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Summary

The main difficuity to be faced in designing semirigid frames is that the design internal
actions of joints depend on the joint rotational behaviour which, in turn, can be determined
provided that the joints have been completely detailed. As a consequence, any design me-
thod requires many iterations to achieve safe solutions. With reference to braced framcs, a
new design procedure able to overcome this difficulty is presented in this paper. ;

The proposed design approach is based on the use of design abaci, developed by the same
authors in previous works, relating the joint rotational behaviour to the main gecometrical
paraineters of the structural detail. The innovative feature of the proposed design procedure
is 1ts ability to guide the designer up to the complete detailing of beam-to-column connec-
tions. Finally. a design cxample is presented to show the practical application of the propo-
sed design procedure.

1. Introduction

Evcn though the semirigidity concept has been introduced many years ago, steel structures
arc usually designed by assuming that beam-lo-column joints are cither pinned or rigid. This
design assumption allows a great simplification in structural analysis, but it neglects the true
behaviour of joints.

The economic and structural benefits of semirigid connections are well known and much
has been written about their use in braced frames. The main advantages they provide over
pinncd frames are the reduction of the mid-span moments and of the column effective
length. Notwithstanding, they arc seldom used by designers, because most semirigid connec-
tions have highly nonlinear behaviour so that the analysis and design of frames using them
is difficult. In particular. the design problem becomes more ditficult as soon as the true
rotational behaviour of beam-to-column joints is accounted for, because the internal actions
that members und joints have to withstand, depend on the joint rotational stiffness. As the
Joint flexural resistance is strictly related to its rotational stiffness, the design problem requi-
res some attempts 1o achieve a safe and economical design.

In the case of braced fraines, the beam line method is commonly used to face the design
problem, but it does not provide any indication regarding the detailing of beam-to-column
joints. In other words, as it is difficult to design joints having predetermined values of
rotational stiffness and flexural resistance, the most important point in designing semirigid
frames is practically still to be solved. For this reason, within a stratcgic programme
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«SPRINT» of the Europecan Com-
0.8 aV2 munity [1]. tables giving the rota-

.- £ J nd i tional stiffness and the (lexural
‘"“',I_ Th], Al plate  cirength of a great number  of
Mo . BRI P joints for different connection ty-
m;’ A I pologies ha_ve hccn' prcpm_'cd o
1 AW provide designers with an impor-
i it L] ’ ] tant help in _dcmgmng scn.nngul
o i 11 Ak ‘ (rames. allowing the exploitation
L I e l I of the benefits of this structural ty-
R ( pology.
f,‘._',',‘,"';';" ‘ Despite the great number of con-
Tl by i F || column gidered cases, these tables do not
+ * flange

represent an exhaustive solution of
the design problem. For this reca-
son, with reference to cxtended
end plate connections a new de-
sign procedure is herein proposcd
with the aim to guide the designer up to the complete detailing of beam-to-column joints.

Fig.1 - Geometrical detail of the analysed joints

2. Design of extended end plate connections

The rolational behaviour of extended end plate connections can be predicted by means of
the procedure suggested by Eurocode 3 in its Annex J [2]. The reliability of Annex J proce-
dure for predicting the rotational behaviour of extended end plate conncctions has been
statistically investigated by the authors [3.4.5] on the basis of comparison with a great num-
ber of experimental data collected in the technical literature [6-11]. In addition, some propo-
suls have been developed to improve the codified approach leading to a better agrecment
with the experimental data.

Starting from these results, in order to stress the role of the main geometrical parameters
defining the structural detail of extended end plate conncctions, a wide parametric analysis
has been carried out [12}].

The end plate of the analysed joints is extended at the beam tension flange side (Fig.1). At
the tension flange tevel, the fastening action is assured by (wo bolt rows with two bolts for
cach row. Unstiffened joints (i.e. without continuity plates), both external and internal, have
been considered by varying the column section, the beam section, the m/d ratio (Fig.l)
(where d is the bolt diameter), the end-plate thickness and the bolt class.

In order to assure an adequate rotation capacity and 1o simplify the design procedure. the
bolts have been designed to withstand the axial forces corresponding to a bending moment
equal to 1.20 times the beam plastic moment.

Concerning the joint components affected by the state of stress of the column (column web
in shear, column web in compression and column wceb in tension), some assumptions have
been made. In particular, as the aim of the work [12] is to provide a design tool for detailing
beam-to-colunn joints, simplified values of the coefficients taking into account the above
state of stress have been considered [2]:

e the coefficient € taking into account the influence of the shear force in the column has
been assumed equal to 1.0 in the case of external joints and equal to O in the case of
inlcrnal joints, as suggested in Annex J;

¢ the cocfficient ki taking into account the influence of the normal stress in the web
(adjacent 1o the root radius), dug to axial force and bending moment, has becn assumed
eyual to 0.75, i.e. the most severc design condition has been considered.

In addition, as the aim of the work is to provide the designer with operative tools to
quickly evaluate to joint resistance rather than the resistance of the joint-beam system, the
limitation to the resistance given by the beam web and beam {lange in compression has not
been considercd. This allows to classify the joints as full strength joints when the design
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flexural resistance exceeds that of the connected member or as partial strength joints in the
opposite case.

The Nexural strength and the rotational stiffness of the examined joints have been compu-
ted by a modified version of Annex J, according to the authors’ proposals [3.4,5].

The first outcome of this paramelric analysis is the relationship between the rotational
stilfness and the flexural resistance of joints. To this scope, it is useful to adopt the concept
of equivalent beain length [13]. The equivalent beam length L. represents the value of the
beam length which corresponds Lo the equality between the joint rotational stiffness and the
beam flexural stiffness:

K. = L1, _ Ll ()
’ Lf n dl)

where the cquivalent beam length has been expressed as 1 times the beam depth o (where
Ko is the joint rotational stiffness and /p is the beam inertia moment).

According to this delinition, the parameter 1 can be used to represent the joint rotational
deformability:

- L 2
n = d, K

where K is the nondimensional rotational stiffness of the joint, defined as the ratio between
the joint rotational stiffness K¢ and the beam flexural stiffness Lip/L (where L is the beam
length). The parameter 1 can be conveniently used, because it provides through I/m a non-
dimensional stiffness independent of the beam length as it is immediately recognized consi-

dering that 1/ = Ko dp/E Ip.
In addition, the joint flexural resistance can be expressed through the nondimensional para-

meler;
7 = Mind 3
My i
which represents the ratio belwcen the design flexural resistance of the joint and that of the
connected beam.

Starting from the consideration that the joint flexural resistance increases as the rotational
deformability decreases and accounting for the results of a wide parametric analysis [12],
the following mathematical structure has been chosen for the M — 1 relationship:

M=Cn" (4)

where O and C2 are two constants which can be computed by regression analysis.
The regression analyses of
UNSTIFFENED INTERNAL JOINTS the results of the numerical si-
mulations have confirmed the
validity of the above rejation-
HEB column ship provided that the influen-
bolt class 10.9 ce of the spacing between the
m/d=3 bolts and the beam scction is
taken into account. In other
words, it is possible to obtain
a refationship of type (4) for
any given value of the para-

meter m/d {12].

With reference to unstiffened

) : : internal joints, the relationship
_— B S e i M —m is presented in Fig.2 for

o 5 10 15 20 N s ni/d=3, wherc the points re-
present the data of the numeri-

Fig.2 - M —n relationship for unstiffened internal joints cal analyses. As an example,
anid i/ =3 the coefficients Cy and (9, the
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Table 1 - Cocfficients of M -1 regressions (HEB columns, IPE beams, boit class 10.9)

GROUP m/d C) (&) " r |
UNSTIFFENED INTERNAL 2 2.1421 1.6825 1239 091
JOINTS 3 1.7691 1.0955 1463 0.97
4 1.6080 0.8482 1300 0.98
5 1.5167 0.7164 232 0.9%
UNSTIFFENED EXTERNAL 2 3.6069 1.7982 1239 0.94
JOINTS 3 2.2169 1.1569 1463 0.97
4 1.8309 0.8817 1309 0.98
5 L6416 0.7351 1232 0.98

UNSTIFFENED INTVERNAL JOINTS correlation cocfficient » and

* \ the data number n are given in
i Table | with reference to
s -| HEB column HEB columas, IPE beams and
bolt class 10.9 bolt class 10.9. The complete
2 1 mid=s | series of results for HEA and
A HEM columns and for bolt
Lsp-- - N PR SRR RS ERE R class 8.8 are presented in refe-
- e, rence [12].
- pe e L s e s The correlation coefficients
- ' : ; i arc always very close (o |
P confinming the accuracy of the
proposed relationship (4).
" I e bt e The examination of the failu-
0 0.2 0.4 0.6 0.8 L re modes of the designed ex-

tended cnd plate joints have
Fig.3 - n — 1 relationship for unstiffened internal joints and evidenced that the  column
wisd =5 flange and the end plate in
bending are generally invol-
ved [12]. Therelore, it can be
stated that, for any given mi/d ratio, the most important geometrical parameters governing
the joint behaviour are the column flange thickness and the end plate thickness. For this
rcason, in order to account for the fact that the column flange in bending and the end plate
in bending behave as a series of springs, the following parameter fe4 has been introduced:
l | 1 (5)
T3t
’rq fﬁ: t('p
where ff. and t¢ are the thicknesses of the column flange and of the end plate, respectively.
This parameter has been properly nondimensionalized according to the following relation-
ship: .
1/4 (6)
T = (fﬂq db/lb)

The relationship between the joint rotational deformability, expressed by means of the
parameter 7, and the thickness of the connected elements, cxpressed by 1, can be investiga-
ted through the numerical data of the parametric analysis.

Starting from the consideration that, obviously, the joint rotational deformability increases
as the thickness of the connected elements decreases and {rom the observation of the nume-
rical analysis data, the [ollowing mathematical structure has been selected for the -1
rclationship:

o2s _ G (7
n _T—-C4+C52C6
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Table 2 - CoefTicients of 11— 1 regressions (HEB columns, IPE beams, bolt class 10.9)

o GROUP m/d C3 Ca Cs Co 5 ]
UNSTIFFENED INTERNAL 2 0.081 0.035 0.850 1.128 0.032 1239
JOINTS 3 0.172 | 0.024 | 0.655 1111 0.043 1463
4 (.248 0.027 0.535 1.08Y 0.047 1309
S N 5 0310 0.029 | 0459 1.054 0.056 1232
T UNSTIFFENED EXTERNAL g 0.060 0.047 1.034 1.182 0.032 1239
JOINTS 3| 0.146 0.032 0.797 | 1.148 0.032 | 1463
. 0.204 0.044 | 0.081 1104 0.035 1309
5 0.296 0.031 0.526 1.070 0.046 1232

where the coeflicients C3, C4, C5 and Co can be computed through a nonlinear regression
by means of the lcast squares method.

With reference to unstiffened intemal joints and to m/d=5, the relationship 1 — T and the
corresponding data arc presented in Fig.3, where the double square root of the paramcter ny
has only been used to improve the readability of the figure. As an example, the coefficients
C3. C4, Cs and C corresponding to HEB columns, IPE beams and bolt class 10.9 are given
in Table 2 where the standard deviation s and the data number n arc also presented. The
complete series of results is given in reference [1”] where HEA and HEB columns and bolt
class 8.8 are also considered.

It is intcivsting to point out the physical meaning of the limitation provided to the connec-
tion deformability parameter n by the coeflicient Ce. In fact, the influence of the joint
components depending on the column section (i.e. the columnn web in shear, the column web
in compression, the column flange in bending and the column web in tension) becomes
more and more important as the end plate thickness increases. As a consequence, when the
end plate thickness is sufficiently great so that its deformability is negligible, the joint defor-
mability becomes almost constant being a feature of the beam-column coupling, of the m/d
ratio and of the boll class.

3. Design abaci

The results of the parametric analysis have pointed out that the behavioural parameters of
cxiended end plate connections (M, 1), are strictly related. In addition, the deformability
parameter 1 is strictly related to the parameter T which accounts for the influcnce of the
thickness of the connecled elements.

From the design point of view, it has to be pointed out that, according to Annex J, nonli-
ncarity arises before the design resistance of beam-to-column joints is completely developed
(Fig.4). As, for economy, joints have to be designed to obtain a flexural resistance MjRrd
close to the design bending moment Mj.sq4, this means that elastic structural analyses can be

M- carried out on the basis of the secant
rotational stiffness of the joints [14],
corresponding to Mj r4. According to

M / Annex J, this secant stiffncss is given
bha by (Fig.4):

K Ky, = 0335 K, (8)

213 My Mt A The corresponding nondimensional

= Mg ‘ secant rotational stiffness is given
by:

4
035K,

(9)

K, L
v Kseo = Bl = 0335K
™ Obviously, the corresponding secant
®  deformability parameter can be defi-
ned according to the relationship:

Fig.4 - Moment-rotation curve according to Annex J
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L1 _ (10}
e = G Ke ~ 03351 = 30
As the joint design has to be based on the se-

UNSTIFFENED INTERNAL JOINTS

LY : ?

M ‘ g cant stiffness Kg,,,. it is clear that, for design
BR [ B 1 Bolt class 10.9 purposes, the previous correlations M versus 1
. . J and 1 versus t have to be rearranged using the

T e secant deformability paramcter Nyee.
w/d The relationships obtained by the regression
IFER 5 analyses provide the designer with an operative
4 ool for detailing beam-to-column connections.
- 3 In fact, for cach group of joints, it is possible (o
2 provide the design abacus presented. as an
0 : ; : ; : i examplc, in Fig. 5 whcrc_:_rcl'ercncc is made to

oS s s 2t 228 28 TR the joint secant deformability parameter Wyee

01| | qavd The structural analysis requires the knowledge
2 of the joint rotational stiffness, whose valuc can
Hrt s be chosen on the basis of differcnt design requi-
- 4 rements such as the limitation of the beam de-
’ S flections imposed by service conditions in bra-
N M wrwnlt A ced frames. For a given beam and a given co-
: lumm, the lower part of the design abaci provi-
08 o des the end-plate thickness required to assure
T e the desired value of the joint rotational stiffness,

for different values of the m/d ratio. In addi-
tion, by means of the upper part of the abaci the
flexural resistance of the joint can be evaluated
as a function of the m/d ratio which, therefore,
can be selected on the basis of the design internal actions obtained from elastic analysis.

However, it must be stressed that any design approach generally requircs an iterative pro-
cedure, because the internal actions that joints have to withstand depend on the joint proper-
ties. A method to overcome this difficulty will be presented in Section 4 with relerence to
semirigid braced frames and uniform loads acting on the beams. The procedure can be
casily extended o other loading conditions.

Fig.5 - Design abacus for unstiffened in-
ternal joints

4. Design of braced frames

4.1 Design conditions

Braced frames are usually designed assuming that beams are pin-jointed to the columns. In
other words, the beam-to-column joints arc designed to transmit the shear forces only and

the beams are designed to withstand a bending moment equal to ¢ L2/8, where ¢ is the
total vertical uniform load (including the partial safety factors, i.e. gr= 1.35 gt + 1.5¢x whe-
re gi and gk are the characteristic values of the permancent and live load, respectively) acting
on the beams whose span is L.

The use of semirigid joints, such as extended end plate connections, allows to reduce the
maximum bending moment and the midspan deflection that the beam has to sustain so that a
smaller section can be adopted.

The design procedure of braced [rames can be based on a very simple model represented
by a bcam partially restrained at its cnds. With reference to this model, five design condi-
tions have to be taken into account. The first two conditions are the check of beam resistan-
ce against the sagging and hogging moment, respectively. Other two conditions concern the
serviceability limit state requiring the limitation of the beam deflection under both live loads
and total foads. The last design condition is the check of the resistance of the joints subjec-
ted to the hogging moments.
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The check of the beam resistance against the sagging moment requires the fulfilimeat of the
following relationship:

f 11
Ko 2 6(l —a) o
Ia - |
where:
My pa i
o= , ’
qrL°/8
The cheek against the hogging moment is given by:
< 60 "
Koo § -
2 -3u

It is important to underhue that both in equation (11) and in equation (13) reference has
been made o the secant stiffness. This is justified taking into account that an economic
design of joints requires a joint flexural resistance very close to the design hogging moment.

With reference to the serviceability limit state. according to Eurocode 3 [15], the maximum
beam deflection under live loads has to be less than 17350 times the beam span. This requi-
rement can be expressed by the refationship:

) 14
ws BB (14)
I - B
The parameter By is given by:
o o5 B9k (1%
’ 4 o L4

where g is the characteristic value of the uniform live load and f; = L/350 is the timit
dellection under live loads.
With relcerence to the secant stiffness. equation (14) gives:

(16)

In addition, according o Eurocode 3 [15], the maximum beam deflection under the total
loads has to be less than fr= L/250. This design condition leads to the relationship:

6 B (17N
Neo 2 T oy
K' ] - B;
where:
B= 3 1208k (18)
4 g L

It must be stressed that the use of the initial nondimensional rotational stiffness K (instcad
ol Kyee) in cquation (14) is due to the reduced load levels for serviccability limit states (i.e
in this casc ¢; =g +qgk) which leads to a significant reduction of the bending moment
M; s4. This justifics the use of the initial rotational stiffness of joints in cvaluating the beam
deflection.

Therefore. according to the first four design conditions, the nondimensional rotational stiff-
ness of the jomt has to be designed so that the sccant stiffness lies in the range
Ksecmin — Kseema defined by:

el —oa) 6B 6B (19)
Kn't‘..,i,. - n]‘lx{ 3o — | ’ | - Bl 9 | — B,
. _6a (20)
"\-“"'nm - 2 _ 3 o

When the parameter o exceeds %4 there is not any limitation to the joint rotational stiffness.
‘The last design condition regards the check of resistance of the joints. This condition defi-
nes the minimum strength that the joints have to develop, through the relationship:
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g L2712 Kee s (21)
=M
Mpri Koo + 2
which, through equations (12) and (10), gives:
s A2 (22)
M= 3 2 Neec

b L/d,

4.2 Design algorithm
The previous design conditions and the relationships relating the joint rotational behaviour

to its geometrical parameters allow to develop a design algorithm which provides simultanc-

ously the beam section and the gecometrical paramcters of the joints. The design algorithm is
given by the following steps:

a) select the beam section, according to the most cconomical solution, to withstand a ben-
ding moment cqual to ¢ L2/16 which corresponds to a nondimensional sccant stiffness
Kec of the joint equal to 6:

b) as, in gencral, the design resistance of the selected beam scction exceeds ¢r L 16, com-
pute the range of stiffness Ksecpin — Ksecmar given by equations (19) and (20), and the
corresponding range of the joint rotational deformability Nsec,nin — Nsecmax defined by:

L S i

where Nyeonin = 0 when o exceeds 2/3.

¢) for the selected m/d ratio, compute the coordinates (n:a-,M*) of the point A (Fig.06)
corresponding to the intersection between the continuous curve representing the flexural
resistance which the joint is able to provide (i.e. equation (4) rearranged as M —~ nsee taking
into account that nsec = 3 1) and the dashed curve, given by equation (22), representing the
design value of the bending moment (for a given o value). This figure refers o the practi-
cal application of the proposed design method, corresponding to the example given in the
following Scction;

d) control the location of the intersection point. If for the selected m/d ratio the intersection
point is outside the range Nsecymin — Nscemax the joint cannot be designed for the chosen
beam. In such a case, select the next beam section from the standard shapes and return to
point b). On the contrary, if for a selected m/d ratio the intersection point lics within the
above range, design the beam-to-column joints according to the following steps;

e) for the selected m/d ratio, compute the T parameter which, according to equation (7), is
given by:

1= ~-ﬁ,§§g.3__.%,d + C‘4 (24)

N =G
I} compute the parameter foq4 through equation (6);
g) for a given column scction, compute the end plate thickness through equation (5) which
provides:
f('q "f(' (25)

lep = 75373
(’.f'c s rf”l) )

Equation (25) can be applied provided that fre > fe4. If the above condition is not satisfied
then select the next beam section from the standard shapes or, if any other design restraint
exists, increase the columnn size and return to point b).
~In fact, it is important to underline that, for a given beam section, the requirement e > feq
shows that it is not always possible to design joints having a fixed rotational behaviour, i.e.
strength and stiffness, with an arbitrary column section. This is justified by the fact that the
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joint behaviour is also governed by some com-

ponents depending on the column section. Typi- UNSTIFFENED INTERNAL JOINTS
cal cases are those of high beams which cannot Lo i
be combined with small columns due to the col- M l""l“ C"""““]
lapse of onc of the joint components belonging  #8}-.2=075 \m/d=2 Bt ciass 10.9
to the column. Tl [Vl‘_’dj'ﬂ_‘)_-_“f‘_l

. . “los A‘
5. Application e r——

|
I
.l
In order to show the practical application of the T
proposcd procedure, the design of a braced [ra- - T
mes has been developed and a comparison, from
the economical point of view, between the solu- ¢ L : =

tion with ptn-joints (as an example double web

angle connections) and that with semirigid joints o ' ‘ :

is carried out. - ; //

The bay span of the exainined frame is cqual to o ‘ '

7.0 m and the mterstorey height is equal to 3.5 o ’ B '

m (Fig.8). All members arc in Fe360 stecl. The
uniform loads acting on the beams are 28.5
kN/m and 19 kN/m for permanent and live loads 0.
respectively, including the partial safety factors T :
equal to 1.35 and 1.5 respectively. e Py

Iln the solution with p[inned jﬁims the beams T B
have an IPE450 section, while the use of semiri- .
gid joints allows to reducc the beam section up Fig.6 - Design  procedure for braced
to an IPE360. The beam-to-column joints have {rames
been designed according to the method previou-
sly described. Reference has been made to an ni/d ratio equal to 2.

The graphical representation of the design procedure is given in the already mentioned
Fig.6, with reference to internal joints. For the given loading condition and the sclected
beam (IPE360) the parameter o is equal to 0.75 and the required joint flexural resistance, as
a function of the joint rotational deformability, is represented by the dashed curve. The

intersection (A) with the continuous curve, representing for m/d =2 the resistance that joint

is able (o develop, provides M =0.52 and 1]&-’{»%5 = 1.624. This solution lies within the range

defined by equations {23), being Nyeeyin = 0 a0d Nseemae = 16, therefore it satisfies resistance
and deformability requirements. The value of the parameter t defining the end plate thick-
ness 1s equal to 0.25. For each column section, the corresponding minimum value of the
required end plate thickness fep,i,, computed through equations (6) and (25), is given in
Fig.7 where the adopted design value /pp is also shown. Furthermore, the design results
concerning cxternal joints. obtained with the same method, are also indicated. In addition,
for cach designed joint, this figure provides the values of the nondimensional sccant and
initial rotational stif{ness (Kysee and K, respectively) and flexural resistance computed by the
modified version [3,4,5] of Annex J for the adopted values of the end plate thickness.

On the basis of the computed joint rotational stiffness, the clastic analysis of the designed
scmirigid frame has been carried out and the stability and resistance of members has been
checked according to Eurocode 3 [15].

With reference to the examined structural scheme, the use of semirigid joints has led to a
significant economy in structural weight (18.1%).

o tn 128 LE8 ! 175 2pn 228 18|Y'kec
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|
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6. Conclusions

In this paper, the relationships between the parameters describing the rotational behaviour
of extended end platec connections, i.e. nondimensional strength and stiffness, have becn
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complete detailing of beam-
to-column joints.

Finally. the design exan-
ple presented in this paper has shown the economical convenience of using semirigid joints.
Taking into account that. as suggested by some authors [16]. the increase of cost with
respect to pinned frames due to the detailing of beam-to-column joints is about 5%. the
cconomy. {rom the point of view of the overall cost of the structure, can reach 10% and
more.

Fig.7 - Application of the proposed design procedure and
comparison with the pinned solution
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Summary

Column eflective length factors 3 have been computed for a number of sway sub-frames in
unbraced and partially braced precast concrete frames. The variable parameters were the
number of semi-rigid connections in each of the sub-frames, the relative flexural stiffness « of
the frame members, and the relative linear rotational stiffness K, of the connection to that ol an
encastre beam. It is found that for values of K, < 2 then 3 factors arc more sensitive to
changes in K, than a. This is an important finding because experiments have shown that K, to
be less than 2 for typical sizes of beam. Parametric equations have been presented for the
variations in  with K, and «. The results enable designers to determine B factors for situations
currcntly not catered for in codes of practice. 1n particular the upper storey of a partially
braced frame.

1. Effective Length Factors in Column Analysis

The determination of column eftective lengths in the analysis of reinforced concerete skeletal
frames is well established and owes much to the work of Cranston (1), Wood (2), and
Timoshenko et al (3). The notion of using effective length factors B to assess the buckling
capability of a column, either individually or as part of a structural [rame, has found favour
with design engineers. Simpie equations for [} have been presented in terms of column end
boundary conditions and/or relative frame stiffness functions, so that the designer may
compute, not only column buckling capacities but also second order deflections and ultimate
second order bending moments, often termed M, (See Appendix). The British Code for
concrete structures. BS 8110:1985 (4) has adopted such an approach after Cranston (1)
whereby column end conditions were equated to «, the total relative stiftness of the column to
that of the beam(s) (or beams and slubs) framing into the ends of the column. The approach
may be used for both braced and unbraced concrete frames. The beam - column connections
arc assumed to be fully rigid and of equal (or greater) strength to that of the members.

Precast concrete skeletal frames, Fig. 1, are designed using pinned-jointed connections
between columns, beams and floor stabs. The stability of an unbraced frame is therefore
provided only by the cantilever action of the columns at the foundation because transfer of
bending moments into the beants or slabs is not permitted. In determining 3, BS 8110 allows a
precast concrete frame to be analysed as though it were a rigid framework but with o« = 10.
With the wide range of different types of beam - column connections used in precast frames,
this arbitrary approach is neither rational nor representative of real behaviour, as previous and
present full scale testing of connections in precast frames by the authors (5,6) and by Mahdi
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(7) has shown. Although the rotational stiffness of the connections and the degree of semi-
rigidity. defined by K, = joint stiffness J / beam flexural stiffness 4EI/L, varies over a very
wide range, there is clearly scope for the implementation of B factors which incorporate both
the flexural responses of the frame and of the semi-rigid connections.

Fig. 1. Typical precast concrete skeletal frame.

In the context of the present work, stability implies general frame stability in which columns
will not buckle independently of one another. It is therefore necessary o investigate the
stability of a framework as a whole and to take into account o effects at both ends of the
columin. This paper presents the results for column effective length factors in three types of
sub-frames commonly occurring in precast skeletal frames. Only sway frames are considered
in this work. This instability was obtained using a geometric second-order computer program
analysis developed by Aksogan and Gorgiin (8). In all cases maximum column loads in each
sub-frame, and hence 3 factors are obtained for given values of « and K,.

2. Parametric Study

Precast concrete sway frames are analysed either as fully unbraced frames, Fig. 2(a), or as
partially braced frames, Fig. 2(b), where shear walls (or cores) provide lateral bracing up to a
certain level and the frame is unbraced above this point.

Three sub frames. labelled F1, F2 and 13 in Fig. 2, were identified for the analysis. Sub
frames IF1 and I°2 represent the upper floor and the ground floor levels, respectively, in an
unbraced frame, whilst sub frame F3 represents the upper floor in a partially braced frame
immediately above the level of the bracing. It may be seen in Fig. 2(b) that the columns
adjacent to the bracing walls are fully encastre at their upper end, and may therefore be
considered fully rigid at their lower end in the sub trame F3. In all cases the semi-rigid
connections are positioned at the ends of the beams, retlecting the true nature of precast
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skeletal frames having continuous columns (Fig. 1).

F1 F3

S

F2 - hear?ZZ
/ wall 4
B, 2 Types of precast frames (a) unbraced (left) and (b) partially braced.
p P p P P P
15 s x| X <
Beam2 . Beam?2 - Beam?2
- sub-funge Sub-frame Sub-frame
£ 1 F2 F3
5
O
rigid
Eg Beaml Ks - \.- K;  Beamnl K
simple support Ly=L,

Fig. 2(c). Definitions of sub-frames used in the analysis.

The linear - clastic degree of semi-rigidity of the beam-column connections was specified as
follows: '

K, = 1 x 10?; to simalate a pinned-joint,

1 x 10" < K, < 10; to simulate a semi-rigid joint;
K, = 1 x 10"; 1o simulate a fully rigid joint.

For the semi-rigid analysis, the range of values for w and K, was obtained from realistic joint
values used in typical precast concrete frames, i.c. « = 0.5 to 2.0, and from the experimental
test results for K, = 0 to 10, but with a greater emphasis on the range K, = 0.1 10 2.0. (In fact
because the computer program requires a value for o greater than 0, o = 0.001 was usced to
simulate « = 0, and the minimum valuc of K| for sub-frame F1 is 0.1 because this frame is
unstable for K, = 0.) For simplicity and reliability in the analysis, the length of the beams and
columns in the sub-frames were made equal, and in general the cross sectional properties of the
column members were varied in order to necessitate a change in «, aithough this is not
important once the results are normalised with respect to a and §. The maximum critical load
for the column converged to within an accuracy of better than 0.1 per cent of the ultimate
squash load for the columm, so that the error in f§ is approximately 0.1 per cent.
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3. Resuits
3.1 Variations in Column Effective Length Factors for Rigid Conncctions

Comparing the results obtained from this work and those calculated using BS 8110 cquations
(sce Appendix). Fig. 3 presents the results for the variation in 3 with « assuming fully rigid
connections. Note that in the case of sub-frame F1, a, = o,, where «, and «, are the relative
stiffnesses of the column to the lower and upper beams, respectively. In sub-frame F2, w, = 0
because the foundation is rigid. There is no equation in BS 8110 to deal with sub-frame F3.

2.5 p
Vs
rd
/
, Fl
BS 8110 Eq for Fl1 S
1+0.15(, + o) o
N
2+ \
F3 \
- A
L5 ¢+ -
\_\ B
BS 8110 Eq for F2
{0 o 1+0.15a,
1 u - t t
0 1 2 3 4 5
o
Fig. 3. Variviion in column ¢ffective length fuctor 3 with frame stiffness o for rigid joints.

The results in Fig. 3 show that the code equations are in good agreement with analytical results
for U < a < 2, and conservative thereafier. It is postulated that an equation for sub-frame I3
may be taken as the mean of the equations for F1 and F2. The results suggest that the code
equations might be modificd for values of & > 3.

3.2 Variations in Colummn Effective Length Factors for Semi-Rigid Connections

Figs. 4 and 5 show the results for the variations in } with K, for selected values of « in the
upper storey sub-frame F1. Although a mapping function is required to demonstrate the full
parametric variations, the threc selected values for a show the trends clearly. The results in
Fig. 4 show that for values of K; > 2 or 3 the change in 3 is no more than about 5 per cent of
its fully rigid valuc. For this reason Fig. 5 is an enlargement of Fig. 4 for values of K, < 2.
The dashed lines show the plots of the proposed parametric equations given in Section 3.3.
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Figs. 6 and 7 show similar sets of results for the same selected values of o for sub-frames [2
and F3, respectively. Results are presented only for values of K| < 2 for the reasons outlined
above. As expected the values of B in the ground floor sub-frame F2 converge at § = 2.0, and
are independent of «. The corresponding value in sub-frame F3 is B = 2.7. A major difference
between the upper floor (FF3) the ground tloor (F2) sub-frames is the more rapid decrease in
with K, in the upper floor sub-frame. This is because F3 contains four semi-rigid connections,
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(although one of them is Jocated adjacent to a rigid column foundation) whereas F2 contains
only two. Also, F3 has eight degrecs of treedom whereas F2 has only six. This result has
obvious implications for frameworks containing a small number of bays in the plane of
bending, say 2 or 3, where the number of semi-rigid connections is disproportionately large to
the number of columns. The variation in « does not appear to have any major influence on the
behaviour of the various sub-frames once the effects of changes in K, have been removed.

3.3 Parametric Equations

Subtracting the value of 1.0 from all the data and normalising the results with respect to «, the
variation in 1/} with K_ is primarily linear and marginally quadratic. A simple analysis of a
right angled knee-joint (comprising one beam and one column connected by a semi-rigid
rotational spring) will show that the effect of the scini-rigid connection is to modity the relative
stiffness of the members from « to o' where

wea|l v - 1]

Forexample if e = 0.5 and K, = 0.6 (say), then the effect of incorporating a semi-rigid
connector is to increase the apparent stiffness of the column to o’ = 1.33, thus increasing f
according to the results in Fig. 3. Thus the influence of the connector stiffness K, is paramount
in the present paramctric equations, whilst that of o is of lesser influence over the range
studied. The influence of K, on [} is greater for values of K, < 2 than when K, > 2. and
therefore separate equations are presented to cater for the differences in behaviour at these
points.

Referring to Figs. 4 and 5, the data for the upper storey sub-frame F1 may be approximated by
using the following empirical relationship:
_ 1 o i )
B=1+ + for 0.1 < K, s 2 [2]
0.2 + 10.0K,  p3 + 1.8K, - 0.45K;

11+ — : . * for2 <K, <10 3]

7.4 v 74K - 0.4K: 1.6 + 0.3K_

-
I

Thus, & = 0.5 and K, = 0.6 for example, equation [2] gives B = 1.50. If the value for the
equivalent stiltness from Eq 1. (@’ = 1.33) is used in the BS 8110 cquation, then [} = 1.40.
This shows that equating a semi-rigid connection to a rigid connection in an equivalent frame
under estimates 3 for these particular parameters.
Relerring to Fig. 6, the data for the ground floor sub-frame F2 may be given as:
1 ' o ; ;
B=1+ —;+—————r0r0.1<Kss2 {4]
2.0 + 20K, + 40k’ 40 + 03K,

And for values of K, > 2 not presented in the figures:

p=1+ ! + @ for2 <K, <10 15

8.6 + 8.4K - 04Kk 39 * 09K,
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Referring to Fig. 7. the data for the upper storey sub-frame IF3 may be given as:
1 o »
B=1+ + for 0.1 < K, <2 (6]
1.25 + 25K+ 2.5K] 225+ 0K, |

And for values of K, > 2 not presented in the figures:

ﬁ F R [ O — | + o - for 2 < Ks < 10 {7J
6.5 + 5.6K_- 03K} 27 * 03K,

4. Discussion

{t has been established that where column effective length factors f3 are determined within a
structural framework, the nature of that framework and its boundary conditions will influence
the results. All the results show an increase in f3 with:

1) an increasing number of degrees of freedom, and an increasing number of
connections per sub-frame
ii) an increase in o

iii) a decrease in K.

In the context of precast concrete frame connections, where full scale experimental results
indicate values of K, between 0.2 and 2.0 [5,6,7} it is significant that for values of K, < 2
the influence of connection stiffness on $§ is much greater than that of the relative stiffness of
the frame members, particularly in sub-frame F1 where all connections are semi-rigid (see Fig.
4 and eq. 2 and eq. 3). In the sub-frames comprising at least one rigid foundation (i.e. F2 and
F3) the variation in  with K, and « is about equal for K, < 1, and more dependent on o for
K, > 1. It is therefore concluded that maximum benefit in obtaining reductions in 3 with
greater connection stiffness will accrue in upper storey sub-frames where K, < 1, and in the
ground floor sub-frame where K; < 0.5.

The results obtained for the upper storey in the partially braced sub-frame F3 are of particular
interest to designers because the boundary conditions for the column which is not adjacent 1o a
shear wall is unspecified in codes of practice. Treating the column alone would lead to very
high B factors and an impossible design situation (which can be appreciated from the design
rules given in the Appendix). A pinned jointed frame can be idealised as shown in Fig. 8. In
Fig. 8[a] the deflected profile of a column held in position but not in direction at level N, and a
free cantilever above this level will have a 3 factor of at least 3.0 (assuming cqual storey
heights). However the true manner of slenderness induced deflections would be as shown in
Fig. 8[b] where the effective length of ¢/l columns is 2.7. The restoring force in the beam is
small but very significant in.terms of frame stability. Bending moments resulting from sway in
the unbraced part are carried over into the braced part of the frame, diminishing to zero with
distance to the level of the floor below, such that 3 for the columns in the lower braced regions
may be taken as 1.0.
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3.

Behaviour of a partially braced frame, (a) discrete coliunn deflection profiles (left),
(b) column deflection profiles in a frame enviromment (right).

Conclusions

Frame stability analyses on three types of one-storey X one-bay sub-trames in unbraced and
partially braced precast concrete skeletal frames have shown that column effective length
factors 3 increase duc to:

1)

1)

iti)

an increasing number of total degrees of freedom at the connections in the ends of
the beams. This is a direct measure of the number of semi-rigid connections per
column, and is influenced by the location of the connections in the sub-frame;

an increase in o, the relative stiffness of the columns to the beam members:

a decrease in K, the relative stiffness of the connection to a fully encastre beam
member. The influence of K, on § is considerably greater for values of K, < 2 than
when K, > 2.

Parametric equations have been presented for the variations in B with K| and «. There are
significant differences in the equations for values of K, less than or greater than 2. For K, > 2
the change in 3 is no more than about 5 per cent of its tully rigid value.

The results enable designers to determine 3 factors for situations currently not catered for in
codes of practice. in particular the upper storey in a partially braced frame.
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Appendix. Design Rules in BS 8110 for Columas in Unbraced Frames

B fuctors in Part 2, clause 2.5 jor columns in frames may be taken as the lesser of:
B = 10+ 015 (@, + w.)
B = 2.0+ 0.3ua,,
where o, = ratio of the suin of the column stiffnesses to the sunt of the beam stiffnesses at
the lower end of a column,
U, = ratio of the sum of the column stiffnesses to the sum of the beam stiffnesses at
the upper end of a column,
C e = lesser of o, and o,

In the calculation of «,,,,, o, and ., only members properly framed into the end of the

columi in the appropriate plane of bending should be considered. In specific cases of relative

stiffness the following simplifying assumptions may be used:

(b) simply-supported beams framing in to a column: o, to be 1aken as 10;

() connection benween column and base designed to resist only nominal moment: . to be
taken as 10;

N

Deflection induced momeinus in solid stender columns, BS 8110, Part 1, clause 3.8.3.
... account has to be taken of the additional moment induced in the column by its deflection.
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TTus may be taken as M,,, = N (PL/D) K h 72000, where N = ultimate axial toad, |, = clear
heighit, K = a reduction fuctor that corrects the deflection to allow for the influence of axial
load, h = overall depth of a column in the plane considered, and b = smaller dimension of a
coluriin.
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Summary

A pew method for the plastic design of moment resisting frames with semirigid connec-
tions is presented in this paper. The method is the extension to the casc of semirigid frames
ol a procedure for the failure mode control already proposed by the authors with reference
to rigid frames with full-strength beam-to-column connections. Starting from the analysis of
the typical collapse mechanisms of frames subjected to horizontal forces, the method is
based on the application of the kinematic theorem of plastic collapse. The beam scction and
the connection details arc preliminary designed to resist vertical loads. As a consequence,
the unknowns of the design problem are the column sections. They are determined by me-
ans of design conditions expressing that the kinematically admissible multiplier of the hori-
zontal forces corresponding to the global mechanism has to be the smallest among alt kine-
matically admissible muluplicrs. The preliminary design of beams and connections can be
accepted provided that checks against the serviceability limit states are satisfied, Therefore,
the complete design procedure includes also an iterations to fulfil serviceability requirc-
ments. In addition, second order plastic analysis is applied to account for the influence of
P-A cffects through lincarized mechanism equilibrium curves.

1. Introduction

The simple design criteria, suggested by modem seismic codes, do not always lead to
structural schemes failing in global mode. For this reason, a more sophisticated. design pro-
cedure, assuring the development of a collapse mechanism of global type, has been recently
proposed [1,2,3] and its rcliability has been verified on a large number of structural sche-
mes, leading in all cases to the fulfilment of the design requirement [4].

The method is bascd on the observation that the collapse mechanisms of frames under
horizontal forces can be considered belonging to three main typologies (Fig.1). The collapse
mechanism of the global type is a particular case of type-2 mechanism. The control of the
failure mode can be performed through the analysis of 3n, mechanisms (where n, is the
number of storeys). It is assunied that the beam sections and beam-to-column connections
arc preliminary designed to resist vertical loads. With reference to extended end plate con-
nections, this preliminary design can be carried out through the procedure suggested in
reference [5,6] which is able to guide the designer up to the complete detailing of beam-to-
column joints. As a result of this preliminary design, only the column sections have to be
determined. Aiming at the failure mode control, the valucs of the plastic section modulus of
columns have to be defined so that the kincmatically admissible multiplier of the horizontal
forces corresponding to the global mechanism is less than those corresponding to the other
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GLOBAL MECHANISM TYPE-1 MECHANISM TYPE-2 MECHANISM TYPE-3 MECHANISM

IFig.1 - Analysed collapse mechanism typologics

3i-1 kinematically admissibile mechanisms. It means that, according to the upper bound
theorem, the above slated multiplier is the truc coliapse multiplier and, therefore, the true
collapse mechanism is the global faiturc mode.

The results of the above design procedure, oriented only to the failure mode control, can be
accepted provided that the checks against serviceability limit states arc satisfied. In the
opposite case, the rotational stiffness of beam-to-column joints or the beam sections have to
be increased and the design procedure for failure mode control has to be repeated. Conver-
gence is achicved when both failure mode control and fulfilment of “serviceability require-
ments are obtained.

2. Location of plastic hinges in beams with semirigid connections

The rotational stiffness and the flexural resistance of beam-to-column joints are strictly
related. In particular, this has been evidenced with reference to extended end plate connec-
tions showing how, decreasing the joint rotational deformability, the joint flexural resistance
increascs [5,6]. Therefore, depending on the structural detail of the connection, semirigidity
can lead to full-strength or to partial-strength joints. In the first case, yielding is located at
the member ends so that plastic hinges develop the beam plastic moment. On the contrary,
in the second case, yielding occurs in the connecting elements so that plastic hinges develop
the joint flexural resistance whose magnitude is less than the beam plastic moment. Howe-
ver, it is important to stress that the location of the plastic hinges depend on the magnitude
of vertical loads acting on the beams as weil as on the degree of flexural resistance of the
beam-lto-column connections. In the following, for seak of simplicity, reference will be
made only to the casc of uniform loads acting on the beams. The results for other beam
loading condittons can be similarly derived.

In addition, the case of non-proportional loading will be considered, because failure mode
control assumes primary importance in seismic design. The seismic action is modelled
through a system of horizontal forces whose
distribution can be selected according to a aF
proper combination of the cigenmodes. The —
magnitude of these horizontal forces is gover-
ned by the multiplier o, while the vertical lo-
ads arc assumed to be constant. For this rea-
son, at any loading stage characicrized by a T g
given value of the horizontal {orce multiplier N /| «F -
o, the bending moment diagram of the beams _’k
is the result of the superposition of those due - +
to both vertical and horizontal forces. It me- constant
ans that, increasing the horizontal forces (i.c. : st el
the multipiter @), the first plastic hinge is al-
ways developed at the beam end or the con- Fig.2 - Plastic hinge location
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ncction opposite to the horizontal forces (Fig.2).

Regarding the location of the second plastic hinge, it is strictly dependent on the magnitu-
de of vertical loads and on the flexural resistance of connections.

The flexural resistance of connections is cxpressed through the following nondimensional
. parameters:

— M MR <'>
I — S
- My ’ Mly
where MUY and MU are the design flexural resistance of left and right beam-to-column
B joints, respectively: My, is the design plastic
Mo ' m.M, monientof the beam section.

fay pay rivip . . " :
L D The location of plastic hinges can be deter-
B mined taking into account that the plastic mo-
X - ment m, M, acts at one end, where the first
LR MMy plastic hinge is formed, while at the second

crease of the horizontal forces (Fig.3). The
maximum bending moment is attained at the
abscissa given by:
¢ = é M, + ;)T,—M,, (2
Fig.3 - Analysis of plastic hinge location 2 qlL
where L is thc beam length and ¢ is the uni-

M o end there is a bending moment M,, which pro-
a L[y gressively increases due to the progressive in-

ql. Mo+tmMo} gL Mo+mMs
2 L 2 L

form load acting on the beam.
The maximum bending moment, which occurs at the abscissa provided by equation (2), is
given by:

Mn = Er "Llfr _(1_[:2 (Mu # ml' Mh)z (3)
Muax = A + ~ + )
2 8 2qL

It can be observed that the second. plastic hinge can develop in an intermediate beam
section provided that the yielding condition M uax =M, and the limitation M, < m; M, arc
contemporancously satisfied. The yiclding condition M =M, gives, through equation (3),
a second order equation whose positive solution is given by:

,
- 1 J— L” 4)
M, = [2 Miug L2 (m, + l)] —m, My, — Lo

)
i

which represents the value of the end moment M, corresponding to the occurrence of the
sccond plastic hinge at the abscissa provided by equation (2).

By imposing the limitation M,, < m; My, a limit value is found for the magnitude of the
vertical load acting on the beams:

. 172
¢ > .27"3’1 {(2+mr—m £ 20 (i + 1) (1 = g | }

)

)

which, in the case of full-strength joints, provides g >4 M,/L*

This means that the second plastic hinge develops in an intermediate beam section provi-
ded that relationship (5) is satisfied. In the opposite case, the two beam ends or connections
arc involved.

The abscissa of the intermediate section where the second plastic hinge forms, provided
that condition (5) is satisfied, can be computed by combining equation (4) with equation (2).

This gives:
. [z Mh@y_zj'“

= ; (6)
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where, obviously. the limit casc of full-strength joints is obtained for nr, = 1.
3. Second order plastic analysis

3.1 Notation

The foliowing notation is adopted:

o 1, is the number of storeys: e 1, is the number ol columns;

e 1y is the number of bays: o k is the storey index;

e iis the column index; o | is the bay index:

e i, is the mechanism index: e L;is the span of the jth bay:

s A, ; is the plastic moment, reduced for the presence of the axial internal foree, of the ith
column of the kth storey:

e M, is the plastic moment of the jth beam of the kth storcy;

mj 1s the nondimensional plastic moment of the right end bcam-to-colunmin joint of the
jth bay of the kth storey:

e myy is the nondimensional plastic moment of the left end beam-to-column joint of the jth
bay of the kth storey;
g 18 the uniform vertical load acting on the jth beam of the kth slorey:
Xy 1s the abscissa of the sccond plastic hinge of the jth beam of the kth storey, given by:

2 Mo (it + 1))77
'rjk = LJ j— ( i“’k(”’ Jk )}

Yjk

(N

. 172
for g > ‘2“/}/!%”_!\ {( 2 +F;,-jk —Em) + 2[ ( ;;7,-1,‘:. + | ) (l - I_JTI_jk) ] }
o
while v = 0 in the opposite case;

e Kupu s a coclficient related to the participation of the jth beam of the kth storey to the
collapse mechanism; in addition, this coefficient accounts for the magnitude of the rota-
tions of the plastic hinges resulting: .
Ly (8)

Lj - X
when the jih beam of the &th storey participate to the collapse mechanism and Rp 5 =0 in
the opposite casc;

o R.i is a coefficicnt accounting for the participation of the ith column of the kth storey to
the collapsc mechanism, being:

R.i = 2 when the column is yiclded at both ends
R.i = 1 when ounly onc column end is yielded
R = 0 when the column does not participate to the collapse mechanism;

e D is a coeflicient, related to the external work of the uniform load acting on the jth

beam of the kth storey, given by:

Rh.jk =

Ljxp ‘
D‘_# - Lj Ak (9)
) 2
when the jth beam of the kth storey participate to the collapse mechanism and D, 3 =0 in
the opposite case:

* Fl={F Fyyn, s e, By | is the vector of the design horizontal forces, whe-
re Fy is the horizontal force applied to the kth storey;
o B =y hr e By e h, | is the vector of the storcy heights, wherc /1y is the

height of the kth storey:
¢ s is the shape vector of the storey horizontal virtual displacements (du = s d9, where d9 is
the virtual rotation of the plastic hinges of the columns involved in the mechanism:
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* V"r':{ T el Ty —, , Vo i is the vector of the storey vertical joads, where
V is the total vertical load acting at the kth storey given by:
Vi = z qiw L (10)
j=1

e B is a matrix of order n;, X n, accounting for the location of the plastic hinges within the
beams, the clement By of B is defined as:
ik + my i (H)

Bjk = 3 —— IWI.JA- for -\'jkz()
and:
I+ (12)
By = -——;)——*’-'t Mpp for xp>0

¢ C is the matrix of order n. x n, whose clements Ci are equal to the column plastic mo-
ments (e, Cau =M i),

R, is the matrix (order ny x n,) of the coefficicnts Rpy:

R, is the matrix (order n,. x n,) of the coefticients B, u;

D, is the matrix (order np X ng) of the coefficients D, .

Mi=IM o Moy, WMoy .M oyi | is the vector of the plastic moments of the
columns of the kth storey, reduced due to the influence of the axial force:

e g is the matrix (order n, x u1,) of the uniform loads acting on the beams.

3.2 Mechanism equilibrium curves

As alrcady pointed oul, the collapse mechanisms of moment resisting frames under seismic
horizontal forces can be considered belonging to three main typologies (Fig.1). The collapse
mechanism of the global type is a particular case of type 2 mechanism.

The lincarized mechanism equilibrium curve can be always expressed as:

O =d — Y9 (13)
where a is the kinematically admissible multiplier of horizontal forces and 7y is the slope of
the mechanism equilibrium curve,

Concerning the evaluation of the kinematically admissible multiplier of horizontal forces
corresponding fo the generic mechanism, it is easy to recognize that, for a virtual rotation «/6
of the plastic hinges of the columns involved in the mechanism, the internal work can be
expressed as:

Wi=[tr(C'R )+ 20 (B "R)|dO (14)
where /r denotes the trace of the matrix.

The external work due to the horizontal forces and to the uniform load acting on the beams
can be written as:

We =[aF s + 1r (g D)) do (15)

Thercfore the application of the virtual work principle provides the kinematically admissi-
ble multiplier as:

Ltr(C"R.) +2tr(B"R)) — 1r(q" D.)] (16)
o= = e
F's
In order to compute the slope of the mechanism equilibrium curve, it is necessary to eva-
luate the second order work due to vertical loads. With refercnce to Fig.4, il can be obser-
ved that the horizontal displaccment of the kth storey involved in the generic mechanism is
given by u, = e sin®, where ry is the distance of the kth storey from the center of rotation C
and 0 the angle of rotation.
The top sway displacement is given by 8= If, sin@, where H, is the sum of the interslorey
heights of the storeys involved by the generic mechanism.
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The relationship between vertical and horizontal virtual displacements is given by
dvi = dug sind. 1t shows that, as the ratio dvi/duy is independent- of the considered storey,
vertical and horizontal virtual displacement vectors have the same shape. In fact, the virtual

hotizontal displacements are given by dug = r 8, where

r defines the shape of the virtual horizontal displacement
¢ vector, while the virtual vertical displacements are given
T by dvi= 8/ H,) rd® and, thercfore. they have the
5 same shape ool the horizontal oncs. It can be concluded
~. that

)
7 7 dv = ?;*.S d8 (17)

3
i, ‘/ o .
a e i As a conscquence, the second order work due to vertical

6. k. \'\-ﬁ e twk loads is given by: 5
& ’
W,=V' s--d0
//d% , S (18)
'k bo” > ¥ Therefore. the slope of the mechanism equilibrium curve
o 2 o is given by:
R -1
4 7
. l V L4 Su (19)
c y= ——=

s
The (ollowing notation will be used to denote the para-
Fig.d - Vertical displacements  meters of the equilibrium curve of the considered mecha-
Hisius:

* o and ¥ are. respectively, the kinematically admissible multiplier of the horizontal
forces (rigid-plastic theory) and the slope of the softening branch of the o—38 curve, corre-
sponding to the global type mechanism;

* o and ¥ have the same meaning of the previous symbols, but they are referred to the
inth mechanism of the rth typology (t=1.2.3).

The cxpressions of the above parameters will be furtherly developed in order to evidence
the contribution of the columns to the internal work.

3.3 Global type mechanisiu

In the casc of global type mechanism (Fig.1), the shape vector of the horizontal displace-
ments is given by s* = k. In addition, as alt storeys participate to the collapse mechanism,
all beams are involved. This is taken into account through the matrix R related to the
rotation of the plastic hinges and the matrix D related to the beam vertical displacements.

R is the value of R, and DI is the value of D, for the specific case of global mecha-
nisim.
Therefore, the kinematically admissible multiplier is given by:
I T A T g
w _ Ml + 20 (B R ) — 1 (g DY)

™ = FT g0 (20)
where I is the unit vector of order n.. In addition, taking into account that H, = h,, because
all storeys are involved in the collapse mechanism, the slope ¥* of the mechanism equili-
brium curve is obtained from equation (19) for s =s* and H, = h,,..

3.4 Type-1 mechanisms

With reference to the i,,th mechanism of type-1 (Fig.1), the shape vector of the horizontal
displacements can be wrilten as;
T

s o= A cha ke i b ) (21



////,\ F. M. MAZZOLANI, V. PILUSO 365

where the first ¢lement equal to i, corresponds to the f,th component.
The kinematically admissible multiplier corresponding to the i,th mechanism of type-1 is
given by:

MLT + 20 (B'RY) + ML - r (g D))

* ’ll!

|
o)) =

(22)

where Ri) s the value of R, for the i,th mechanism of this type and D! s the value of
1), for the i, th mechanism of type- 1.

in addition, only the first i, storeys participate to the collapse mechanism, so that H, = 5, .
As a consequence, the slope }’,“ of the mechanism equilibrium curve is still computed
throagh equation (19), but assuming s =s!"" and H, = h;,.

3.5 Type-2 mechanisms

With reference to the i,th mechanism of type-2 (Fig.1), the shape vector of the horizontal
displacements can be wrilten as:
AN t
ST =10,0,0, 0,0 by =ty vl v =iy o1y s =B 1] (23)
where the [irst non-zero clement s the ith one.
The kinematically admissible multiplier corresponding to the i,th mechanism of the type-2
is given by:
. ) .
ML+ 20 (B REY) - 1r(qg'D)
FTSQ)
i

w

AN

O,

(24)

2 ; - : . (2 .
where Rj; s the value of R, for the inth mechanism of type-2 and D{. is the correspon-

ding value of the matrix D,.
In addition. the i,th storey and thosc above it participale to the mechanisnm. Thercfore, the
slope of the mechanism equilibrium  curve is obtained from equation (19) with

2
H,= h, — h; _yand s =s]" .

3.6 Type-3 mechanisms
Finally, with reference to the i,th mechanism of type-3 (Fig.1), the shape vector of the
horizontal displacements can be written as:
s =400 0,0 0,1 1) i =hi ) (25)
where the f{irst term different from zero is the inth one.
Moreover, both the matrix RS,'?"’, and the matrix D{” are null matrix, because in this me-
chanism there is not any becam participating to the collapse mechanism. Therefore, the kine-
matically admissible multiplicr of the i,th mechanism of type-3 is given by:
(‘“ 2 M(l','m I
o, = =
o Fley {20)

v i
b

which accounts for the fact that the columns ol the i,th storey are yielded at both ends.
As the iyth storey only is involved in the mechanism H, = h;, — h;, _, and the correspon-

ding slope ¥’ of the mechanism equilibrium curve can be obtained by substituting this
. . 3
value in equation (19) where also s :-'va_‘") has to be assumed.

4. Failure mode control

4.1 Design conditions

In order to design frames failing in global mode, the cross-sections of columns have to be
dimensioned so that, according to the upper bound theorem. the kinematically admissible
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horizontal force multiplier corresponding to the a‘

global type mechanism is the minimum among o
m

all kinematically admissible multipliers. Sl 7 U
This condition is sufficienl 1o assure the desi- T im __generic mechanism
red collapse mechanism provided that the struc- I[

. . . fa}
tural material behaves as rigid-plastic so that the  « p——)
horizontal displacements are equal to zero up T
the complete development of the collapse me- I e,
chanism. On the contraiy, the actual behaviour mgiobalmechaniam T

is clasto-plastic with significant displacements
before the complete development of the collapse ;
mechanism. These displacements give rise to se- 5., S
cond order effects which cannot be neglected in
the design process, particularly in the case of sce-
mirigid frames.

From the practical pomat of view, the inftuence
of second order ceffedts can be taken into account by unposing that the mechanism equili-
briumi curve corresponding to the global mechanism has to lie below those corresponding 1o
all other mechanisms. However, the fulfilment of this requircment is necessaty only up to a
selected ultimate displacement 8, which has to be compatible with the plastic rotation capa-
city of members and/or connections (8, =6, i,) (Fig.5).

Therefore, the following design conditions have to be imposed:

o -y 5,,£O{:»:,) -1 8 b= Lide Sty 1 =123 (27)

This means that there ate 3n, design conditions to be satisfied in the case of a frame
having n, storeys. Thesc conditions, which derive directly from the extension of the upper
bound theorem to the mechanism cquilibrium curves, will be integrated by conditions rela-
ted to technological limitations.

Fig.5 - Design requirements

4.2 Conditions to aveid undesired mechanisms

As uir example, the method for deriving the design conditions to be satisfied to avoid any
undesired collapse mechanism will be presented with reference to type-1 mechanisms only.
The extension to the other collapse mechanism typologies can be developed in analogous
way. Even though considering full-strength connections only, the complete series of design
conditions (t.e. including those for type-2 and type-3 mechanisms) arc given in refercnces
123

‘The n, conditions given by relationship (27) for r=f can be conveniently expressed by intro-
ducing the following paramelers:

u(‘“ =2 i B"RY )y o v = L yise ™ =1 ¢ qT DY) (28)

ha, =
With reference to the global mechanism, the parameter u*' represents the internal work
) is the external work due

developed by the beams and/or the connections, the parameter T

to the uniform loads acting on the beams, while the parameter v'¥' is related to the sccond
order work duc to vertical loads. These parameters are known quantities, because it is inten-
ded that a preliminary design of beams and connections has been carricd out according (o
the procedure suggested in [5,6] while the values of vertical loads are data of the design
problem.

In addition, it is usclul to introduce the following non-dimensional functions of the mecha-
nism index

H

C20(B'R))) 2 (B'R))) s s
"2 (BRY) n T (29)
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(g DY) r(g" DY) (30)

" (g D¥) ™

The function &; represents the ratio between the internal work which the beams and/or the
connections develop in the i,,th mechanism of type-1 and that developed in the global me-
chanism. The function A;, represents the ratio between the external work which the horizon-
ta] forces develop in the i,th mechanism of type-1 and that developed in the global mecha-
nism. Finally, the function {;, represents tha ratio between the external work which the
uniform vertical loads develop in the i,th mechanism of type-1 and that developed in the
global mechanism. All these functions are known, because the plastic moments of beams
(M, ,A) and of connections (m, i and m, ;) are known. In fact, the beam sections are designed
to resist vertical loads. In addition, both the horizontal forces Fy and the uniform loads g
arc assigned.

Morcover, in order to account for the influence of second order effects, an additional fun-
ction related to the slopes of the mechanisim cquilibrium curves has o be defined:

1 (I) 1 T A
A(“_Frsm) ,,, Vis o f’-'_,. Visi,
o I,vT SS':] TIL VTS(-\" Af'.,. V(,L') (3 1)

The paramcier Al represents the ratio between the slope of the cquilibrium curve of the iuth
mechanism of type-1 and that of the global mechanism.
In addition, it is convenient to introduce the followm&, paramneler:

2 M i,

w ML T (32)

e ST TR
Z M
i=1
which 1s the ratio between the sum ol the reduced plastic moments of the i,th storey co-
lumns and the same sum corresponding to the first storey columns.

By means of the above paranicters, the i,th condition to be satisficd to avoid type-1 collap-
se mechanisms can be written in the following form:

|
- Z e 1-55 |0 o voal - e e e[S
) A A

= - (33)

A 2 M.l

i=1

which has to be applied for i,=1,2,3,.....0,.

The design conditions to be satisfied (o avoid type-2 and type-3 collapse mechanisms are
obtained in similar way, leading to other two series of parameters (pl> and P, These
parameters are still defined as the ratio between the sum of the reduced plastic moments of
the columns of tie i,th storey and the same sum corresponding (o the first storey, but they
provide the values of this ratio to avoid type-2 and type-3 mechanisms [2,3].

Obviously, as these design conditions have to be contemporancously satisfied for each
storey, the ratios p;, (ps, = M., 1/M., I) has to satisly the following relationship:

| 3
P, = Max p:-m) . p:-f] , p:-,:,) (34)

In addition, as the section of columns can only decrease along the height of the frame, the

values of p, (with 7,=1.2,....,in,) obtained by mcans of the conditions derived through the
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application of the upper bound theorem have to be modificd in order to satisfy the following
technological limitation:
PIZP22PI . = P, (35)

4.3 Evaluation of the axial {oad in the columns at the collapse state

If the sum of the reduced plastic moments of columns of the first storey is specified, then
the previously cxplained design conditions allow the definition, through the ratios px
(k=1.2,...n,), of the same sum corresponding to the kth storey, which guarantees that failure
does not occur according to mechanisms belonging to the three examined typologics. In
order 1o define the plastic section modulus of the columns, the evaluation of the axial load
in the columns at the collapse state is required.

The evaluation of the column axial forces can be performed taking into account that, at the
collapse state, the shear forces transmitted by the beams are given by:

S__q_£+2(;17,+;l—1)M1, (30)
2T L

provided that the limit value of the uniform vertical load is not exceeded (i.c. equation (5) is
not satisfied) and by:

a4l Mok me M, (37)
2 L

where M, is provided by equation (4), in the opposite case.
Both in equation (30) and n equation (37). for positive horizontal forces (from left towards
right). the sign plus is referred to the right end of the beam and the sign minus is referred to
the left end of the beam.

The sum of these shear forces transmitted by the beams at each storey, above the conside-
red one, provides the axial forees in the columns of the considered storey.

S

4.4 Design algorithin

It has been pointed out that the upper bound theorem allows the asscssment of a condition
for avoiding each undesired collapse mechanism. As threc different coilapse mechanism
typologics have been considered, there are 3ns design conditions to be satisficd. These de-
sign conditions have to be integrated by the technological condition (35). The above mentio-
ned relationships can be used to design frames failing in global mode and, thercfore, having
a mechanism equilibrium curve given by equation (13), with the kinematically admissible
multiplier of horizontal forces given by equation (20) and the slope given by relationship
(19) (with H,=h, and s = "), The fulfilment of the above design requirements is a lincar
programming problem which can be solved through the algorithm alrcady described in [2,31].

5. Design procedure

The main difficulty in the elastic design of semirigid frames is due the fact that the internal
actions, which the members and the joints have to withstand, depend on the joint rotational
stiffness whosc value. in turn. affects the flexural resistance that the joints are able to provi-
de [5,6). This difficulty can be overcome provided that a plastic design approach, such as
that previously described, is adopted. Notwithstanding, some iterations can be required as
soon as serviceability requirctnents are also considered. In fact, the fulfilment of a given
limit concerning the interstorey drift or the top sway displacement can lead to the need to
increase the joint rotational stiffness and/or the beam sizes. In such a case, the increase of
the plastic internal work duc to the beams (the joint {lexural resistance increases as the joint
rotational stiffness incrcases) can undermine the expected failure mode, so that the plastic
design for failure mode control has to be repeated starting from the new beam-to-column
joint details and/or the new beam sizes. As a consequence, the complete design procedure
can be based on the following steps, where the plastic method of design for failure mode
control, previously described, has to be intended as a «subroutine» only of the proposed
design method:
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a) perform a preliminary design of beams (i.e. M, ;). connections and columns to withstand
vertical Joads only. This step can be accomplished through the method described in [5,0].
According to Lurocode 3 [7], the combination of actions 1.35 Gy + 1.5 Q4 has to be consi-
dered for the ultimate limit state and the combination Gy + @y for the serviceability limit
state;

b) compute the preliminary values of the joint flexural resistance (i, and mi, ) through the
component micthod |8

¢) design the column scctions to assure a collapse mechanism of global type (i.c. through
the plastic design micthod described in the previous section), starting [rom the preliminary
values of My, m,n and m, . According to Eurocode 8 {9]. the vertical loads to be
considered in this step are thosc corresponding Lo the load combination Gy + w2 (¢ while
the seismic horizontal forces have to be computed accounting for the presence of all
gravity loads appearing in the combination Gy +3 Wi, Uit

d) modify, if necessary, the structural detail of beam-tlo-column joints to keep constant the
m values. In fact, as the previous step leads generally to column sections greater than
those obtained from preliminary design (step a), the joint flexural resistance could increa-
s¢ (this depends on the weakest joint component) undermining the expected collapse
mechanisn;

e} compute the joint rotational stffness through the component method;

f) cheek the beams. the joints, the interstorey drifts and the top sway displacement for the

loading condition Gu+ YA+ Y Wi Qu 19) It anyone of the above checks is not
g Y

satisflied, modify the beam sizes or the joini structural detail (increasing mr and the joint
rotational stiffness) and return to step ¢.

6. Conclusions

A new mecthod to design semirigid frames failing in global mode has been presented in this
paper. The method is based on the extension of the kinematic theorem of plastic coflapse to
the concept of mechanism cquilibrium curve. This allows to include into the design process
the influence of second order effects, which play a very important role in the seismic design
of stecl {rames, particularly in the case of semirigid frames.

In addition. a complete design procedure including the fulfilment of the scrviccability re-
quirements has been proposed.
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In this paper, a design handbook for designers of steel building frames is presented. This
handbook gives a quite complete overview of the design procedures for frame design -
including joint behaviour - which are included in Eurocode 3 Part 1-1[1]. In its first part, a
background information is given. The second part focuses on application rules for daily
practice and a particular attention is paid to structural joints. Finally, worked examples for
complete frame design are presented in the third part.

1. Introduction

Traditionally the analysis and the design of steel frame structures is based on the assumption
that the constitutive beam-to-column joints, splices and column bases are perfectly pinned or

perfectly rigid.

However studies performed in the last decade have clearly shown that:

. Most of the joints used in daily practice are not fulfulling the requirements so to
be characterized by such idealized responses; they are said «emi-rigid»and
«partial strength» when their resistance is lower than that of the connected

members.

. The fulfiliment of these requirements is often involving extra fabrication or

erection costs .
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Through economical investigations, it has also been progressively demonstrated that:

. The traditional rules for design of joints are rather conservative.

. The use of semi-rigid joints instead of pinned ones results in a decrease of the
weight of the structure, and therefore of their total cost (5 to 10 %) including
fabrication, transportation and erection costs.

. The use of semi-rigid joints instead of rigid ones sometimes results in an
increase of the amount of steel needed, but also to a strong decrease of the
tabrication costs through a simplified detailling of the joints (less stiffening for
instance). The benefits varies here from 10 to 25 %.

To prolfit from these potential benefits requires new design methodologies for what regards
design assumptions,frame analysis and verification of the ultimate and serviceability limit states.

This need is now widely expressed by designers, what has engendered, at the european level,
different actions in the last years . Among these ones, let us mention:

. The full revision of the Annex J of Eurocode 3 on "Steel Joints in Building
Frames" [ 2].
. The SPRINT european project where simplified design procedures for joint

design and tables of standardized joints, all in agreement with EC3 Annex J,
have been suggested [3].

The first one provides a legal {rame for the usc of the new design techniques for joints while
the second focuses more on the practical aspects to which the designer is likely to be faced in
his daily practice.

In the frame of a recent ECSC project (contracts 7210-SA/212 and 320), the SPRINT action
has been prolonged so to cover also the implications of the joint behaviour on the structural
frame analysis and design. The guide for users resulting from this action is briefly presented in
the following pages.

The partners in this project are: University of Liége in Belgium as coordinator (R. MAQUOI

and 1.P. JASPART), CTICM in France (B. CHABROLIN, [. RYAN and A. SOUA), CRIF in
Belgium (D. VANDEGANS), TNO Delft in The Netherlands (M. STEENHUIS) and RWTH
Aachen in Germany (K. WEYNAND).

2 Content of the design handbook

The ECSC user's manual covers the following three main aspects :

. The design of commonly used beam-to-column joint configurations such as
welded ones or bolted end plate and flange cleated ones. Beam splices are also
covered.

. Guidelines on how to incorporate joint behaviour in the structural analysis (both
1st order and 2nd order, elastic and plastic).

. Design checks for the ultimate limit states (frame and member resistance and

stability, member and joint section checks, ...)
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It is structured into three main parts which all deal with all the three different aspects
mentioned here above:

Part I-Technical Background

A primary objective of the manual is to facilitate the use of Eurocode 3 and it
has so been thought that this was requiring explanations about the general
design philososophy to adopt in particular cases, the successive steps to follow,
the assumptions to follow and the formulae to use.

Part 2-Application Rules

In this section, practical guidelines are given in a straigthforward manner. The
designer should find there the recommendations he needs to perform frame
analysis, joint design and structural verifications. All the formulae are expressed
together with their limitations and their implications on further steps. For joints,
three different design approaches are expressed, as described in section 3 of the
present paper.

Part 3-Worked Examples.

Three different worked examples are included in the manual. They cover the
whole frame and joint design procedure and not only some specific aspects as
the joint characterization or the frame analysis. They should help the designer in
understanding the different steps of a semi-rigid frame design, and the sequence
of these steps according to the practical situation to which he is faced : engineer
or constructor responsible for both frame and joint design or share of the
responsibilities between the engineer (frame design) and the constructor (joint
design).

All the scientific aspects have been disregarded and the content of all the chapters has been
limited to the minimum but sufficient information which appears to be strictly useful to

practitioners.

3.

Design of the structural joints

An important step in the design process is the determination of the mechanical properties of the
joints in terms of rotational stiffness, moment and shear resistances and rotation capacity.

For what regards this characterization, three approaches are followed :

design sheels

These are short documents containing very simple rules allowing to calculate in
an easy and quick way the stiffness and resistance properties of some well-
defined types of joints:
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- beam-to column joints with extended endplates;

- beam-to column joints with flush endplates (2 types),

- beam splices with flush endplates (2 types);

= beam-to column joints with angle flange cleats.

These simplified procedures strongly reduce the amount of calculation in
comparaison with the application of EC3 Annex J but are anyway in agreement
with the EC3 design philosophy. An example of such a design sheet is shown in
Annex 1 of the present paper.

. design tables

These are tables covering standardized joinis and providing the user with joint
detailing and stiffness / resistance properties (see Annex 2); information
allowing to classify the joints as pinned, semi-rigid or rigid, partial strength or
full strength is also given.

. software

This PC software called DESIMAN is able to characterize the mechanical
properties of a wide range of usual or non-usual types of joints subjected to
bending moments and shear forces. It includes graphical pre- and post-
processors (see Annex 3). The pre-processor allows a user's friendly
introduction of the data. It is connected to bolt, plate, material and profile
databases, so allowing a decrease of the time required to introduce the data. It is
also connected to another database in which all the calculations made can be
stored, in order to be used further it needed.

The post-processor of DESIMAN produces four main files :

A short one just giving the main results of thc computation : design
resistances in bending and shear, initial stiffness, collapse mode,
ductility, class for frame analysis (1/2 page).

- The previous one to which the resistance and the stilfness of all the
constitutive joint components are added. Such a file allows the designer
to modify in an optimum way its joint when the design requircinents are
not fulfilled (! page).

- A calculation note (£ 5 pages) presenting more detailed results of the
calculations, for each component and for the joint. This note is useful
when, for instance, the design: has to be checked by a control office.

- A full calculation note just like that which could be produced by hand,
and in which the results of all the intermediate calculations are given.
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Annex 1: Example of simplified design procedure
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Annex 3: Input and output screens of DESIMAN software
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