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AN ABSTRACT OF THE THESIS OF

Sana Najib El Kalash for Master of Engineering
Major: Civil and Environmental Engineering

Title: Mechanical Modeling of Steel Top and Seat Angle Connections Subjected to Fire
Loading

The finite element (FE) simulations and the experimental results are used to
develop a mechanical model to predict the axial forces and rotations of top and seat angle
connections with and without web angles subjected to elevated temperatures. The model
incorporates the overall connection and coldmam rotation of key component elements,
and includes nonlinear behavior of bolts and base materials at elevated terapenadu
some major geometric parameters that impact the behavior of such connections when
exposed to fire. This includes load ratio, beam length, angle thickness, and gap distance.

The mechanical model consists of mililtiear and nonlinear springs thaedict
each component stiffness, strength, and rotation. The beam stiffness is included in the
proposed model to predict bearolumn connection assembly rotation and thermal axial
forces and their effect on the connection response. The proposed madielated against
experimental results available in the literature and FE simulations developed as a part of
this study.

The proposed model provides important insights inteifideiced axial forces and

rotations and their implications on the design e&kbolted top and seat angle connections
with and without web angles.
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CHAPTER |

INTRODUCTION

Beam end framing steel connections are crigbaments that transfer the floor
load to columns or girders. Current design procedures account only for gravity loads on
such connections. However, during a fire, large axial forces can be generated in steel beams
and beam end connections [1]. At elevatdperatures, beams undergo restrained
expansions creating compressive axial forces in the connection. Near the end of the heating
phase of a fire, these axial forces become tensile and the beam sags. During the cooling
phase, the tensile axial forces iease as the beam contracts. Furthermore, large rotational
deformations develop in the connection due to thermal demands [2]. These large thermally
induced axial forces, deformations, and rotations demands may result in failure of the

connection during orfter fire.

Steel connections are classified in three groups: rigid, partially restrained and
pinned connections depending on their stiffness [3]. Top and seat angle connections were
initially designed as pinned connections. Later on, their capabilitysist raoment allowed
to design them also as partially restrained connections that restrain moment but allow some
rotation [4]. As previously discussed, top and seat angle connections are designed to resist
only gravity loads at ambient temperature; howetrer flexural resistance of such

connections cannot be ignored especially when subjected to fire [5].



Very few experimental studies were conducted to analyze the behavior of isolated
and composite top and seat angle connections subjected to fire. THenpuwsant ones
include the experiments conducted®sediand Yahyai [6] and Yuan et al. [7]. The effect
of concrete slab on the behavior of such connections under fire was investigated by Yuan et
al. [7]. It was concluded that the additional strengthsifthess provided by composite
beamslab significantly improves the behavior of beaalumn connections subjected to
fire loading. AlsoSaediand Yahyai [6] performed twelve experimental tests on top and
seat angles with and without web angles subjettedevated temperatures. It was
concluded that the angle thickness, the bolt strength and the applied moment and forces are
the main factors affecting the resistance of such connections. Furthermore, this study
showed that tension bolt failure occurrdg depriving the use of full capacity of the
remaining connection components. AlSaediand Yahyai [8] developed a series of FE
models to reproduce the experimental temperatagion and momesitation response
and failure modes. The failure modesrestension bolt yielding and fracture of top angle.
A mechanical model was developed and validated against four of the specimens of this
experiment [9]. The model predicted tleperaturgotation andnomentrotation
response of isolated top and seatl@mgnnectons with and without web angleslso,
Pirmoz at al. [5] developed a mechanical model that predicts the behavior of such
connections; however, the model was limited in predicting the stiffness of the top angle and
tension bolts without includintipe stiffness contributions of other components such as
column flange, column web, shear bolts and web angles. Reinosa et ptod®ed an
analytical approacfbased on the-§tub analogyto predict the rotational stiffness of top

and seat angle coaations with double web angles. Also, Yuan et al. [7] and Yang et al.



[11] proposed mechanical models to predict the mosraation response of top and seat
angle connections with and without web angtespectivelyThe resistance of any
connection cale determined by assembling the resistance of its different components as
per Eurocode3 [3Previousstudies were conducted to quantify the stiffness of different
components o$teel beantolumn connection, 12, 13, 14, 15 and 168However, failure
modes, forces, and deformations demands are still not well understoodeXismg
mechanical models digotinclude the effect of the beam on the connection response at
elevated temperatures and did pagdict the thermal axial forces and rotations ef th

beamcolumn connection assembly.

The goal of this paper is to develop a mechanical model that predicts the
temperaturgotation and axial forceemperature of steel top and seat angle connections
subjected to elevated temperatures. To achievethEose, FE models of top and seat
angle connections at elevated temperatures are developed to reproduce the temperature
rotation and failure modes of experimental work available in the literature [6]. Furthermore,
FE models of a connection assembly dse developed and used to conduct a parametric
study to identify the key geometric parameters that affect the behavior of bolted top and
seat angle connections during the heating and cooling stages of a fire. This includes load
ratio, beam length, teped angle thickness, and gap distance. Bhisly aims aproviding
a set of data to develop a mechanical model to account for the themmoalbgd axial
forcesand deformationsen these connections when exposed to fire. The proposed model is
developed andalidated against the results of this parametric study and experimental results

available in the literature.



CHAPTER Il

FE MODEL OF ISOLATEDTOP AND SEAT ANGLE
CONNECTION

A. Development of the FE model

FE model is developed in ABAQUS to reproducettraperaturegotation
response of an experimental work for validation purposes [6]. Figures 1(a) and 1(b) show
the FE model of bolted top and seat angle connections with and without web angles,

respectively.

1. Geometry of connection components

The first sgcimen(denotedas Exp.) consistof top and seat anglé$x4x5/8 in.
(L150%100x15 mmas used in the experiment. The second spec{denmotedasExp.2
consists of top and seat angles<4x7/16 in. [100x100x10 mm The third and fourth
specimensExp.1-w and Exp.2w respectivelyare similar to the first and second
specimensavingdouble web angle2l.4x4x5/8 in. 2L100x100x15 mm The angles are
connected tW12x26 (PE30Q column and taV8x15 (PE220 beam with5/8 in. (L6 mm)
diameter bolts (M16) &l for both tension and shear bolts. Details of the connection

configuration can be found in the literature [6].
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Figure. 1. Connection details in FE model: (a) Top and seat angle with web angles, (b) Top

and seat angle without web angles



2. Geometric and force boundary conditions

All specimens are loaded in two steps. In the first step, tension and shear bolts are
subjected to a pretension force. The-fgnesioning is modeled by applying a pressure on the nuts
of the bolts equivalent to the minimum required pretension force gkaifthe AISC
Specification [17]. In the second step, a concentrated load is applied at the tip of the beam. The
loading is applied as a pressure on the beam at a distan@ef(200 cmpaway from the
connection in accordance with the experiment [6]

Boundary conditions are applied on the system throughout the analysis as shown in

Figs. 1(a) and 1(b). During all steps of the analysis, the beam is restrained from moving in the
horizontal direction to prevent lateral torsional buckling. All nodéseatolumn bottom flange
are assumed to be restrained against any translation and rotation and all nodes at the column top
flange are free to move reflecting the experimental test set up [6, 8]. Note that, half the
connection was modeled and symmetry ajaglied all along the length of the column to model

the symmetry of the connection as shown in Figs. 1(a) and 1(b).

3. Material Properties

An idealized bilinear model issed for all steel material§he mechanical properties of
the beam, angles and cola at ambient temperature used in the FE model are: the yield stress
Fy = 34 ksi (235 MPa), and the ultimate stress#61 ksi (420 MPa All bolts have a yield
stress [Fof 107 ksi (740 MPpand an ultimate stresg 6f 125 ksi (866 MPa The mechanida
properties of all structural material at elevated temperatures can be calculated using the retention
factors proposed by Eurocode®]1INote that the mechanical properties of all materials are in

confamity with those specified in |5



4. Model discretzation

Discretization of all the components of the connection model in ABAQUS is performed
using C3D8R (eightnode brick elements with reduced integration). The element type used in
the simulations is chosen to accurately model the real behavior ofrtheatimn with reasonable
accuracy and preventing shear locking problems. The mesh configuration is shown in Fig. 1. As
noticed, at regions where failure is expected to occur (at the proximity of the connection), and at
regions where stress is likely to aamtrate (around bolt holes and at the point of application of
the load) a finer mesh and a mapped mesh are adopted respectively in order to advance the
accuracy of interpolations.

Surfaceto-surface contact with a finite sliding coefficient is used to reproduce contact
surfaces between the bolt shank, the angles, the beam and the column. This finite sliding is used
to represent a friction coefficient of 0.25 as faedi and YahydB8]. The finite sliding allows

separation, sliding, and rotation of the contact surfaces.

5. Analysis procedure

In order to predict the strength and behavior of top and seat angle connections with and
without web angles exposed to fire, a transient teatpes analysis is assumed in all ABAQUS
models of the connection in compliance with the experiment [6]. The connection models are
subjected to a concentrated gravity load applied at the tip of the beam. While keeping this load
constant, the connection, asll as part of the column and beam at the proximity of the
connection, is heated up until failure. Note that since material fracture is not considered in the
analysis of the connection, padtimate response cannot be obtained. The objective is to

identify the limit states in the loaded connection under fire loading.



B. Comparison of FE predictions with experiments

The capability of the ABAQUS model to predict the strength of top and seat angle with
and without web angles under fire loading is validatgdinst full scale tests [6]. Plots of
temperature versus rotation of connection for both experimental and ABAQUS models are
shown in Fig. 2. It can be seen that in all four specimens, the FE results are in good agreement
with the experimental results. TR& models predict well the connection rotation at yield and
plastic states, the connection behavior and failure modes. Both FE and experimental results show
that for the same angle size, adding web angles will sligletlyy failure of the connectias
shown in Fig. 2. h both FE and experimental specimens, failure is governed by tension bolt
failure (Exp.1 and Exp-Av) and top angle leg failure (Exp.2 and ExmR Also, FE and
experimental results show that using thinner angles reduces the capauogygonhection and
the governing failure mods top angle leg failure as shown in Figagand 3(b)The FE models
of top and seat angle connections with and without web angles have been proven to be accurate
in predicting the strength, failure mode, anthtion of such connections in fire. Thus, FE

models can be used for developing the parametric study.
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CHAPTER Il

TOP AND SEAT ANGLE C®ONNECTION ASSEMBLY:
EVALUATIONS OF DEMAND

Top and seat angle connections are usually designed to resist gravity loading only at
ambient temperature. When exposed to fire, demands a@omnhection increase because large
axial forces develop in the beam and connection. Therefore, FE models of top and seat angle
connection assemblies are developed in ABAQUS and used to conduct parametric studies on the
behavior of beanto-column top and s# angle connections subjected to fire. The main objective
of these studies is to gain additional understanding of the key parameters that influence the
performance of top and seat angles exposed fire. FE analysis is used since it is costly, time
consumingand ineffective to perform experimental parametric studies. Note that the study has
three main limitations: the connection performance after first fracture is not considered, the
composite concrete floor system is not included in the models, and naeffiestps included in

the analysis.

A. Description of the connection assembly model

A typical beamto-column connection is designed to conduct the parametric study in
conformity with the procedure propakby Schippersl9]. A W16x36is connected ta 10 ft.
(3.05 m) long W14x9@olumn using bolted top and seat asgle shown in Fig. 4. Material
properties of all steel components of the connection at ambient temperature used in the
ABAQUS models are similar to the emused by Hu and Engelhardt][2®a previous study on

shear tab connections. The structural bolts used in the FE model are ASTM A490. For elevated

11



temperature material, the retention factors proposed by Eurocode3 [18] are used to define the
material properties of these bolts. As foe steel material of all other components of the top and
seat angle connection, the retentioctdas proposed by Lee et al. [Zre used to define the
elevated temperature material properties of this base material. The column is assumed to be
pinned at bth the top and bottom ends. The connection is designed to sustain a gravity load that
produces a moment equal to the plastic moment capacity of the beam. While keeping the load
constant, a temperature gradient is applied to the connection making thesatmahsient. The
beam, the top and seat angle, the web angles if present, and part of the column which is in
contact with the connection were heated. The remaining part of the column is assumed to be
insulated. The temperature is assumed to increaseliinegith time and to be uniformly

distributed in the dated parts of the structure [2Zhe temperature is increased to 650 °C and
then cooled down to 20 °C. Due to perfect symmetry of connection assembly, symmetry is

applied to the beam flange and waghmid span section.

12
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B. Effect of key parameters and connection details

Several key parameters including load ratio, beam letayilgnd seat angtaickness,

and gap distancareexaminedAll casesanalyzed irthis parametric study are listed in Table 1.

Table 1. Parametric study casesing FE modeling

Case igggrr: Siiﬁ:)nn Beazpt.l)ength Load ratio thic?r?egslz (in.) disGt:2ce Web angles
1 30 0.25M, 7/8 0.50 No
2 30 0.25M, 7I8 0.50 Yes
3 30 0.50M, 7/8 0.50 No
4 30 0.50M, 7/8 0.50 Yes
5 30 1.00M, 7/8 0.50 No
6 30 1.00M, 7/8 0.50 Yes
7 20 0.33M, 7I8 0.50 No
8 20 0.33M, 7/8 0.50 Yes
9 M 30 0.33M, 7/8 0.50 No
10 30 0.33M, 7/8 0.50 Yes
11 40 0.33M, 7/8 0.50 No
12 40 0.33M, 7/8 0.50 Yes
13 30 0.50M, 1 0.50 No
14 30 0.50M, 1 0.50 Yes
15 30 0.50M, 7I8 1.00 No
16 30 0.50M, 718 1.00 Yes

1. Load ratio

The load ratio is the maximum moment developed at the b@drapan divided by the
nominal plastic moment capacof the beam sectioor the load ratio parameter, the length of
the beam was taken to be 30 ft. (9.15 Tinree load ratioareanalyzed: 0.25, 0.50, and 1.00.
Figure5(a) shows thatvhen the load t# is increasedthe maximum compressiaxial forceon
the connection is reducetihe keamstarts yieldingand cannot develop additional therigal
induced compressivaxial forces. For théhree load ratiodailure of shear boltandicated by
von Misesstress distributiompccurredaround570°C. Figure5(b) showshat as the load ratio

increases, the beam rotation increases. This is due to the plastic hirgjarthdé¢velopingn

14



the beamFor the same load ratio, adding web angles slightly increhas@saximum

compressive axial forcand he initial connection stiffneg§ig. 5(c)).
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Figure. 5. (a) Axial force for varying load ratio, (b) Connection Rotation for varying load ratio,
(c) Axial force comparisowith and without web angles (cates. case).

2. Beam length

Beam length effect on the connection behaid@nalyzed. Three typical bedengths
areselected for analysis: 20 ft (6.10 m), 30 ft (9.15 m), and 40 ft (12.20 m). In all cases, the load
is chosen to be 1/3 of the full begtastic moment capacitfzigure6(a) showghatthe

maximum axial compressive force thre connection folonger beamsccurs ata lower
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temperature. The maximum compressive axial force increases when the beam length increases
from 20ft to 30ff as the beam length is proportional to the axial fdsoedecreases when the

beam length increases to #0This is due to the fact thée column flange buckles and then

yields early in the heating stagden a 4Gt. beam is used=rom Fig.6(b), it is found that the

longest beam has the lowest rotational stiffness producing the highest connection rotation.
Addingdouble web angles @neases the maximuoompressivexial forceand initial

connection stiffnesg~ig. 6(c)).
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Figure. 6. (a) Axial force for varying beam length, (b) Connection Rotation for varyinmbea
length, (c) Axial force comparisomith and without web angles (case 7 vs. @&se
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3. Top and Seat Angle thickness

Angles thicknesses @78in. (22 mm)and1.0in. (25 mm) areconsideredo investigate
the effect of thenglethickness on the behavior thfe connection.A 30 ft (9.15m) beamis
used in the angsis with a load ratio of 0.50he beam axial force decreases as the angle
thickness increasdFig. 7(a)). The failure temperature increases from°&7t 600C as the
angle thickness increases. However, the connestifiness remains unchangéelg. 7b)). For
thesame angl¢hickness, adding web angliesreaseshe compressive axial for@ad initial

connectiorstiffness(Fig. 7(c)).
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Figure. 7. (a) Axial force for varying angle thickness, (b) Rotation for varying angle thickness,
(c) Axial force comparisowith and without web angles (case 13 vs. dabe
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4. Gap distance

Gap distance is defined dwetdistance betweamwmlumn and bearflanges When the
connection rotates significantly, the beam bottom flange mangdnto contact with the column
changing the response of the connection to Tiveo casesreconsidered1/2in. (12.25mm)
gap distancandl1.0 in. 25.4mm) gap distance. A 30 ft (86 m) beams used with a loadatio
of 0.50.Thecompressive axial force decreases as the gap distance in¢fégs8&)). The
moment applied at the face of the column is proportional to the gap distéredmttombeam
flange yields earliethusthe maximum compressive axial force decreabls.connection
rotationand failure temperature remain unchangden the gap increas@sig. §b)). Forthe
samegap distance, adding web angiesreaseshe conrection initial stiffness anthaximum

compressive axial forag-ig. &c)).
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Figure. 8. (a) Axial force for varying gap distance, (b) Rotation for varying gap distance, (c)
Axial force comparison with and without web anglease 15 vs. casé).

A summary of all FE results of this parametric study can be foumdbte 2 Thefailure
mode @ all casa studied is shown to be shear bolt faildrable 2 shows the temperature at
failure, maximum compressive axial force, maximum rotation, and the percentage difference
with respect to top and seat angle connection with web angles. As showndr? Takb angles
increase the maximum compressive axial force in cases 11, 13, and 15 and decrease the

maximum rotation in cases 13, and 15, and has no significant effect on the failure temperature.
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Table 2. FE results comparisaof top and seat angle connection with and without web angles

Temperature at failur@C) Maximum COZ'(?{;E;S sive axial forc Maximum rotation (mrad)
%
Case Failure % difference % difference difference
mode Temperature | (without vs. Axial force (without vs. Rotation (without
(°c) with web (kips) with web (mrad) vs. with
angle) angle) web
angle)
2 562 - 382.00 - 41.00 -
1 576 2.49% 366.00 -4.19% 45.00 9.76%
4 546 - 375.00 - 51.00 -
3 574 5.13% 341.00 20.92% 53.00 3.92%
6 537 - 282.00 - 76.00 -
5 557 3.72% 282.00 0.00% 83.00 9.21%
8 552 - 372.00 - 24.00 -
7 Top and 572 3.62% 336.00 -9.68% 24.00 0.00%
seat shear
10 bolt 577 - 382.00 - 47.00 -
9 583 1.04% 357.00 -6.54% 49.00 4.49%
12 556 - 384.00 - 63.00 -
11 586 5.40% 342.00 -10.94% 69.00 9.52%
14 547 - 378.00 - 49.00 -
13 596 8.96% 309.00 -18.25% 60.00 22.45%
16 542 - 375.00 - 49.00 -
15 581 7.20% 338.00 -10.95% 55.00 12.24%
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CHAPTER IV

MECHANICAL MODEL

A mechanical model is developed to predict the axial fteogperature and

rotation of top and seat angle connections with and without web angles at elevated temperatures.

The proposed model consists of mHliliear and nonlinear springs thatedict each
component stiffness, strength and rotation. The proposed model, unlike previous ones available
in literature [5,9] is able to predict both the elastic and plastic states of the connection including
all components contribution. Also, the proposeddel includes the effect of thermal axial
restraint forces in the connection response of typical steel frdimiesimportant to note that
prying effect on top and seat angles was not included in the formulation, and that the model is
applicable only foslender beam flanges adided in Selamet and Garlock [R3

The connection contribution includes column web and flange stiffnesses, top angle
horizontal and vertical legs stiffnesses, tension and shear bolts stiffnesses, and web angle
stiffness as showin Fig. 7(a). Each component of the connection is modeled using a spring

stiffness based on its behavioral characteristics.

A
v

1 2 3 4 7
/ﬂ% ]—«NW—«NW—«AAN—MM—WW—WH_MN\,_
[l°N 6

g|po

d 3 6
1po oL~ wa-
3 6
:
1- Column Web Stiffness 6- Shear Bolt Stiffness

7 9 K X i - Equi i
2- Column Flange Stiffness  7- Equivalent Angle and Bolts Stiffness

\/

3- Tension Bolt Stiffness 8- Web Angle Stiffness
4- Angle Flange Stiffness 9- Equivalent Web Angle and Bolts Stiffness
5- Angle Stem Stiffness K- Equivalent Connection linear Stiffness

Figure. 9. Mechanical modelComponert stiffnesses
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A. Componentstiffness

1. Column web

The column web stiffnes¥_, , acting in ten®n can be computeds per Eurocodg part 1.8 B]

cw !

andis defined as:

0. t
KCW — 71:zeff- cwcw E
d,,

(1)
wheret,, is the thickness of columweb, d,, is the effective depth of domn web

(d, =d. -2k, whered, is the depth of the columandk,, is the desigfillet size of the
column), b, ., is theeffective length of column web and is assumed tthbesffective length of

anequivalent Tstub representing the column flandg, ., =4m .25, wherem is the clear

distance between tlangle fillet and the bolt centerlinand e is the distance between the bolt

centerline and the per edge of the anglsshown inFig. 10(a)), and E is the modulus of

elasticity of the component.

2. Column flange

Theflexural stiffness of the column flange& _, , is definedas pef3]:

cf 7

09,
ch — T_;ff_d cf E (2)

wheret, is the thickness of column flangand|,, . is the effective length of column flange

defined to be equal to the effective length of equivalesitub representing the column flange

(I, =4m 4.2%) (Fig. 10(3).
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Figure. 10. Mechanical model: (a) Connection, (b)p and seat angle, web angle.

3. Top angle vertical leg

The stiffness of top angle vertical |el,,,, in bendings defined as per Pirmoz et &) [

3l
a E 3
(g - lia)3 ( )

Kiav =

wheret, is the thickness of top anglg, is the gage distance, agd is the moment of inertia of

the angle leg i, =h.t.2 /12, and b, is the width of top angle (Fig. 10§
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4. Top angle horizontal leg

The top angldorizontal legstiffness, K, , actingin tensioncan be writterasper Pietrapertoza

and Jaspaftl5]:

Ktah - lc*atta E (4)
g

5. Tension bolts

Thetension bolstiffness K, , is definedas pef5]:

Ktb — rlbLlé)olt E (5)

wherel,,, is the moment of inertia of tension bflt , =pd,’ /32, and d, is the diameter of

bolt), n, is the number afensionbolts, andL, is the tension bolt shank length.

6. Shear bols

The shear bokstiffness K, can be writteras follows:

Ky =320, (0.67,)(] ) (US) (6a)

Kep 1,261, (0.65,,)(; (sl) (6b)

whereF, is the dtimate strength of boltsand n, is the number o$hear bok.
Note that Eq. 6(a) is for US syster,{ in ksi andd, in inches), and Eq. 6(b) is for metric

system §,, in MPa and}, in mm).
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7.Web angles

Theweb anglestiffness K, is definedas perYahyai et al[9]:

O' ff-wat’\s/va

wheret,, is the thicknessf web anglem,, is the clear distandeetween the angle fillet and the

4
(;)f E (7)

bolt centerlingFig. 10(9), andh,_,, and 7 arethe effective length of web anglaadgeometry

dependent factor, respectively definedn [9].

B. Equivalent connectionstiffness

An equivalent spring stiffnes«, is defined for the connectiandcan bedeterminedy

assemblingtiffnesesof the connection componenés shown irFig. 9.

To compute the connection rotation, an equivaletsitional siffness K, , is neededo
be determineas pef9]:
Ko = KH? )

whereh is the distane between the equivalespiring K, and the connedcin center of rotation

(beam bottom flangeas shown irFig. 11andcan be computed as follows:

a Kk

h==
a K

(9)

where K. is thestiffnessof eachcomponentandh is the distance frorthe @mponent under
consideration téhe beam bottom flangeenter of rotationjFig. 11) (i.e.h is h,,: thedistance

from column web center to beam bottom flareysd h is h, : the distance from column flange
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center to beam bottom flange,t . €he subscript represents connection components

contributing to the connection equivalent spring (see Fig. 11).

hew: distance from column web to center of rotation

h¢: distance from column flange to center of rotation

hav: distance from angle vertical leg to center of rotation
hy: distance from tension bolt to center of rotation

han | hes h hwa: distance from web angle to center of rotation

hna: distance from horizontal angle leg to center of rotation
hs: distance from shear bolt to center of rotation

h: distance from equivalent spring to center of rotation

. Center of rotation

Figure. 11. Connection detailing.

C. Connectionrotation

Theyielding and plastic moment capacitie, and M, respectively)areneeedto
be determineth order to predicthe connectiotemperaturgotationresponseThe connection
plastic moment capacity  , can be written aa function of the top angle plastitoment
capacity M angle[5]:

bM - angle
Mp:pTglh) (10)

whereb is defined as a parametgependingn the geometry anthaterial and can be found in

[9], and h, is the beam depth.

The connection yieldg moment capacityM , can be written aa function ofM [5]:
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M:%

v 1s (11

The connection temperaturetationat every temperature incremegt, , is

determined by assemblingstffness matrixXor thesystemshown in Fig12. Usingdirect
stiffness methothe connectiotbeam rotationat node 2in function ofthe temperatur&, can
becalculated as follows:

ey = — D (12
O T
Krot + 4% |b

where E, is the modilus of elasticity of the beant, is thebeamlength |, is the moment of

inertiaof the beam, and_ ., is theappliedmomenton the conaction in function ofT .

(™

1 2 3
°

Krot 4E,l/L
Connection equivalent rotational spring Beam rotational stiffness

Figure. 12. Equivalent rotational system

The temperatureotation response of the connection is determined using an incremental

analysisechnique K, M, andM_ arecomputecdat every temperature incremestep DT, .

rot ?

Thepreyielding incrementatonnection rotationDq , at everyDT , can be calculated as

follows:

D M, (13
q =

M

Ko h/?pp+4E|flb

y

where M__ is the constanapplied momenon the beandue to gravity load.
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The total connection rotatipg atthe i" stepcan becalculated by adding the
incremental connection rotation to theeyious step
a=@, + F (14
whereq , is the total connection rotation at ttiel)" step.

When the conneitin reaches its yieldg capacity M, , the postyieldingincremental

connectiorrotation, Dg becomes

M
Dq = W + Mapp (15)

Krot
M p

P
LB,
L

where Dg, is the incremental connectioatation & connection yielding capacifyandcan be

calculated usingq.(13) by replacingM,, by M

v

1. Connectionfailure modes

Theproposed modeas able topredictthe following failure modegop angldeg failure
tension bolandshear bolfailure. The appliedforce on eachcomponents determined and
comparedvith its corresponding capacifgnglegross section yieldingension bolfailure and
shear bdilfailure).

The appliedorceontop angle R,, can be calculated as follows:

Mapp
R (19)

Assuming no prying effecthe appliedorceon the tension baltR, :

R= (1
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The appliedorceonthe shear baltP, :

Ry =2 (19

The governing failure mode is the minimwhEgs. (16), (17), and (18).

2. Model performance

The performance of the proposed mechanical misdellidated by comparing the model
predictions with the experimél results [5] and FE simulationkigurel3 shows the
temperaturgotation responsef four top and seat angle connectomhe results show
acceptableagreementvhen compared witexperimental and FE resulfBhe model is able to
predict both the elastic and plassiiffnesse®f the connection. Alsat predicts the connection
failure modewhichis tension bolt failurdor bothExp.1 and ExpAwv (Fig. 3(a)), and top angle
leg failurefor bothExp.2 and Exp.2v (Fig.3b)). Table3 shows a comparisaof the
temperature at failure and the maximum rotabietween experimental, FE and mechanical
model results for the four cases studitédan be seen from TabBthat the percentage
difference between the proposed model and FE and experimental results is considered

acceptable.
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Figure. 13. Proposed model vs. FE vs. Experiment: Temperafsireotation of connection:

(a) Exp.1 (b) Exp.2w, (c) Exp.2, (d) Exp.2v.
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Table. 3. Experiment vs. FE vs. proposed model results of top and seat angle connection.

Temperature at failur@C) Maximumrotation (mrad)
; % difference . % difference
Failure mode
Temgerature (model and FE Rotation (model and FE
G - (mrad) .
VS. experiment) VS. experiment)
Experimental Tension bolt 694 - 201.00 -
Exp.1 FE Tension bolt 691 -0.43% 191.00 -4.98%
Mechanical | o ionpolt 690 -0.58% 189.00 -5.97%
model
Experimental Tension bolt 680 - 207.00 -
Exp.1-w FE Tension bolt 690 1.47% 207.00 0.00%
Mechanical |t sion bolt 680 0.00% 198.00 4.35%
model
Experimental Top angle 615 - 108.00 -
Exp.2 FE Top angle 612 -0.49% 107.00 -0.93%
Mechanical | 1) Jhgle 620 0.81% 102.00 -5.56%
model
Experimental Top angle 640 - 102.00 -
Exp.2w FE Top angle 650 1.56% 103.00 0.98%
Mechanical o o
model Top angle 650 1.56% 104.00 1.96%

D. Beam-column connection thermal axial force

Theproposed model includes theéect of the beam to predict axiarEe demanat
elevated temperatures.

Beams undergo restrained expansions resulting in compressive axial forces in the
connection during the heating phase of a fiser inthe heating phase, tenségial forces start
to develop The proposed model predicts the thermally induced compressive and tensile axial
forces.A stiffness matrix is assembled for the system shiowsg. 14 to determine the axial
forces developedJsingdirect stiffness methqdheincrementabxial forces at every increase in

temperatureDT can be calculated as follows:
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KE, A,aDT

DR =KD= (19

aBA, | 8
¢ L +

where A is thebeamareacontributing to thehermal induced axial forcd is the beam axial
deformation,a is the coefficient of thermal expansion, addl is thetemperaturéncrement at
every 10C.

The total axial force at every temperatimerementcan be calculated by adding the
incremental axial force to the previous step axial force:

P=FR

iy TR (20)

where P is the total axial force at th& step andP, is the total axial force at th@g-1)" step.

1 2 3
°

K EpbA/L

Connection equivaent spring Beam stiffness

Figure. 14. Equivalent linear system.

1. Behavioral daracteristicsof top and seat angle connections

Theproposednodel is divided intdenstagesDifferent limit states indicate the end of

onestageand the beginning of the next one ufdilure occurs.

a. Initial stage
The estrainedop ard bottom flanges of the beattlevelopcompressive axial forces

Therefore only the beam top and bottom flanges are included in the formulation of the
incrementatompressivexid force:

_KE,2b t,aDT

DFi?compressiom E) 2bf tf
( L

(21)

+K)
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whereb, is the beam flange width arg is thebeam flange thickness

b. Stagel:slip
As the temperature increasesmpressive axial forces in the connection and beam

increaseauntil slip occurs The axial deformatignD , can be calculated as follows

D (22)

~|o

During slip, the top angle develops tensile axial foomteractinghe compressive

axial forces and therefothe incremental compressive axial fqré# becomes

|(compressiom

_KE,2b taDT KEt gaDT

i( compressiof ( E) 2

(23

Lbftf +K) (E"E‘gﬂ+K)

where g, is the gage distece between bottoles in angle shown in FigO(b).
As temperature increasebetthermal compressive axial force in rgle (R, = P/ 2)

exceedthe externahpplied tensile force due to gravity loads (Eq. (16)). Thus, the angle cannot

develop additional tensile axial forcasd does not contribute ©OP

'(compressiom I((:ompressioyl

calculated usingq. (21).

c. Stage2: topbeam flange yielding
The estrained bamflangesdevelop compressive axial foraastil thetop beam flange

yields. The keam flange yieluhg capacity R, :
Ry = Ebt; (29

whereF, is the beanflangeyield stress
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The total thermal axial for¢® , isthe result of equal contribution of the top and bottom
beam flanges. Thus, half the total thermal axial for€¥<?, and the external applied loads,

acting in compression, are contributing e &pplied forceonthe topbeam flange P, :
— I? app
= (29

When B, reachesR, , yielding occurdn the top beam flang&lotethat the bottom

fy!

beam flange istill in theelastic sta¢ and DP can becalculated as result othe bottom

'(compressiom

beam flangarea(in elastic state) antthe top beam flangarea(in plastic statefontributions:

_KEB1aDT  KEf{ aDr 26

0P 4
I(compressiop Eb;hftf + K) (thf 'IK)
L L

where E; is the tangent modulus of elasticity.

A ratio of (1/q) is multiplied by the elastic modulus of elasticlyto determine the
tangent modulus of elasticitlg, . Note thatq is the ratio of thglastic strain to the elastic strain
at each temperature incremeBf, , which is obtained from the FE results of the parametric

study presented in this paper. It is observed from theeB#dts that the beam plastification

occursat 470C and q can be written as follows

q :SQ/3(] (500-T ' for T ¢ 470 C (27)

q =50 for T>470C (28)
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d. Stage 3topbeam flange local buckling
Local buckling occurs after yieldingf the top beam flang&he citical beamflange

local buckling force P, :

Rib = Savghits (29

avg

wheres, , is theaveragéuckling stres$ound in[23].

Local flange buckling occurashen P, reachesP

> - Only half thetop beam flange area
is assumed tbe effective andontributeto the compressive axial fores pef24]. Note that the
bottom beam flange is still in the elastic statel thencrementatompressivaxial force can be

written as follows

_KEhtaDT 05KEhQ{ aDr

DP ; (30)
Y(compressiop O . 5
SR g O

e. Staged: bottombeam flange local buckling
Local buckling of the bottom beam flange occurs after the top beam flange buckles.

And theappliedforceon bottombeam flange P, , can be written as a function of the thermal

induced axial forceacting in compressioand the external applied loadsting in tension

M
app (3 1)

h)_tf

Rer =

N |-O

Local buckling of the bottom beam flange occurewR,, reachesR, . Also, itis

crb "
assumed that half the bottom beam flange &retiective and contribute the conpressive
axial force as per @. And theincremental compressiaxial force can bealculated as follows:

_0.5KEjtaDT  0.5KE h t aDr

P . (32
|(compressn)m O . 0 . i—
(—>"T EELbbef +K) (I_ht +K)
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f. Stageb: bottombeam flange yielding
The onset of yielding of the bottom beam flange occurs right thiteonset obuckling

(when B, reactes B, ). Theincremental compressiaxial forcecan bewritten as a function of

an equivalent of onkbeam flange area (half the top beam flange area and half the bottom beam
flange area)

_KE b taDT

DR
(compressiop ( E' bf tf
L

(33

+K)

g. Stage6: column flange and web yielding
The olumn flange yielthg capacity P,

y» can bewritten asa functionof thecolumn

flangeeffedive length | and column flange thickness, :

eff- cw?
Ry = Bder ot e (34
whereF, is the column yield séss

Theappliedforceon column flangeP,, , can bewritten as a function of the thermal

inducedaxial forces the externapplied loads:
: M
:EF') LU (39

where M, is the moment applied at the face of the column €M VS, where M, is the
maximum expected moment at plastic hinge in béans the shear force at the plastic hinge in

beam, andS, is the locabn of the plastihinge [19). When P,

cf

reactes R, , yielding ofthe

column flange occurs.

The olumn web yielthg capacity P, , can be written as a function of tbelumn

Wy’

web effective depthd

cw?

and column web thickness,:
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Fgfy = chdcmxcvx (36)

Theappliedforceon column wep R, is written as

cw

M
+—1 3
szf -cw ( 7)

N =T

When P, reactes R, , column web yielding occurs.
After the onset of yielding, beam starts to sag and thermal tensile axial forces start to
develop. These thermal tensile axial forces act as unloading forces on the beam and connection

[2]. Thus, E; is replaced byE, andthe incremental thermal tensile axial force at every

temperature incremenBT,, is:

KBl ,aDT
DFiztensior) ( Eb bf tf
L

(38)

+K)

The totalcompressivexial forcedevelopedat every step is calculated as follows:

Pi = Pma)icompressiom } EE)tensic)n (39)
where F,’m%ompressiom is the maximum compressive axial force computed as the cumulative of all

I((:ompressioyl ’

h. Stage7: bottomshear boltgailure
Bottom shear bolts failure occurs at the onset of column flange and web yiStesy.

bolts capacity,R,, is a function 6shear bolt ultimate strengtlf,, , and shear bolt ared,, :

Ry = 0.6F5A (40)
The applied force on bottom shear boRs,, can be written as a function of the

thermal induced axial tensile forces and external applied loads:

37



I:i)_ B Mf
+

ma)i compressiof

2 h,

(41)

Note that lottom shear bolts failure occurs whey, reachesk, .
At the bottom shear bolt failure, the beam bottom flamagnacontributionto the

thermal tensile axial forceand DP can bewritten asfunction of half the beam top flange

(tension)

area

0.5KE,b taDT

_ = 42

DF'?lensior\) 0"—_'_>E]bf tf ( )
L

( +K)

i. Stage8: beamcolumn contact
Contact betweebheam bottom flangand weband column flange occuwghen the

connection rotationg , reacheshe geometric angle between column flange and beam bottom
flange g

SB
= tan® G2 43
an (fL) (43

qgeom

whereSBis the gap distance lveten the columand beam as shown in Figb).

Whencontactoccurs beam welzontribitesto thethermaltensileaxial forces and

DP can becalculated as follows

I(tensior)

KEOSt + AR O
Hor “EOBL7A) “9
L

+K)

where A, is the ara of the beam wepA , =t (h, -2t,), andt,, is the thickness of the beam

web).
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J. Final stagetop shear bolts failure
For all cases presented in this papaiure of top shear bolccurs aftethe

occurrencef thebeamcolumncontact

Theappliedforceon top shear bolfsP,, can be written as a function of the thermal

induced tensilexialforces and the external applied loads:

P Py M
F;tb - a;compressmm h: (45)

2. Effect of web angles

The proposed model modified to include theffectof the web angleghe
modification includegpart of beam web area connected to web angles as shown Ib.Fige
beam areancluded in the proposed modscomes:A,, = A MW,k (Wherew,, is the web
angleswidth).
Also, another modificatioms introduced to account ftweam web yielding observed from
FE results. Thisnodificationis introduced right aftestaged (sectionl.e). And the capacity

R.,» Wherebeam webyielding occurscan be written as a function of web angles wiatjy,
and beam web thickness;

R Fw, .t (46)

wy: y Mwa'w

Theappliedforceon beam wepP,,, can be calculated by multiplyirtge thermal

bw

inducedcompressive axial force® , by the ratio of the beam web area to the total area

contributing toDP

I(compressiom

= F?(V\(N—atw) (47)

39



Yielding of the beam web area in contact with web angles occurs Rfyereachesk, ,

and the incremental compressive axial for¢ss, , can be written as follows:

I((:ompressicrm

- _KE,(0.50t DT KE (059t +w,f)a D (49)
I(compressiop (M ( ET (Oﬂq tf + W,a(;v) ‘|K)
L L

+K)

After modifying the area of beam by including the contribution of the beam web Area (
is replaced byA,,.), Equations 19 to 46an beused in predicting the thermal induced axial

forces P, at each limit state till shear bolt failure occurs.

Figure. 15 Beam ared,, .

3. Proposed model performance

A comparison of the proposed model with feSults of typical cases of the parametric
study is presented. Figures 9 and 10 show the axial-fensperature and temperatuaation
responses of the connection with and without web angles, respectively. It can be seen that the
proposed model predictise axial force and the rotation with excellent agreement when
compared with FE results for all presented cases. The model predicts all possible limit states,

failure modes, and failure temperatures.
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Figure. 31. FE vs. proposed model for case 16: (a) Axial Force, (b) Connection rotation.

Table 4 shows a comparison betw#emproposed modeind FEresults. The
temperature at failure, maximum compressive axial force, and maximum rotation are presented
in Table 4 for both mechanical model and FE restilie. percentage differences between the
mechanical model and the FE results are shown to be adoleetate that shear bolt failure is

the governing failure mode for all cases.
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Table 4. FE vs. proposed model results of top and seat angle connection assembly.

Temperature at failurée) Mammufrgr(égr?lzgesswamal Maxu?#]r:; (;())tanon
1 0, 0,
Case Model Frre:IcIchJ:Iree Temperature diffef)ence Axial force % difference Rotation diffef)ence
C) (model vs. (kips) (moFdEe)' VS| (mrad) (model
FE) vs. FE)
1 FE 576 - 366.00 - 45.00 -
1 Mechanical 570 -1.04% 364.00 -0.55% 48.00 6.67%
2 FE 562 - 382.00 - 41.00 -
2 Mechanical 560 -0.36% 386.00 1.05% 42.00 2.44%
3 FE 574 - 341.00 - 53.00 -
3 Mechanical 570 -0.70% 338.00 -0.88% 52.00 -1.89%
4 FE 546 - 375.00 - 51.00 -
4 Mechanical 540 -1.10% 382.00 1.87% 54.00 5.88%
5 FE 557 - 282.00 - 83.00 -
5 Mechanical 560 0.54% 283.00 0.35% 81.00 -2.41%
6 FE 537 - 282.00 - 76.00 -
6 Mechanical 530 -1.30% 283.00 0.35% 80.00 5.26%
7 FE 572 - 336.00 - 24.00 -
7 Mechanical 570 -0.35% 332.00 -1.19% 24.00 0.00%
8 FE 552 - 372.00 - 24.00 -
- Top and
8 Mechanical| geat shear 550 -0.36% 332.00 -10.75% 27.00 12.50%
9 FE bolts 583 - 357.00 - 49.00 -
9 Mechanical 580 -0.51% 361.00 1.12% 53.00 8.16%
10 FE 577 - 382.00 - 47.00 -
10 | Mechanical 580 0.52% 388.00 1.57% 47.00 0.00%
11 FE 586 - 342.00 - 69.00 -
11 | Mechanical 580 -1.02% 342.00 0.00% 69.00 0.00%
12 FE 556 - 384.00 - 63.00 -
12 | Mechanical 560 0.72% 387.00 0.78% 67.00 6.35%
13 FE 596 - 309.00 - 60.00 -
13 | Mechanical 600 0.67% 311.00 0.65% 66.00 10.00%
14 FE 547 - 378.00 - 49.00 -
14 | Mechanical 550 0.55% 377.00 -0.26% 50.00 2.04%
15 FE 581 - 338.00 - 55.00 -
15 | Mechanical 580 -0.17% 336.00 -0.60% 57.00 3.64%
16 FE 542 - 375.00 - 49.00 -
16 | Mechanical 540 -0.37% 375.00 0.00% 54.00 10.20%

Two additional top and seat angle connections, were designed\M&Br6 and

W21x68 beam section for validation purposes. The designed models were developed in

ABAQUS and validated against the proposed model. Results of axiattéangeerature and
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temperaturgotation of the FE and mechanical models show that the proposed model ¢ able t
predict with acceptable agreemetite behavior of top and seat angle connections under varied

geometric and loading conditions (see Figs. 31 and 32).

(@) (b)
Omw—T———T7T 7T 71 711 600 =
50 0\ 100 200 300 400 500 600.180 | 2
) | | | |
—~-100 \ = === FE model r -380 5|00 /
g Proposed model [ -580 g \Q4OC /
< -150 = g
Q 200 i -780 g %300 / = === FE model N
S \ /- -980 2 EJ_ ‘f Proposed model
- T
g -250 L _1180% £200
< 300 <]
- \ / - -1380 100
-350 7 - -1580 I—O
-400 -1780 -10 0 10 20 30 40 50 60 70 80 90
Temperature°C) Rotation (mrad)

Figure. 32. FE vs. proposed model for W18x46 beam:A=ial Force, (b) Connection rotation.
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Figure. 33. FE vs. proposed modfdr W21x68 beam(a) Axial Force, (bJConnection rotation.
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E. Automated procedure

Themechanical model idevelopedto be applied in an increment@mputer
automated itetave solution as shown in Fig. 3An engineewould start by determining the
stiffness of the different components of the connection. Next, the equivalent stifftess,
computed.The engineer refers to Fig. @4 to predict the temperawdrotation response, and
Fig. 34Db) to predict the axial foreemperature response of top and seat angle connections. At
each temperature increment, tb&l, rotation and thermal axifrce are calculated. The
processs repeated again unthe following limit state is reached. At each limit state,
corresponding equations of incremental rotation and thermal axial force are used, and the process

is repeated until connection failurecois.
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Figure. 34. Flowchart of the incremental mechanical model: (a) rotation, (b) axial force.
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