -0,41,2540,75 0,042
S, =0,0355h *h2°t0™ ¢
— 5377
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The proposed formulas in most cases give much better assessment than “good guess” proposed
previously ([3,4]), because they include more joint parameters such as bolts diameter, end-plate thickness
and column sizes. They are still simple and can be used for manual calculation. The proposed formulas
may be used in predesign phase of design to estimate the initial stiffness and moment resistance of joint to
be used in classification process as well as in global frame analysis.

Estimation of lateral drift of unbraced frame

A limitation for using semi-rigid joints in unbraced frames is the requirement to fulfil SLS for lateral
frame drift. For preliminary estimation of frame stiffness, the graphs shown in the figure 4 can be used.

1100 7 H/A <€ rigid joints

| | ks =25; kM =1,0

1000 - 1010
A Kks=6ky=10
900
ks =25; kM =0,6
8001 + ks=6:ku=06 793
7001 684
600 609

H/Agi= 582 B/H + 381

H/Agi= 298 B/H + 360

400 -
H/Agi= 317 B/H + 264

300 H/Agi= 261 B/H + 230

317

0,3 0,54 0,6 1,08 B/H

Fig. 4: Diagram for estimation the global frame drift

M. S.. .
where: ky = —7L ks = E"J"“ .
M} kg =y

Lb

This diagram allows quick estimation of global frame drift for various joint properties.

Summary

Design of steel frames with semi-rigid joints is nowadays performed with the application of
computer programs which enable non-linear joint characteristics to be taken into account. Using these
programs requires introduction not only beam and column sections, like in traditional design, but also
joints characteristics. These parameters must be known in advance, before global analysis. This is why
predesign phase in the design procedure is very important. In this stage, designer using design tools can
estimate preliminary members and joints properties to avoid many recalculation. Solutions presented in the
paper can be used as such design tools in the predesign of steel frames with semi-rigid joints.
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Notations

B, H width, height of the frame,

E Young modulus,

Jy moment of inertia of beam section,

Mp rd plastic moment resistance of the beam,

M. maximum moment in the column,

M; maximum moment in the joint,

M, span moment, calculated as for simply supported beam,
M; maximum moment in the span of the beam,
N axial force in the column,

d bold diameter [mm],

hy height of the beam section, [mm]

h. height of the column section, [mm]

N number of the storeys,

ty end plate thickness, [mm]

q total loading on the beam,

Agl maximum frame drift.
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