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Mechanical model for the analysis of steel frames with semi rigid Joints

A.N.T.lhaddoudéne * , M. Saidani** and M.Chemrouk®
1.3 Built Environment Research Laboratory, Faculty of Civil Engineering, U.S.T.H.B.,
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University, Coventry, England, UK.

Abstract

The rigidity of joints is known to affect the structural behaviour of steel frames. Accurate
determination of such rigidity may require use of laborious numerical modelling (such as
Finite Element) of the joint. The main objective of this paper is to present a mechanical model
in order to take into account the influence of the joints on the behaviour of steel frames. This
mechanical model is based on the analogy of three springs, and a non deformable element of
nodes describing relative displacements and rotations between the nodes and the elements of
the structure. For this model, a stiffness matrix and a nodal load vector of a beam element in
bending are obtained. Examples are provided to illustrate the simplicity and efficiency of the

method.
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Secant rigidity and secant flexibility of the connection, respectively (functions
of rotation ® and moment M)

Elastic constants of the springs in rotation at nodes "i"and " j", respectively
Flexibility in stage "i"
Distance to left support and right support respectively, from gravity centre

Flexural rigidity per unit length, %

Relative vertical displacement between nodes "i"and " j
Reactions at nodes "i"and" j", in local reference.
Vector force in local reference.

Area of bending moment diagram for a simply supported beam.

Increment of loads at stage "i"

1. Introduction

In the traditional analysis and design of steel structures, frames are analysed and designed

under the simplifications that the connections behave either as pinned or rigid. The use of an

ideally pinned condition implies that no moment will be transmitted from beam to column.

The fully rigid

condition implies that no rotation occur between the joining members (Jones

et. al. [1]; Bjorhovde et. al. [2]). However, these two cases of behaviour are extreme as most

connections used in common practice transmit some partial moment.

To assess the real behaviour of the frame, it is therefore necessary to incorporate the effect

of connection flexibility of the frame (Bjorhovde et. al. [2]; Davison et. al. [3]; Gerstle [4];

Lui and Chen [5]; Saidani [6]). The flexibility of connections depends on the deformation of



the fasteners (bolts, end plate, angle flange cleats, etc.), the type of connections, their position
and the local deformation of the assembled elements (Jaspart [7]; Jaspart and Ville de Goyet
[8]; Kishi and Chen [9]).

Since the connection details consist of a member components, any change in these
connection details may lead to significant variations in the connection characteristics (Yongjiu
et. al. [10]; Sang-Sup and Tae-Sup [11]; Pucinotti [12] ).

Some researchers such as Kishi and Chen [9], have collected available experimental results
and constructed steel connection data banks that provided the user with not only the test data,
but also some predictive equations. However, not every structural engineer has access to the
database of experimental results. Also, when the connections detailing, beam and column
sizes used in frame analysis are significantly different from the available experiments,
however, the connection behaviour retrieved from a database may not, correctly, represent the
actual connections.

De Lima et. al. [13] used the concept of neural networks to determine the initial stiffness of
beam-to-column joints. However, the method was limited in scope and the authors did not
back their results with test data to validate the method developed. Lopez et. al. [14] developed
a model that takes into account the rigidity of the joints in the analysis of single-layer lattice
domes. The model is based on both numerical model and test results. Del Savio et. al. [15]
developed a model based on a parametric study of semi-rigid joints used for the analysis of
Vierendeel girders.

Experimental results (Jones et. al. [1]; Jaspart [7]; Jaspart and Ville de Goyet [8] ; Yongjiu
et al [10]; Sang-Sup and Tae-Sup [11]; Pucinotti [12]; Kishi and Chen [13]; Zoetemelijer
[16]) obtained for beam-column connections show that the moment-rotation relationship is

non-linear for all types of connections and varies depending on connection flexibility. It is



presented in its exponential form (lhaddoudene [17]; Ihaddoudéne and Chemrouk [18]) by the

equation:

®=kM* Q)

Because of the high number of the parameters influencing the behaviour of connections,
accurate modelling of such behaviour becomes complex. Globally, initial rigidity and the
ultimate moment of the connection are the two most significant characteristics to define the
behaviour of a joint (Bjorhovde et. al. [2], 1990; Ihaddoudéne [17]; Ihaddoudéne and

Chemrouk [18]).

2. Mechanical model

The adopted model (lhaddoudene [17]) is based on the analogy of three springs (two
translational and one rotational) by considering the concept of a non-deformable element of
node describing relative displacements and rotations between the nodes and the elements of
the structure.

The nodes of the structure in Fig.1a are represented by a non deformable frame as in the
Fig.1b where the nodes are modeled as translational and rotational springs connected to the
bar element (see Fig. 1c). Thus, the ends of the bar element possess relative displacements
and relative rotations.

The objective of the mechanical model is to derive in a simple way, both the stiffness
matrix and the load nodal vector. For this, the bar element subjected to transversal loads (Fig.

2a) with semi-rigid joints (Fig. 2b) is considered.
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Fig.1. Mechanical model adopted
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Fig.2. Non-deformable node for semi-rigid joints



2.1. Equilibrium equations and rotational deformations

The equilibrium equations may be written as:

Vi +V;-R=0 (2.a)
M;+M;+RZ-V,I=0 (2.b)
In bending, the rotational spring is the essential component and hence the equations of

rotational deformations can be expressed as:

_ . M.
®i=ﬁ+ﬂ+&+kle’——J (3.a)

I ol 3w 6w

_ M. .
®j=%—#+3—’+k2Mf—% (3.)

al [ a

2.2. Stiffness matrix

The displacement method, which is based on stiffness matrix, is used to analyse the frame
elements.

To establish the modified stiffness matrix considering the effect of connection flexibility,

the direct method is used, i.e. the rigidity k;; of an element "ij"is the reaction in the direction
" J" due to a unit displacement in the direction™i".

The stiffness matrix, K, , in local coordinates is given by:
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The nodes of the beam are represented by non deformable frames at each ends. As
indicated by the mechanical model adopted (Ihaddoudéne [17]), the beam has different

flexibilities k, and k, at ends i and j respectively. In order to establish the different



elements of the stiffness matrix K, in local reference, equilibrium equations and rotational

deformations are considered for each element, k;.
Terms k,;, for instance, of the stiffness matrix are obtained by letting &, =1 and
A;=0;6,=0; ¥=R=0 inthe Eq. (3a) and (3b).

For linear behaviour 8 =kM ¢ where ¢ =1

Which gives:
18w(1+ 2k, w)
2=~ (5.a)
1[4(1+ 3k, )1+ 3K,0) —1]
12w(1+ 3K
- o1+ 3Kk,m) (5.0)
41+ 3k,w) (1 + 3k, w) -1

kzs = _k21 (5.0)
6w (5.d)

k, =

# 41+ 3k, ) (1+ 3k,w) —1
The same procedure is followed in deriving all the terms of the local stiffness matrix K, .
For types of joints with different spring rigidities, the elements of the matrix are given in

Table 1:
It is worth noting that for common steel framed buildings, in general, the connections are
identical at both ends.

In global reference, the stiffness matrix is obtained as:

K =TK

e e

eTe (6)

In which T,is the transformation stiffness matrix given by:



[ cospB sing 0 0 0 0
—-sing cosp O 0 0 0O
T _ 0 0 1 0 0 O
S 0 0| cosp sinpg 0
0 0 O|-sing cosp O
0 0 O 0 0 1]
Table 1
Different configurations of the joints
i j i ig /
v 36w(l + 2kw) 1201+ k, @) 3w
. 1240+ 3k@)* —1] 1*(1+4k,0) 12 (14 3k,0)
' _ Ba(l+2kw) 6w R10)
12 !'14(1+3R'(U)2 _ 1J [(1+ 4k,w) I(1+ 3k,w)
km _kll _kl] _kl]
: : _ 6wl +2kw)
k” klE I(1+ dky) 0
v 12a(1 + 3k w) 4w 3w
* 4(1+ 3kw)* —1 | + 4k, 1+ 3k,
kz_\ _kIE _kIE _kIE
6w 2w ]
o ST PTIPN 0
41+ 3kw)” -1 1+4,1\-la)
kf‘\_\ kl] k]l kll
k.u _km _ku 0
do(1+ 3k @) ]
K k2 Tedko 0

The angle B defines the orientation of the element with respect to the global reference

system.

where [K,] is given by Eq. (7) below:

(Nz +k11R2)
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k22
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kisR, k4R
kasRs Ko,

(Ng —kgRs) —kgR,

(N, +k33R2) KauRs

Ky |
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2 =2 H
where: le—E\PCIOS B NZZ—E\PSI'n B Nngws'nlﬂCOSﬂ, R, =sin? 3,

R,=cos’p, R,=sinpcospp, R,=sing and R, =cosp.

2.3. Nodal load vector

The beam shown in Fig.3, with different flexibilities k, and k,at both fixed ends, is

subjected to an external load "g". In order to establish the nodal load vector, consider

different end conditions of the joints iand j.

r’(:}g :11/1,'

)

56 =1 /N
L ky=M;
kli:‘? ek,
.FJI A
lk’zl Koy

Fig.3. Element ky;

The load vector in the local reference as shown in Fig. 4a is expressed as:

<| X E| =1 X
|
<

(8)

—
—

<

LV _Mi_

where Mi, v;,M; and v; for fixed ends are shown in Fig.4b and are given by :

6¥[2m(1+ 3k, w) — n]
1[4(1+ 3k,0)(1+ 3k, ) —1]

(9.9)

_ 6¥[2n(1+3k,@) —m]
VU I[4Q+ 3k, 0) (1 + 3k, ) — 1]

(9.b)



These results are derived from Eq. (2a), (2b), (3a) and (3b) of rotational deformations at

nodes by setting boundary conditions A;=®; =®; =0 as indicated in Fig. 4b.

. b
! T_) ) Z_ VR
. - M;>0 M >0
TGy "M, AN A
T TVpO TVPU

— | i [ \_r] —
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o 1 Q
Y; f w

nl ml
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P

Fig.4. Bar element with semi-rigid joints

For different types of joints (with different end conditions), Table 2 summarizes the

reactions M;and M ;.
The vertical reactions V; and V; at nodes "i"and "j", respectively, are obtained by

replacing Eq.(9.a) and (9.b) in Eq.(2.a) and (2.b) as:

M;+M; +RZ
Vi +V,; =R (9.d)
For the case of a symmetrical frame subjected to symmetric vertical loads, half of the

frame is considered. The moment reactions M;and M are, hence, obtained by considering

the vertical sliding support at node j (see Fig. 5), the limit conditions are now:

® =0,=V,=0

10
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Fig.5. Propped cantilever bar element

Table 2
Reactions M; and M;
Different joints Reactions
A'W i JM i
ﬁ 6‘{‘[23?3(l+3k (U']—n] 6‘P[2n(l+3k (U'l—m]
ky =k k, =k f[4(l+3k(u)2—l] f[4(l+3k(u]2—l]
_% E B 6Y(2m—n) 6‘P[2n(l+ 3k|a))—m]
0 ky =0 [[4(1+3k,w]—1] ![4(1+3k,w)—1]
@ 3W¥m
a (14 3% 0
k, ky = (1+ 3k w)
4 E 2¥(2m—n) 2W(2n—m)
g | o I
ky =0 k=0

From Eqg. (2a), (2b), (3a) and (3b) the equations become:

2¥Y +RZI(1+ 2k, w)
211+ (k, +k,)o]

2% -RZI(1+ 2k, )
P2 (k, + k)]

V. =R

Mi+Mj+RZ:0

(10.a)

(10.b)

(10.c)

(10.d)

A summary of the different cases associated with the vertical sliding support is presented in

Table 3 below.

11




Table 3
Fixed and vertical sliding ends

Support types Reactions
d ,,gg 2+ RZM;( L+ 2_!’< ®) 2V - RZJ?(JI + 2!( W)
Dy =k P 20(1+2kw) 20(1+ 2k w)
Tk ":320'% _E‘Pﬂ 2V - RZI(1+ 2k, )
A I 2l(1+ky ) 20(1+ k)
élf él‘é _2‘P+2j€Zz'(l.+2k2(u) ﬂ
fi=0 k> (1+kyw) 20(1+ kr )
i ig QW +RZI 2W-RZI
k=0 ka=0! 21 2]

In global coordinates, the vector force is obtained from:

[ Vsing ]
-V, cos
_|\/|i
V;sin g
-V, cos B
_Mj

The internal forces are calculated by using the equation:

[KeJUe j={F

2.4. Case study:

(11)

(12)

In order to validate the proposed model, comparisons to literature results are made. To this

end, a frame of width 16m and height 6m (Chan and Chui [19]) is subjected to horizontal and

vertical point loads of 10kN and 100kN, respectively as shown in Fig 6. The frame is

analysed with different values of connection stiffness and for the demonstrative proposes, the

semi rigid connection is related to the beam stiffness (Chan and Chui [19]).

12
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Ip =21500.cm™
Ap = 76.cm* 6om
1. =9460.cm™

A-=1 1[}_t‘ﬁ'z2 ke
4B € 5
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Fig.6. Portal frame (Chan and Chui [19])

From the bending moment values obtained with the present formulation and reported in the

Table 4, it can be concluded that they are similar to (Chan and Chui [19]) results.

Table 4
Absolute maximum moments, this study (Chan [19])

Rigid Semi rigid Semi rigid
Scheme connection | connection connections
k, =k.=0 4FI, 4EI, EI,
e e
b b c
k.=0
Moments Moments Moments
/ M, =522 31.9 (31.7) 0.3392 (0.3)
1OkN 1 POOM : i : :
> '@i 4 p - M, =127.6 93.7 (93.6) 80.2715 (80.3)
h - b
1, =21500.cm* M, =87.1 71.8 (71.5) 24.1813 (24.2)
Ay =T6.cm? 6m My =1527 | 113.9 (113.8) 1164294 (116.4)
1c=94ﬁﬂ-t‘m4 M 4, =260 296.4 (296.3) 301.6495 (301.7)
Ac=1 10.cm*>
k.-
4Ok ‘@s (kN.m) (KN.m) (kN.m)
8m 8~
e~
Figure 6
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3. Nonlinear analysis

The flexibility of beam to column connection is characterised by a moment-rotation curve
which is nonlinear over practically the entire loading range, since the axial and shearing
deformations are usually small compared to the rotational deformation.

This relationship is nonlinear for all types of connections (Yongjiu et al [10]; Sang-Sup
and Tae-Sup [11]; Pucinotti [12];Jaspart [7]; Jaspart and Ville de Goyet [8]; Kishi and Chen
[9]; Zoetemeijer [16]; Cunningham [20]) and varies depending on connection flexibility. Fig.

7 shows various proposed models to fit a moment rotation curve (Cunningham [20]).

M M A M A
M Ml My |
. Myt
Experimental M, Xperimental Experimental
curve curve M t-- curve
Linear model L
bilinear model & 0

Fig.7. Various models of approximations of the moment-rotation curve

Under a monotonous loading, the nonlinear relation between the moment and rotation is
expressed by:

M :ki@:kc.@ (13)

S
This relation can be expressed, in each stage, by the relation:

i 1
(+) _
MY = M°j+k(j*l)® (14)

where : My, is the limit moment atjth stage;

1

i MO T
For the first stage: M* = @ ]

1
C M@ =
For the second stage: M@ = M, +W®

14



k ()

In which M, = Mf{l—k(—z)

] as indicated in Fig. 8.

1'14( '
M

M,

M,

1'1/1( o1

Fig. 8. Limit moments of the joint

The bilinear idealisation of the moment-rotation curve and its conservative character is
justified within the framework of practical design for which the global deformation
characteristics of the joints are essential. Thus, the rotational deformation represents the total
response of the connection while the moment-rotation relationship defines the behaviour of

the joint as a whole.

3.1. Solution process: step-by-step method

The process is divided into some steps, according to the shape of the moment-rotation
curve (bilinear or tri-linear) and the state of the structure. All the joints have the same
flexibility k® in the first stage of the initial portion of the moment-rotation curve. The
external loads increase gradually until the load increment AW® is reached permitting node
“j” to reach the limit moment M, as indicated in Fig.8.

The bending moment increments AM ® corresponding to the load increment AW “are

regarded as the residual moments for the second stage.

15



In the second stage of the curve, node" j" has a flexibility k®, whereas all other nodes
have flexibility k® . The loads continue to increase up to value AW @ | in such a way that the
total moment reaches M., or M for node “j” as shown in Fig. 8.

The step by step process is continued until the sum of the load increments is equal to the

load applied to the structure:
W=> Aaw® (15)

Thus, the final moment of the structure is equal to the sum of the increments of the residual

bending moments of each stage

M = Zn:AM ® (16)

3.2. lllustrative example

The importance of taking semi rigid connection behaviour into consideration is illustrated
with the frame example below. The frame indicated in Fig.9 is used for comparing differences
between the semi rigid and rigid connection assumption in terms of bending moment in beam
and columns. Three behaviour cases of rigid, semi rigid linear (with k™) and semi rigid
bilinear behaviour (k® and k@), are considered. The frame is analysed under distributed
load W =35kN/ml taking the flexural rigidity per unit length as @ =15067kN.m

At the first stage, all the joints have flexibility k® and the loads increase gradually from
zero until the bending moment at any joint reaches the limiting moment of this first portion:

M; =135.6kNm.

16
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(b) Characteristic curve of the joint

Fig. 9. Example, adapted from [4]

The diagram of the bending moments of Fig. 10 shows that joint 2 was the first to yield
reaching a value of 164.36 kNm which greater than M; (135.6kNm) ; consequently the first
increment of load is equal to AW ® (see Table 5). Therefore, the increments of the bending
moments corresponding to this increment are summarized in the first row of Table 5.

At the second stage, joint 2 is in the second portion of the curve with the flexibility k®
while the others are still in the first portion with k™. The load is increased gradually from
zero up to a value AW @ in such a way that the total moment — which is equal to the sum of

the moment increments of the two stages — at a given joint reaches the limiting moment M,

or M, for the joint “j” of the second portion of the curve.

17
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107.38
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-

(8]

[ 7 56.98

111.37
296.06
4 gg14.21
Fig. 10. Bending moment diagram (first stage)
Table 5
Values of moment increments
jih ¢ ¥ . . . . . . .
voragel o | aM® | aMY | am© | am® | am® | am® | am?
| 28.875 | -97.71 | -135.6 | -88.59 | 11.82 | 91.88 -46.9 244.25
2 6.124 | -23.97 | -925 |-13.74 | -1.22 | 24.53 448 59.94
35.0( o | -144.85 . 0. 304.16
> 00 | o/ cq| 14485 | 0 10| 10.60 | 11641 | -4242 | 304.19
Units kN kN .m

In this case, the remaining external load is lower than AW®. The bending moment

increments at the critical sections of the frame corresponding to this remainder of load AW

are given in Table 5; the final bending moment of the frame is equal to the sum of the

2
increments of the two stages: M, => AM®.
1

The results obtained in Table 5 comply with the previous assumption and constitute a

solution to the problem. To show how the discrepancy between the rigid and semi rigid joint

18




cases is significant, the same frame is considered with different joints behaviour. The bending

moment diagrams of Fig.11 show that the difference between a rigid and a semi rigid frame is

significant and is approximately 30%. It can be concluded that the connections influence
greatly the behaviour of the frame

oces 4 | - Fully rigid
296.65 1 194,05
136 4 oo ag | oo Linear behaviour
164.36 .74 107.38
148 84 144.83" 102,33 | —— Bilinear behavious
121.68 |
.lr; \\ ..‘
118.44 B AN s
i . " _ o, > e maa i - -
. 18.75 L 111.37
A 296.06 A I e - 11641
[ 2
o 304019 7
| l‘ - -')’
vy -
X
ll-| ‘J';l
A g
1 !;J
"1 £y X
) .y 10.6
; R
¢t 14.21
S 48.61

Fig. 11. Bending moment diagrams using different models.

4. Plastic analysis

The frame behaviour is deteriorated by successive formation of plastic hinges. Since the

frame equilibrium path is non linear, the analysis has to be performed step-by-step, increasing
the load incrementally.

When adopting the plastic hinge concept, both the joint and the section members can be

represented by the non linear elasto-plastic moment-rotation curve with different flexibility

k® for the joints, as shown in the Fig.12a and 12b, respectively.

19
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(a) For bar element (b) For joint

Fig. 12. Characteristic curves used in modeling

It is assumed that frame members and joints can be loaded up to their plastic momentM , and
joint H
M ™ respectively.
In this method, the behaviour and the state of the structure at any stage of the loading are
followed step-by-step.
The calculations are carried out as a succession of linear steps and the loading is carried

out gradually until the failure of the structure is reached. The final value of the plastic load is

the sum of the load increments: W, = > AW ®

It is assumed that the behaviour of the structure between two successive stages of
calculations is linear and that the state of the internal forces within each stage can be
determined by the finite element method with the displacement model.

To illustrate the solution procedure of the method, a one-bay, one-story portal frame of
Fig.13 is considered. In this example, the moment rotation of the joints and frame elements

are assumed to be elasto-plastic. An IPE 330 steel profile was used on the beam and columns.

20



l.6W

W

Y7 3 b4 £ M UNm)A
114.13 R
I | Sm
74.58 |y kK =1/5797
- ’3;7 2.5 25 P/745—77 v kY =1/45200 g(f‘fff_{fcm]
- Sm_ . 2.5n d

Fig. 13. Frame with semi rigid joints

The plastic moments of the joint and a frame element are:
M ™ =114.13kNm and M, =2S o, =192.96kNm , respectively.
The formulation of the problem in this case can be extracted from the formulation of previous
sections.

At the first stage, all the joints have the same flexibility k® as is shown in the first row of
Table 6 and Fig.14. Since the value of the moment AM{” = —74.58kNm ( First row of Table
8), joint 2 reaches the limit moment of the first portion and then has the flexibility k® as

indicated in the second row of Table 6.

ll.mw
AW, o .

ki ks Ky

‘f(w ka
R - .

Fig. 14. lllustrative example

21



As the load is increased, a first plastic hinge forms at joint 2 (fifth row, Table 6) the result of

this load increment is reported in the fifth row of Table 8.

In the next stage, for the rest of loading, plastic hinge will form one by one. As can be seen in

Fig.15, a certain sequence of plastic hinge is found.

Table 6

Calculation process

Flexibility k

in the critical

Scheme 1" Stage sections
L6AW k| & | & | k| &
l (1) (1) (L) (1) A
k* kﬁi 2 k[]] kf?] k[l‘- k[]\ (-J
- : 2 O k@ [k Tk | 0
3 k[]] kl.‘?] k[l'.' k[f? U
4 k[]] kl.‘?] k[f? k[f? U
;(4 5 k[]] kl.‘.“ k[f? k[f? U
= 6 Pl K ® k@ > 0
? kf?] f(G‘ k[j'.' k[3] U
Figllre l__]_ 8 kfz] kl.r.:\ R[S] k[.j'] (J

The bending moments in the critical sections due to the unit load for all the stages of load

increments are reported in Tables 7 and 8.

Table 7
Bending moments at critical sections at each stage of unit load increments
1"Stagel AW | AM\ | AM:Y | AMS | AMY | AMs | Auw
| 1.0 0.5314 | -1.6678 | -1.1864 | 1.6142 1.4317 2.18351
2 1.0 0.6835 | -0.9865 | -1.6080 | 1.7221 1.8485 2.99000
3 1.0 1.0320 | -1.0380 | -2.1329 | 0.7980 2.0030 3.86140
4 1.0 1.3550 | -1.3507 | -1.1476 | 1.1469 2.0021 5.67572
5 1.0 1.8970 0.0 -1.9620 | 1.4216 2.9485 8.45210
6 1.0 2.7272 0.0 -2.2720 0.0 3.3645 11.1971
7 1.0 2.0605 0.0 -2.9379 0.0 3.0302 15.7052
8 1.0 5.0000 0.0 0.0 0.0 4.5000 19.1666
Units kN kNm kNm?
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The value of the plastic failure load which corresponds to the total of the load increments at

all stages and the horizontal displacement at the top of the columns just prior to the plastic

failure are respectively W =91.293kN and u, =9.57cm as indicated in the Table 8.

Table 8

Bending moments at the critical sections corresponding to load increment AW

|hStage | AW," AM® AM AM AM AM Y Au’
1 44716 | 23.762 -7458 | -53.050 | 72.181 | 64.020 | 0.0197
2 1.393 0.952 -1.375 -2.240 2.399 2.575 0.0008
3 90.044 9.333 -9.388 | -19.290 7.208 18.115 | 0.0071
4 21.313 | 28.879 | -28.787 | -24.458 | 24.443 | 46.670 | 0.0245
5 5.556 10.540 0.0 -9.401 8.999 16.383 | 0.0095
6 0.408 1.114 0.0 -0.928 0.0 1.373 0.0009
7 1.621 3.340 0.0 -4.763 0.0 4912 0.0051
8 7.242 36.210 0.0 0.0 0.0 32.589 | 0.0281
> 91.293 | 114.13 | -114.13 | -114.13 | 114.13 | 182.637 | 0.0957

Solution | 91.304 | 114.13 | -114.13 | -114.13 | 114.13 | 182.608

Units KN KN.m m

o E=

1
0.01

1 1 1 I 1
o2 003 004 005 006

Displacement U{cm)

0.07

1 1
00gs 009

Fig. 15. Order of appearance of the plastic hinges for different types of joints

23




To evaluate the influence of the semi-rigid joints on the distribution of the bending
moments and on the order of appearance of the plastic hinges in the structure, the previous

frame is examined with different joint connections.

The relation between the load and horizontal displacement with each stage of behaviour, as
well as the order of appearance of the plastic hinges within the frame for various joints are
given in Fig. 15.

In order to justify the method and the formulas developed from the mechanical model
proposed, one can utilize the plastic method based on static and kinematic theorems which

solutions give upper and lower bounds, respectively, of the true solution (see Table 9).

Table 9
Comparaisons (Ihaddoudene [17])

L6AW . L6AW
AW v . al ¥

- _f; ks Jﬁ.] ky ks k2

Scheme
ks ky k3 ky

Load failure 91.293 kN 111.122 kN 128.64 kN
Verification 91.304 kN 111.122 kN 128.64 kN
Horizontal 0.0957 m 0.0556 m 0.0542 m
displacement

It can be seen that under the same applied loads, the horizontal displacements of the semi-
rigid frame are larger than those of the frame with rigid joints.

The real behaviour of the joints changed the sequence of plastic hinges formation and
precipitated plastic failure. In these cases, the mechanism of collapse has changed and the

load capacity of the structure was reduced.
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Finally, collapse of the structure occurs for lower loads compared to the usual case used for

structural analysis.

5. Conclusions

The influence of the flexibility of connections in steel frames is investigated and a simple
method of analysis and design is provided through a mechanical model for the joints. For a
more accurate analysis of a structure the real behavior of the joints should be taken into
consideration.

The numerical examples presented showed the need for taking into account the flexibility
of the joints, shown to affect both internal forces distribution and elements deformation.

The flexibility affects not only the force distribution in beams and columns of the frame
but also the order of appearance of the plastic hinges in the frame and the failure load in the
structure as well.

The method developed in this study offers a simple direct and versatile approach to the
structural analysis with semi-rigid joints compared to the complex models and cumbersome

nonlinear procedures in use.
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