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Flexural behavior of partially-restrained semirigid
steel connections
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Abstract. We analyzed the experimental and theoretical behavior of a particular type of steel joint designed to
connect beam to beam and able to transfer both shear forces and bending moments. This joint is characterized
by the use of steel plates and bolts enclosed in the width of the beams. The experimental investigation was
carried out characterizing the constituent materials and testing in flexure beams constituted by two portions of
beams connected in the middle with the joint proposed. Connections having different characteristics in terms
of thickness of plates, number and type of bolts were utilized. Flexure tests allow one to determine the load-
deflection curves of the beam tested and the moment-rotation diagrams of the connections, highlighting the
strength and the strain capacity of the joints. The proposed analytical model allows one to determine the
moment-rotation relationship of the connections, pointing out the influence of the principal geometrical and
mechanic characteristics of single constituents on the full properties of the joint.
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1. Introduction

In the design of steel structures, for accurate prediction of the global response and of the bearing
capacity of structures, knowledge of the behavior of the connection under both monotonic and cyclic
actions is required, especially if the structures have to be designed in seismic areas (Mazzolani anc
Piluso 1996, De Stefaret al 1994).

Taking into account the flexibility of the semirigid connections (Attiogbe and Morris 1991, Chisal
1999) a nonlinear behavior of the structures is expected even when members behave elastically. B
considering this effect it is possible to determine the influence of the joint characteristics on the
distribution of internal forces and on the stability of compressed members and on the lateral
displacements of structures loaded by vertical and lateral forces.

Knowledge of moment-rotation relationships of connections, generally utilized to characterize
structural behavior of joints, is very relevant for the study of the serviceability and ultimate state of the
structures. For service load conditions the effective compliance of the joints leads to lower stiffness of
the structures, associated with a decrease in the natural frequency of the structural system, generall
beneficial, but also to greater sensitivity to second-ordectsf In the ultimate state, partially or fully
restrained connections limit the rotational capacity and reduce the behavior factor of structures.
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Fig. 1 Dimensionless-¢ diagram according to EC3 for unbraced frames

It is interesting to observe that in the simple elastic analysis of sde®d, joints are assumed to be
nominally pinned or rigid, permitting a remarkable simplification in the design procedures of joints.
Numerous and well-known experimental (Astarethal 1991, Adanyet al 2001) and analytical
(Astanehet al 1993, Faellaet al 1997) investigations have shown that the majority of joint types are
semirigid and are characterized by non linear behavior even in service conditionstifivitss
between that of the case of a hinge and that of a rigid connection.

Several International codes (AISC 1994, LRDF 1994), allow one to consider tireeaoiehavior
of connections in the analysis of steel structures. Three types of connections are also considered define
as: - rigid connections maintaining the angle formed between members; - simple connections capable
of transfering only shear or axial forces; - semirigid connections also capable of transfering bending
moment, but allowing relative rotations between connected members.

The European Code for steel structures (Eurocodice 3 1994), considers semirigid connections in
design, and defines a nominally pinned connection as a connection having initial rotational §iffness
and plastic resistance moment lower than 0.25 of the rotational stiffness and of the plastic moment
Mpira Of the members connected, respectively.

EC3 also classifies connections as rigid or semirigid depending on the resistance and rotational
capacities according to the diagram in Fig. 1, distinguished for braced and unbraced frames. In this
diagram in the abscissa there is the dimentionless relative rotation of thegitEs,@)/(Lp"Mpi rd
and in the ordinate are the dimentionless morrTem/I/MpLRd, E being the modulus of elasticity of
steel L, andl, the length and the moment of inertia of the member connectegithadelative rotation
of the joint. This code does not prescribe a specific control of ductility for over-strong joints if the
plastic moment of the connection is higher than 20% of the plastic moment of the members connected.

Semirigid connections are easier to realize with respect to rigits jand also theyre more
commonly utilized in Europe where the trend is to use bolted connections for the assemblage of
members.

End plate connections and top and bottom end plates with double web plates or top and bottom one:
with double web angle connections are some of the most commigdidgdiconnections. The use of
these different systems of connection also depends on the strength and strain capacities required i
relation to the characteristics of the members connected.

It is also possible to fully weld a piece of beam to the column, translating the connection to the beam,
obtaining the advantage of reducing the hazard of failure on the fully restrained welded joint. Recent
observations from damage occurring in steel structures in destructive earthquakes (Tezrablay
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Fig. 2 Beam to beam connections

1995) have shown that very often joints fail in a brittle way on the welds.&dm to beam connection
shown in Fig. 2(a) partially solved this problem, because it transfers the connection into the beam, but
the joint has dimensions higher than the height of the beams. A good alternative to this connecting
system is that shown in Fig. 2(b) recently designed by the authors (Carapalr2001). It consists in

a beam to beam connection characterized by the use of vertical and horizontal flanges welded to the
beam and bolted together and having all components enclosed in the height of the beam. With the righ
number and type of bolts and thickness of flanges it is possible to obtain a fully restrained joint,
ensuring at the same time high rotational capacity andimiigdl stiffness. This kind of joint also offers

the advantage of constituting provisional support for #enbbefore final connection with bolts.

2. Aim of the research

The aim of the experimental research was the study of a particular type of steel joint for beam to bearnr
connection and it is an alternative to the top and bottom connection with double web flanges. This joint
is characterized by high strength and rotational capacity and by the presence of components (bolts an
flanges) enclosed in the height of the member.

The study lies in the field of semirigid connections and it was organized in the following steps:

- experimental investigation on real scale beams connected with the joints mentioned before,

considering different design parameters;

- mechanical interpretation of the flexural behavior of jthiets and identification of fundamental

parameters (number and type of bolts, thickness of flanges, etc.);
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- analytical formulation of moment-rotation relationship based on initial stiffness, yielding and
ultimate moment;
- comparison between analytical end experimental results and validation of results.

3. Experimental investigation

The experimental research was carried out on fourteen real scale beams of type HEA 140 connecte
in the middle with a joint constituted by vertical and horizontal steel flanges welded tatins bnd
connected together with horizontal and vertical bolts, as shown in Fig. 3.

The profile HEA140 had the following geometrical characteristics: Are®14 cnf, moment of
inertia |, = 1033 c, heighth =133 mm, basé = 140 mm, web thickness 5.5 mm and flange thickness
8.5 mm.

3.1. Specimen characteristics

Three type of joints, shown in Fig. 4, different for type and number of bolts and for thickness of
flanges, were analyzed. The geometrical characteristics and details of compalimssdsané given in
Table 1. All connections were characterized by the use of vertical flanges having thickaesisto 8
and 15 mm respectively and horizontal flanges having thickness 8 mm. Two couples of horizontal bolts
and vertical bolts (placed on the middle of the height of the beams) were utilized. The number of
vertical bolts (type 8.8) was between two and four for each side. Two bolts vizeselunh joint type A,
three in joint type B and four in joint type C. The geometrical details and design rules (distance between
single bolt, between bolt and free end of the flanges etc.) were in accordance with Eurocode 3.

The bolts had nominal diameter 18 mm, length 45 mm and grade 8.8 and 10.9, in accordance with
EC3. Direct tensile tests carried out on steel specimens having 8 mm thickness gave yielding stres:
fy = 288 MPa ultimate streds=451 MPa and maximum strain at failugg= 32%. According to the
Eurocode 3 classification, the steel is type E275.

Direct tensile tests carried out on single bolts only of type 8.8 and 10.9 gave respectively yielding
stresdy, = 660, and 920 MPa and ultimate strenfggl+ 840, 1040 MPa, with strain at ruptugg equal
to 3% approximately. These values are in agreement with those givenliterttare (Bernuzzet al.

1991, Wheeleert al 1998). Although the bolts have high strength and according to EC3 they can be
utilized as friction type, they were installéightening the bolts by hand and than, only the bearing
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Fig. 4 Types of beams tested
Table 1 Geometrical characteristics of specimen
Tvoe Thickness of vertical N° horizontal N° vertical Grade of horizontal
yp flanges (mm) bolts bolts bolts
Al 8 4 / /
A2 8 4 4 10.9
Al12 15 4 4 8.8
A13 15 4 4 10.9
B1 8 4 6 8.8
C1 8 4 8 8.8

action is considered.
All welds were executed with materials having the same characteristics as the flange materials and nc
defects were observed after welding. In any case no ruptures were observed in welding during the tests

3.2. Test set-up

Tests were carried out on simply supported beams loaded in four-point bending tests, two loads beinc
applied which induced a constant moment without shear in the central part eatheHig. 5 shows
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Fig. 5 Test set-up

the test set-up utilized to perform tests.

A stiff steel frame was utilized to load beams in flexure. Loads were applied locally at two points
distant 300 mm by means of steel cylinders having 50 mm diameter and interposed between the bean
tested and a rigid beam chosen to transfer the load from the load cell to the beam. The load was applie
through a hydraulic jack having 400 kN bearing capacity and was recorded by means of a load cell with
digital recording.

Beams were strengthened locally in the sections near the cylindrical supports by means of steel wel
stiffeners to prevent local buckling.

Deformations were recorded by using electronic transducers placed on the beams as shown in Fig. €
Five transducers were placed with a vertical axis to record deflections of the beams, and displacement
in loaded and supported sections. Two further transducers were placed with a horizontal axis in the
middle part of the beam and near to the connection to record deformation at the top and bottom of the
beam.

Unfortunately no strain gauges were placed on the steel plates and for this reason no accurats
measurement of yielding stresses was possible. Fig. 7 shows a detail of the joints with transducers placed fi
recording of displacements. From the same figure there emerges the position of the horizontal anc
vertical bolts.

Although the primary objective of the paper is to investigate the flexural behavior of the proposed
connection, and with the chosen test set-up in the central part of the beam there is not shear, it is ver
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Fig. 6 Test set-up for deformation recording

important to estimate the shear resistance of the connection if it has to be utilized in locations where
shear is high.

It is interesting to observe that in the presence of a shear a¢tibacause of the particular
arrangements of the connection, only half part of each beam web connected can support the shear forc
consequently, depending on the geometrical charsitserof the lbam (thickness and height of the
beam), on the load condition and on the span of the beam, shear failure can be achieved. This kind c
failure can be avoided adopting adequate web thickness of the beam or if the beam has an adequa
length. For example, if a beam of lendtls connected with the proposed joint at distance h from the
end portion and is loaded in the mid-point through a vertical Ratdis possible to determine the
critical lengthL.. This length is obtained by posing that the load producing shear failure in the web of
the beam is equal to the load producing flexural failure of the flanges. In the particular case above
mentioned id.. = 8[3Z(h tw), Z being the plastic modulus of the section gnithe web thickness. For
effective length of the beam lower thapshear failure is expected, but adopting an effective length
higher or an adequate web thickness shear failure can be avoided.

Fig. 7 Particular of joint with transducers
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Fig. 8 Load-deflecion curves of tested beams

4. Experimental results

Fig. 8 shows the load-deflectioR-@) curves for the different specimens tested. The loads, as already
mentioned in the previous section, were recorded by means of a load cell, while displacements were
recorded by means of transducers, purged of extraneous deformations. The same figure shows the loa
deflection curves of the beam without connections.

The trend of the curves shows that all beams initially behave elastically, and then inelastic deformations
occur until the yielding occurs. After this load, the stiffness of #aarbdecreases drastically and strain-
hardening behavior is observed up to the rupture of some components (bolts of flanges) and also prying
action on the bolts was observed. After this stage a dramatic loss of bearing capacity is observed. Nc
further information about the softening response of the joints could be obtained because load control
tests were performed.

From the shape of the curves it emerges that connections of types Al, A2, B1 and C1 have almost th
same flexural strength anditial tangent stiffness. Ultimate moment of the connection is almost equal
to 60% of the ultimate moment of the beam and the moment-rotation relationship is deeply nonlinear
before the maximum strength is reached.

It was also observed that connection behavior is slightly influenced by the number of vertical bolts
placed on horizontal flanges and the strength depends essentially on the characteristics of the bottor
vertical flanges (for positive moment) and of the corresponding bolts. In any case the connection behaves i
a ductile manner.

In joints of type Al failure is governed by complete plasticization of vertical flanges until the maximum
strain capacity of materials is reached, as shown in Fig. 9(a). Instead in the case of connections of type
B1 failure is governed by horizontal bolt rupture, and also yielding of vertical flanges was observed, as
shown in Fig. 9(b).

Better behavior was observed in connections of type A12 and Al3, in which, due to the higher
thickness of the vertical flanges (15 mm instead of 8 m), and due to the higher number of horizontal
bolts, the ultimate moment valuese close to those of the beam, and punching shear failure was
observed also in combination with yielding in flexure of flanges.

In joints of type A13 a higher initial stiffness was observed because of the type and number of
horizontal bolts utilized, reducing slippage of flanges in contact.
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Fig. 10 Moment-rotation diagrams for joints tested

Fig. 10 shows the moment-rotatidvig) diagrams of the connections examined, together with those
of the beam, showing the very high resistance of connections and the very high rotational capacity
ensuring rotational ductility of the beam.dach diagram the moment was obtaineMlaPxa, a being
the shear span. The rotatignwas calculated as the ratio between the difference between the two
readings of horizontal transducers placed at the top and the bottom of the connection and the vertica
distance between these transducers.

Table 2 gives the following mechanical characteristics for the different types of connections examined and
for the beam: - ultimate lode|, and corresponding momewt, and relative displacements and rotations
A, @, - yielding loadP, and corresponding momeMy, and relative displacements and rotatidpspy ;
- initial stiffness of kamR,; and of connectionBy,, It is interesting to observe that while the yielding
moment or yielding load are easily identified for a beam without connections, instead in the case of
beams with connections this was not immediately, and conventional values must be adopte@t(Adany
al. 2001).
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Table 2 Experimental test results

G. Campione and N. Scibilia

Beam Connection
ype P, Rq P, a M @ M, @ Ran
(KN) (mm)  (kKN/m) (KN) (mm)  (kNm) (rad) (kNm)  (rad) (kKNm/rad)
Beam 280 7.66 40.00 310 30.00 49.00 0.015 55.00 0.080 3619
Al 100 5.12 23.48 200 52.00 22.00 0.012 35.00 0.105 2141
A2 105 4.79 24.55 205 50.00 23.11 0.012 35.87 0.100 2230
Al12 140 7.52 25.79 240 40.00 36.75 0.020 43.90 0.082 2450
A13 150 6.21 29.82 300 38.00 46.37 0.028 52.68 0.078 2456
B1 106 5.08 21.19 220 34.00 23.11 0.010 38.50 0.100 2295
C1 135 6.88 25.68 230 33.00 27.12 0.017 36.40 0.090 2396

5. Analytical model and comparison with experimental results

In the present section a simplified analytical model able to predict the complete moment-rotation
relationship of the connections examined is proposed. The connection, according to the load schem:
chosen, is loaded in flexure. Horizontal and vertical bolts are loaded in tension and in shear, and stee
flanges are subjected to flexure and shear actions in the presence of an axial load. Local effects like

prying action occurred during the tests and was observed that it reduces the beariity afaihec

bolts; to taking into account this effect in the analytical model the yielding and the ultimate stresses of

the bolts were reduced (40%).
Under these actions, connections deform, taking on a configuration like that shown in Fig. 11.

A simplified physical model adopted, validated by experimental observations, is shown in Fig. 12. It
is constituted by a rigid frame able to rotate across a fixed point (point O), concentrating elastic and
plastic deformations in equivalent springs, placed at point A, C and E and simulating the behavior in

series of bolts in tension and of flanges in flexure.

5.1. Initial stiffness of connection and moment-rotation relationship

With reference to the scheme in Fig. 12, having one degree of freedom represented by the rigid

rotation ¢, the initial stiffness of the connection is evaluated. The scheme consists in twoangés f

Fig. 11 Effect of bending moment on the joint
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Fig. 12 Mechanical model for analysis of the joint

simply pinned, each consisting of three pieces (two vertical and one horizontal) havind/2 rmaitic

respectively. These frames are connected at points A, C and E through elasto-plastic springs simulatin
the behavior of bolts in tension and in shear and the flexural behavior of flanges, placed together in
series. Axial and shear deformations on plates were neglected and small deformations were considere

Preliminarily details of the kinematic model are given, while in the following sections the spring
charactesticsare given.

For each value of the angjgt is possible to establish the relationship between this parapetet
the displacement of the point on the rigid frame considered as follows:

Oax = W/ 4X @ Ocx=h/2%@; Ocy=C/2% @ Ogx=3/4hx @ dy=CxQ 1)
The reactive forces in the springs are:
Fix = Kix X Ox 2)
Fiy = Kiy X &y (3)
kix kiy (I=A, C, E ) being the stiffness of equivalent springs.

To determine the moment-rotation diagrams of connections it is possible to utilize the following
rotational equilibrium equation and feach¢g value to determine the corresponding moniént
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MzFAxxh/4+FCxXh/Z+FcyxC/2+FExx3/4h+FEyXC (4)

By substituting Eq. (1) in Eg. (2) and Eq. (3) and then in Eq. (4), in whistset equal to one, it is
possible to obtain the initial stiffness of the connection.

5.2. Behavior of single components

5.2.1. Bolt characterization

To characterize mechanically the behavior of horizontal bolts an equivalent elasto-plastic spring
with strain hardening was considered. The spring behaves elastically with initial stkfpes#il
the forces, is reached. Then there is a linear behavior with reduced stiffness until to the ultimate
forcesFy,and ultimate elongation corresponding to the maximum strain in the bolts are reached. The
initial stiffnessky , is defined afyxAy/ly,, Ey being the initial modulus of the bolt8, the gross
section of the bolts and the effective length of the bolts (including the thickness of the flanges and
half the thickness of the nuts).

The forceF, is 0.6f,, Ay,n and the ultimate forck, is 0.6f,, A, n, Asnbeing the net area of the cross
section of the bolts and 0.6 a reduction coefficient to take into account the prying effects. The ultimate
elongation of each bolt i§,,= & p.

Analogously to characterize the behavior of bolts in shear an elasti @paring is adopted having
initial stiffness for vertical and horizontal bolts respectively:

_ G, _GM
GerT o Ty ©

G being the shear modulus of elasticity,the shear factaequal to 1.175 for a circular cross-section.
Regarding the strength problem of vertical bolts it is observed thattkesubjected to combined

actions of axial and shear forces, but axial forces are very reduced because dfitimegbdise bolts in

the joints. For this reason it is reasonable not to consider interaction phenomena between shear an

axial forces and the maximum shear force is adopted eqéakie, 7,= 0.6f,, being in the case of

yielding and 0.6, in the case of ultimate state.

5.2.2. Flange characterization

The plate elements considered in the analytical model are the eight vertical flanges (four for each side
of the connection, two of them on the upper side and two on the lower side) across the points A and E
and the four horizontal ones across the point C. All panels were loaded in a very small area
corresponding to the area of bolts in contact with the flange. The boundaityorenof therectangular
panels were those of plates fixed on three sides and free on the latter. To characterize the behavior of t
plates an equivalent grid, consisting in two mutually orthogonal beams, was considered. The beams ha
the same boundary caitidns as the plates and lenditf2 andc respectively for vertical and horizontal
flanges. The width of the equivalent beams was assumed to be, in accordance with EC3, conservativi
values of 15 in vertical flanges and of 15 in horizontal flangest, or t; being the thickness of the
beams, as shown in Fig. 13 and Fig. 14.

Applying a unit force in the common joint of the grid of tlemms it is possible to obtain the initial
stiffness of the flanges:
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The first yielding load and the corresponding displacement can be obtained by analyzing the
equivalent grid and by imposing the condition that in the most stressed sectionedrtiéhk yielding
moment is reached. For vertical flanges we have:

M, Oh/2)*> 8IM,
va = Y b3 + h/Zy (8)

_ M, Oh/2)* (1 -0
5vy - 3 (9)

2[E
Analogously for horizontal flanges:
M I 2 n

Ppy = —~ c +8D\/Iy (20)

b* c
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My being the first yielding moment of the cross section of the beam on the hdW atét of the
gross section, having the following expressions in the case of vertical flanges:

2
oot ) w_ D3
My = 6[(15[t—d) 0, M, _ED [, (12)
For horizontal flanges some expressions of Eq. (12) are utilized buttusirsgead ot.
Adopting a step by step analysis and supposing materials having elasto-plastic behavior the following
ultimate load and corresponding displacements are obtained:

- for vertical flanges

I+M n ZIN n
P = BEMU h 4 b . (23)
_ Pw Och? =0
5"”_[]4 Dﬁ—MuDE%D]I-E? (24)

- for horizontal flanges

I+MH MII
Phy = A MS M (15)

C C
_ Pev g O E AL=0
& = A2 M”DD%DlE_nf (16)
My andMy being:
2
M, = tZE(15Et—d) 0, M/ = %n"* O, (17)

If punching shear failure occurs before yielding of flanges in flexure, the maximum yielding force in
spring is assumed, according to EC3, equal to:

Pyo= 0.6x mrxd; xt xf; d,=1.5xd (18)

For horizontal flanges same expressions of Eq. (18) are utilized, buttusistead oft.
The initial stiffness, being,, the number of horizontal bolts ang, the number of vertical bolts of
the connection is obtained by using Eq. (10), setfirdl, proves to be:

_ 542 1
k'_16Eh D 1 N 1
A, [E
bo——" - 1+64E%§
" 45 05—
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5.3. Yielding and ultimate moment of the connection

To evaluate the yielding moment of connections it is possible to utilize Eg. (4) iteratively increasing
the ¢ values until the first component yields (bolts and flanges acting in the same position are
considered in series).

To evaluate the ultimate moment of connections the same procedure as used to calculate the yieldin
moment can be utilized, but considering the effective stress values in equivalent springs.

As already mentioned, all equivalent springs considered in the present model represent the effect o
bolts and flanges ated in series and they are characterized by a tri-linear model in which each branch
is characterized by different slopes (stiffness). The initial skppeas the ratio betwed?, and §, and
the slope of the second branch was characterized by a reduced stiffness havikgdefined by the
ratio between the differenc®Py) divided by §,-4), and finally the last branch that was assumed
practically horizontal (very small slopel/1000k; to perform stable analyses).

Table 3 gives for all cases examined a comparison between experimental values and analytical value
obtained with the proposed model, showing good agreement.

Finally, Fig. 15 shows a comparison between complete experimental and analytical results, for
some cases representative, showing the good agreement and the capacity of the model to identif
and calibrate the different contributions of components in terms of both strength and strain
capacity.

6. Conclusions

A theoretical and experimental investigation regarding the behavior of a particular type of partially
restrained semirigid connection is presented. The joint analyzed is able to connect beam to beam and |
characterized by the use of flanges and bolts enclosed inidtte @f the beams and alsoferfs the
advantage of constituting a simple support for the beams before bolt connection.

The experimental investigation was carried out varying the type and number of bolts and the
thickness of flanges and shows that this kind of joint allows one to obtain good performance in terms of
both strength and ductility.

The analytical model proposed allows one to predict the moment-rotation relationship based on the
initial stiffness of the connection, the yielding and ultimate moments and the corresponding
deformation values. It also allows one to identify and calibrate design parameters of connections and
fits very well with experimental results.

Finally, although the primary objective of the paper was to investigate the flexural behavior of the
proposed connection, it is very important to consider also the shear resistance of the connection if it ha:
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Table 3 Comparison between analytical and experimental results

Experimental Analytical
Type M, @ M, M, @ M,
(KNm) (rad) (KNm) (KNm) (rad) (KNm)
Beam 49.00 0.0150 55.00 44.46 0.0200 54.67
Al 22.00 0.0120 35.00 18.70 0.0160 35.04
A2 23.11 0.0128 35.87 19.38 0.0155 36.30
Al12 36.75 0.0120 43.90 34.63 0.0085 46.88
A13 46.37 0.0128 52.68 45.30 0.0090 52.61
B1 23.11 0.0130 38.50 19.18 0.0150 40.38
C1 27.12 0.0170 36.40 19.39 0.0155 40.33
60

Experimental
Analytical —— A13

M (kNm)
W
o
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Fig. 15 Comparison between analytical and experimental results

to be utilized in locations where shear is very high, avoiding shear failure for example adopting
adequate web thickness of the beam.
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Notation

Q : relative rotation of connection

E : modulus of elasticity of steel

Ly . length of the beam

Iy : moment of inertia of beam

Mgird . plastic design moment of the beam
J : moment of inertia of beam tested
A . area of the transverse cross-section
h . height of beam

fy : yielding stress of steel

f, : ultimate strength of steel

&, : ultimate strain of steel

fo : yielding stress of bolt

fub : ultimate stress of bolt

&b : ultimate strain of bolt

Py : yielding load of beam

P, : ultimate load of beam

M, : yielding moment of connection

M, : ultimate moment of connection

oy . displacement at yielding of beam

o} . displacement at ultimate load of beam
@ : rotation at yielding of connection

Ry : initial stiffness of connection

C . longitudinal dimension of connection
K, : initial stiffness of bolt

E, : modulus of elasticity of bolt

A, : gross area of bolt

Ly . effective length of bolt

Apn : net area of bolt

G : shear modulus of bolt

: shear factor of transverse cross-section of bolt

=
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: number of vertical bolts

: number of horizontal bolts

: Poisson coefficient of steel

: thickness of vertical flanges

: thickness of horizontal flanges
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