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ABSTRACT

For studying and identification of dynamic behavior of the semi-rigid beam-to-column “Khorjinee” connection
which is commonly used in low rise and typical steel structure in Iran, a comprehensive forced vibration test
on half scale model of a typical 4-storey steel structure with Khorjinee connection has been performed at
IIEES. In this paper the comparison of forced vibration test with the dynamic analysis of mathematical model
using rigid and hinge connection have been presented. Dynamic characteristic of structure (frequencies, mode
shapes and damping ratios) based on the assumed connection stiffness have been obtained. As a result of
these studies, a method is presented for dynamic modeling of the “Khorjinee connection”.
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INTRODUCTION

Semi-rigid connections in steel structures due to simple details and possibility of tuning the connection's
stiffness which can optimize the distribution of moment between connected elements has taken
considerable attention in recent years. An special type of semi-rigid beam-to-column connections named as
“Khorjinee connection” has been developed in past fifty years by practicing engineers in Iran because of its
simplicity and economic advantages. Also most of the existing steel structure were not designed to resist
lateral loads. However the experiences of recent earthquakes in Iran, especially Manjil earthquake of 20 June
1990, shows the poor behavior of Khorjinee connection and that most of the common steel structures fail due
to its joint failure(IIEES reconn. report,1991). Several theoretical and experimental research has been
performed to study the static behavior of this connection as well as its workability, stiffness and strength using
different models (Karami et al.,1994, Ghafory-Ashtiany et al., 1995, Tiv et al., 1995). It was found that the
behavior of this widely used connection can not be modeled by classical semi-rigid connection and that
special model has to be assumed that satisfy its dynamic behavior as well. For purpose of studying the
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Fig. 1: The 1/2 scaled model of steel structure Fig. 2: Typical shape of a Khorjinee connection

dynamic behavior the typical steel structure a 1/2 scaled model of 4 storey steel structure with Khorjinee
connection and jack-arch masonry floors has been designed, constructed and tested by a pair of harmonic
force vibration exciters at International Institute of Earthquake Engineering and Seismology (IIEES)
structural lab as shown in Fig. 1. For purpose of vulnerability analysis and proposing the retrofitting scheme,
the model was constructed based on the common practice of Iranian steel workers. The structural response is
being monitored and measured simultaneously by a 8 forced balance accelerometer and recorded by 8-channel
digital acquisition system. In this paper the dynamic characteristic of the structure and its joint (frequencies,
mode shapes, damping ratios) as well as the connection stiffness have been obtained. Finally a method with
the ability of modeling the behavior of the Khorjinee connection has been presented.

KHORJINEE CONNECTION'S CHARACTERISTICS

Fig. 2 shows the detail of typical Khorjinee connection. In this connection contrary to common semi-rigid
connections (Kishi ef al., 1987, Davison et al., 1987) a pair of continuos beams, which cross several
columns, connects to the sides of columns by means of angle sections. The beam and column are welded to
the angle section. Sometimes for the purpose of supporting the gravity loads in the braced frame, one or two
stiffeners will be added to the angle section under the beam (seat-angle). To improve the rigidity of the
- connection in case of no bracing, plates at different parts of connection as shown in Fig. 2 are added. This
connection is widely used by contractors for following important reasons:

1, Its detail and deisgn is easier than other connections.

2, Due to continuity of the beams in this connection, the negative moment at supports decrease the

positive moment at midspan and causes the reduction of beam size and the steel weight.
3, The installation of one piece beam is easier and faster which reduce the erection time and welding cost.



One of the major difficulties of khorjinee connections is that in the minor direction (the direction vertical to
connections) is very difficult to improve the rigidity of the connection since the crossed beams connect to
web of khorjinee beams. Thus in the weak direction of the frames the connections are considered as hinge and
the bracing are used to resist seismic loads. However, in the khorjinee direction since the possibility of using
the bracing is very little, the frame is taken as rigid. Also out of plane partial beam-to-column transfer of
bending moment and early onset of failure in the angles are most likely the cause of failure under the lateral
load. Therefore, studying the moment distribution in the beams and columns, the behavior of connections
during earthquake as well as the structural stability is of great importance for purpose of strengthening of
these structures.

ANALYTICAL METHOD

The common static and dynamic analysis of these types of structures is approximate since they can not be
modeled by any of classical methods and any of the commercial computer programs. However engineers use
following methods of analysis:
1, The structure is modeled as rigid frame by assuming that the connection’s stiffness is infinitely large.
The difficulties of this method is the large moment at columns which is unreal and causes error in beam’s
moment distribution.
2, The two ends of columns in this model is taken as hinge (in braced frames). In this method the flexural
stiffness of columns and connection's stiffness is regarded as zero.

Eventhough these methods may be acceptable for static analysis of the structure under gravity loads, but in
dynamic condition, the connection's stiffness greatly influences the natural periods of vibration of structure
and consequently its dynamic response.

FORCED VIBRATION TESTS

For forced vibration test of the model, a pair of harmonic force exciters was utilized with capability of
inducing translational and torsional dynamic force at the top floor of the structure. The exciters can be
adjusted to produce maximum force 16.1f? kgf, where fis the operating frequency that can vary from 1 to 20
Hz. The responses were measured by 8-channel on-line data acquisition system with force balance
accelerometers. The 1/2 scaled model of the 4-storey structure based on Iranian Building Code load
requirement and modeling technique requires 7.0 ton of added mass on each floor. Throughout this project in
order to develop a new algorithm for system identification, the added mass were added at three different stage
(1, 3. and 7.0ton). Fig. 3 shows a sample of measured acceleration response spectrum at forth-storey. For
removing noises from the recorded response, the cross correlation method is used. Three modes of structure
with frequencies of 2.24, 7.94 and 16.1 Hz. can be easily seen in Fig. 3. The 4'th mode natural frequency is
more than 20Hz. which could not be tested. Table 1 shows the result for various added mass on the floor.

The displacement spectrum of the first mode at various levels of the structure is shown in Fig.4. It can be seen
that displacement of all stories reaches to its maximum amount at frequency near 1'st mode (2.24 Hz.). By
use of this information and the phase angles, the vibration mode shapes have been obtained.

Table 1-Modal Natural Frequencies For i
Different Storey Added Masses - /ﬁl

2’nd Mode 7.94 | 644 | 452 | 345

Added mass 0 1000 | 3000 | 7000 a
I’st Mode 224 | 1.99 | 1.34 | 1.06 ,)< tyeoo
\J=;(L/G

3’rd Mode 16.1 | 12.16 [ 8.57 | 6.28

4’th Mode | - 17.54 [ 12.24 | 875 [ |

Fig.6: The mathematical model of beam-column connection



Table 2: Results of analytical and experimental frequencies and their error

Story Added | Connection 1’st mode 2’nd mode 3’rd mode 4’th mode
mass (Kg.) stiffness
(t-m/rad) | Ana. | Exp. | %err | Ana. | Exp. | %err. | Ana. | Exp. | %err. | Ana. | Exp. | %err
0. 50. 2241224 0 831794 46 |182]16.1(13.0[/295] -- --
1000. 150. 1991199 0. 1689[644! 70 [140]122{149(216]175]23.0
3000. 80. 1341134 0. {471[452| 42 |978{857[14.1]154]122(256

THE STUDY OF DAMPING RATIOS

The damping ratio was calculated with different approach using the result of the free vibration test of the
model structure as well as from measuring the free vibration part of the record of the forced vibration test.
Fig. 5 shows the story displacements during the free vibration test. Using the Logarithmic decrement method,
the average damping ratio becomes: €=0.006. By other methods such as half-amplitude or half power method
the damping ratio of the first mode of vibration is: €=0.00647 that approximately is equal to the result of
logarithmic - decrement method. Using the bandwidth method the damping ratios of first three modes are
618%, .519%, and .509%. when there no added mass on each floors. As story added mass increases to
7.0ton, the damping ratio increases to 3.0%. It should be noted that these values are less than the actual
damping ratio of the structures. This difference are due to the existence of infill walls in the frame of real
structure which has not included in that stage of the test.

ANALYSIS OF THE MATHEMATICAL MODEL

The semi-rigid connections can be divided in two groups of continuous and discrete connections. To model
the continuous semi-rigid, Khorjinee, connection a spring element at the connection of beam and column
have been used. This element in the ETABS program is in the form of beam element and in the SAP90
program is in the form of frame element that works between beam and column and has very large flexural
stiffness in two directions and the torsional stiffness equal to K=G.J/L as shown in Fig. 6.

The model structure with assumed connection stiffness has been analyzed. Fig. 7 shows the variation of
modal frequencies versus the connection stiffness in the case of zero added mass. It can be seen that the
modal frequency changes when connection stiffness are between 1. to 1000 t-m/rad and become insensitive as
the stiffness becomes larger than 1000. t-m/rad. In other word, the connection with stiffness larger than 1000
t-m/rad can be considered as a rigid connection. Fig. 7 shows that for the first three modal frequencies of the
structure the connection stiffnesses are 50., 150. and 80. t-m/rad, respectively. Using these connection
stiffness and analyze the structure, we found that the calculated frequencies are different from the forced
vibration test. These results are shown in Table 2. these differences are due to incomplete conformity of exact
structure and computer model. Studying the result of Table 2, one can conclude a linear relation between
Logarithm of connection's stiffness (K) and natural vibration frequency (o) in different modes as:
;= A; log(K) + B; (iis related to different modes) )

Where coefficients Ai and Bi are functions of average storey masses and equal to: A;=a; M+ b;; B; = ¢; M +d,
Using (1) And the result of experimental test, the approximate value of connection's stiffness can be
estimated. It must be noted that this problem is with the assumption that most of connections have the same
shape.



NUMERICAL RESULTS

To study the dynamic characteristic of steel structures, seven different structures have been analyzed. Natural
frequencies and various response quantities are given in Table 3 for different model of the connection (Rigid,
Khorjinee and Hinged). The results show that in braced structures, the difference between stories'
displacement in both Khorjinee and Hinge connections is 2 to 10 percent. However, in the unbraced
structure the difference is approximately 55 percent that is very large. The midspan moment of side beam
under gravity loads and the support moment of side beam under gravity or under earthquake loads for both
type of Khorjini and rigid connection have been compared. It can be conclude that, the midspan moment at
side beams decreases from 5% to 25% (depending on beam’s length) in comparison with rigid connection. On
the contrary, in this case support moment of beam under gravity and earthquake loads increase in 10 to 50
percent. Therefore, for design of side column of structure with Khorjinee connection, the connection should
be analyzed exactly, and if is not possible, an extra moment beside the column axial force should be
considered. The magnitude of the moment depends on beam span and number of its bays and loading types.

CONCLUSIONS

The result of this part of the study shows that in braced structure the earthquake has no considerable effect
on connections and thus the Khorjinee connection can be assumed rigid. In unbraced steel frame, the effect
of assuming the Khorjinee connections as rigid or hinge has significant effect on dynamic response of
structure and thus the Khorjinee stiffness should be used in the model based on relation (1). Inthe case of
gravity loads whether the bracing is exist or not, the midspan moment of side beams, support moment of side
beams, side column's moment and also torsional moment of connections in the side columns must be studied
and calculated exactly. If exact analysis Khorjinee connection is not done, one can use results of analysis of
6 examples discussed in this paper and design the beam, column, and connections with good safety factor.

ACKNOWLEDGMENTS

The authors would like to thank Eng. Keypour and his staff and the Electronic Dept., Mr. Shirazian, at IIEES
for providing all the facilities required for the test which without their help the implementation of this project
were impossible.

REFERENCES

Manjil-Rudbar Earthquake of June 20,90 Reconasiance Report (1991),IIEES Publication No. 70-91-1,
Tehran, Iran .

Attiogbe, E. and G. Morrise (1991). Moment-Rotation functions for steel connections. Journal of Structural
Engineering, ASCE, Vol.117, No.6.

Davison, J.B., P.A. Kirby and D.A. Nethercot (1987). Semi-rigid connections in isolation and in frames.
Proceeding of workshop on connections and the behavior, strength, and design of steel structure.
Superieure Cachan, France.

Ghafory-Ashtiany, M., H. Moghadam, M. Tiv and A. Ghane (1995). Dynamic modeling of Khorjini
connection, I//EES Report No. 74-95-6, Teharn, Iran,

Karami, M. and A Moghaddam (1987). Experimenatl atduy of Khorjini connections. M.S. Thesis at SUT,Iran

Kishi, N., W.F. Chen, K.G. Matsuoka and S.G. Nomach (1987). Moment-rotation relation of top and seat-
angle with double Web-Angle connections, Proceeding of workshop on connections and the behavior,

strength, and design of steel structure. Superieure Cachan, France.

Tiv, M., M. Ghafory-Ashtiany and M. Tehranizadeh (1995). Design and Forced Vibration Test of 1/2 Scaled
Model of Typical Steel Structures in Iran. Proceeding of The SEE2 Conference, Tehran, Iran, 757-765.



Acceleration Spectrum For 1.0 Kgf Exciting Force 4 STOREY STEEL STRUCTURE

Acceleration (Cm/s2)

Test 1 (Added mmass=0 kg)— Storey 4 (Channel 2) FREE VIBRATION TES
—— Recorded [Data 0.004 3 pom— SW'
--~-t-- Corvre&.teq Dhid E —— STOREY 3 (Channel 4)
------- STOREY 2 (Chanmel &)
| . R STOREY T (Chamnel 7|
: OAOQZ- oy
= \
§E.1 A4 ALA A A a4 4 o oa
r TR AA R o AR
§ g % - 1 Ko
s W W R MY WY Y
EE W W\Vy/ vy v YV g Vv
/ \
i H -0.002
g J k —0.003
s 8 1011 12 13 14 1% 18 17 18 18 D 00 ST A j T ' T
Frequency (Hz) Time (Sec.)
. 3: Acceleration Response Spectrum for Recorded Fig. 5: Free Vibration Test Results

and Corrected Data

Displacement Specirum For 1.0 Kgf Exciting Force (Correc.ted Data)
Test { (Added mass= 0 kg)— Storeis 1 to 4 and Basement

- 013
0.12 I
0.1 [l:
. [}
£ 0.09 HL’ :
s"o.oa 7:{
§ 0.06 1! :.‘
Foos L £ 4th Storer
8 oo N L 2 o0

o.-o: i r'l' I“ l\\ /// )= 'IB'OssterSnkg fy

Fig.4: First Mode Displacement Spectrum

Modal Frequency Vs. Connection’s Stiffness
e 172 ? T
0
20 LL
g =
§ 4 1‘“/
E qdd L
3 1334
&'
e
R m
103 - =
5 Sl
3 Made ey
3
3
3 acbdd L LU A
0 TPy T
0.001 0.0t a. 1000 10000 100000 1000000

1 10 100
Conn. Stiffness (t-m/rad)

Fig. 7. Computer Analysis Result of Structure for Different Connection’s Stiffness



1 1 ] ¥ T T [ ] _ 1 ] I I 1| I 1 | ] I i L I T LI L]
| -- loveol -- I -- [oz'o] -- | -- |o¥ _ - | -~ lovrol -- | -- lét-ol -- | -- [s1-0] -- | -- logt| -- J(w=3)"7°3 *uoo apts ur -wow jeuoisuol|
L I l [ 1 1 '] | [ Il i 1 | ] 1 i | [ i I 1 _
] | i L i I L} I _ I [} T 1 T ] 1 [ I ] ] T L]

| -- log~o| -- 1'-- loz'o| -- | -- lo9-6] -- | -- |og 0| -- | -- |oz"0| -- | -- loz-of -- | -- |2¢°2] -- | w"3)*7°3 *uod pw ut -wow jeuoyssoy|
[ | 1 1 l 1 1 | 1 1l 1 I [ 1 1 [ ] 1 [] | I [ _
] T 1 Lj I 1 | ] ] [} | | I i | | lj | L] ] | ] 1 i ]

| --fovi] == 1 -- Jov-e| -- | -- loo-u| -- | -- Jovt] -- | -- |98z} -- | -- Is82| -- | -- |68°2| -- |(w3)1°D w02 apys up -wow jeuoissol]
L i 1 [ i | [ | | [ i | | 1 1 i | 1 [ | 1 1 [
] T I L 1 1 ] i T ] [} T 1 I T [} I i ) | 1 1 \
| -- loovol -- | -- lov=o} -- | -- |o9-0] -- | _oq.o_ | _uo.r_ I -- lsvt| -- | -- last] -- | w'3)*1°9 -uoo piw uy -wow jeuotsJoy|
1 | _ [ | — 1 | p 'l [ [ . | 1 ! | [] —
| ] I L] 1 | 1 L . ] L] I T I I ]

los-ofoL o_oo olat-oloL- o_oo olog-0]o00 c_oo ofoz-ofoi- o_oo ojoo- o_oo o_oo ojoi- o_oF oloo-c]og-oloz ol -- | (wr3)"1°3 ut-wow swwniod apis]
L [ 1 [ I | 1 [} — _ _ - i 1 [ | ] ] )| 1 [ —
¥ T 1 1 13 i 1 1 _ i I | 1 | | | | L

los-0|os o_oo ojoi-1|08"0|00"0]ov-0]oz"0|00" o_oo o_om oﬁoo o_oo olov-oloc-olos-2{oz 1 ]00" o_om 2loz=L] -- | (W°3)°7°9 Ul wou swnjod apis|
I s e o S S B —t+— —t— —t— —1 ]
los-0lo%"0loo-clos-0/0z"0]oo-olos-0fov-0]00-0}os-0}0z ¢|00" 0oz 0|0z 0|co"0los 0oL o_oo oloo-zlo9-t| -- |  (wr3)*7173 ut wesq jo -wow 3u0ddns)
L i { [ i /] [ | i 1 | | [l 1 i 1 | | | 1 ] | [l [
L} 1§ i L] ! i L} 1 T L] T 1 L) I I ] T T ¥ I T ] ]
loo-LioL-1 |00 c_oo ¢loi-z]oo-o] o-t]oo-t]oo" o_om F_ 4 __co o_om ¢lo6-2]0o0-oloL"s|oscloo-0lo1-s|os" m_ -- ] -3)-1°9 uL wesq jo ‘wow juoddns]
- —t—— F——t+— —t— bt —t— — |
los-L{06°L |02 _o_ m_o¢ gloz: m_om F_on tioz” N_om o6 __om zlos"1|og-2]0v-zlos ¢l 0s | 02"9]0s €| 05" q_ -  (uw1)"1°9 ui weaq jo -wow uedspiu|
-+t —t— —+— —i1 |
fi-si|9-91ls 61}09-5|08"s|oi 9los 8log 65" o__oo w_cp o_oo o_o stlzeoils zL]os-9lo9 9|06 9l8 95l 95| -- | (uu)A34035 Y3,4 jo *dsiq)
1 4 —t— —t—t—t—+ R —t |
lso-0|60°0]60°0}50°0{s0 o_mo.o_no.o_oo.o_o_.o_wo.o_mc.o_oo.o_oo.o_oo.c_o,.o_mo.o_mo.o_mo.o_mw.o_mN.o_ -- poisad apow y3,4|
L 1 1 [ 1l 1 | l [ 1 i 1 1 1 - _ i [ i | 1 —
1 | i L 1 _ L} T 1 N 1 I L} j i 1 ] T I L]

lzi-olzi-oigi-ol9o-0l90%0l20 0l 1t 0l1i-0lziL-olot-oltL-olLL-olsL-0|cL 0lgL" o_uo o_no ol20°olss 0loy- o_ -1 pottad apouw pu,g|
[l ] ! [ i 1 L | i i ] | '} l | i ! | [] ] '} —
L} T 1 L) 1 T ] I 1 X 1 1 ) i i 1 1 | ] ] u ]

Ivz-0lsz-0izz 0l1i-0ltL-0l21-0l6L-0loz-0l1z-0l6L-0l6L"0]02"0ls2 0] £z 0{ %2 0l5L 0| €1 0| €L "0l8S 0l 527 0] -- | potJsad spow pu,z|
L 1 1 - i | 1 { i 1 [ l 1 ] { 1 Il 1 [ l | [ [
) 1 1 1 T ) I 1 1 j 1 1 T [ | 1 1 ) j lj i [
|ss- o_No o_mo F_m¢ olev-0lvv-0l09-0/29-0l29-0]09 6|19 0]%9-clos 0| 16-0]96 005y 0[9v 0l 2% 0loz L sv 2| -- | poiJad spow 3s, 1|
i ——t—t— —— e e e mm — —
_.c_z_.o;x_.m_ |-utn|-owx| 61yl -uin]|-ouxf-6ra]-utn| oux|-6raf-utn|-oux| -Bryf-uin|-oyx|-6ru}-utn|-oyx| 613] |
L 1 1 [ [l L 1 I} 1 1 I ' 1 1 1 [ | ] i 1 | I | _
1 ] ] L] | ] 1] 1

| 93 I <3 I 73 I £3 | @ | (paveuq) 13 f(pasesqun) 13 | I
L I} Il [l 'l Il 3 i ]

$UO1323Ul0d 36ULH pue ‘Lutfdoyy ‘pLBLY Y3Lm sojduexa 9 jo SiSAeue JLWRUAP pue 3L3B1S 40 SI|NSay-¢ aiqel



