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Abstract: Problem statement: In this research, four reduced End Plate Momemmn@otion (EPMC)
specimens (T-stubs) are tested to verify the nwakend theoretical methods for preanalysis of the
Low Cycle Fatigue (LCF) behavior of a four-bolt emtied unstiffened EPM@pproach: The T-stub
specimens are bolted to a support frame and a tmicdoad is applied to the stem plate. Yield line
theory and the Kennedy method are used to andhgsttength of the end plates and bolts. The Finite
Element Model (FEM) and experimental tests are usegkrify the theoretical calculationResults:

The theoretical calculations, FEM results and expental test results show reasonable relationships.
Conclusion: The theoretical calculations could be used toiptedCF behavior of specimens.

Key words: Low Cycle Fatigue (LCF), End Plate Moment Connett{&PMC), bolt connection,
Finite Element Models (FEMs), The Steel Network lJSarger research program

INTRODUCTION as a result of this Los Angeles area earthquake and
funded by FEMA) concluded that the discontinuity
The study presented in this study is part of gdar 0f material, stress concentration and LCF were the
ongoing research program to investigate the Lowl&Cyc main reasons for such failure. To address the
Fatigue (LCF) behavior of a four-bolt extendedobserved failures, several alternative connection
unstiffened end Plate Moment Connection (EPMC)Mmethods for use in welded steel frame structures
The research program is divided into three primaryvere investigated as part of the SAC Steel Project.
tasks: (i) validate the analytical tools to predibe The EPMC is one of these selected alternative
structural responses of a reduced EPMC (T-stub)); (i connections. Much of the previous work on EPMCs
investigate the LCF behavior of the EPMC throughfocused on analysis of the failure of the entire
experimental tests and analytical modeling ang (iii connection, but not on specific individual factdhst
evaluate the accumulation of LCF damage so that th@etermine the connection’s performance. Theretbee,
structure life can be predicted. The focus of shigly is  T-stub model, which had been used widely as a estiuc
to present the details and results of the first afisthe =~ EPMC since 1975, was reintroduced as a possible
larger research program. mechanism to help understand this brittle failure
The structural steel moment resisting frame systentMurray, 1988). Because most LCF fracture occurs in
is one of the most popular and efficient structagatems the end plate (Bursit al., 2000; Garloclet al., 2003;
for buildings. If the beam-to-column connectiong ar Mazzolani and Tremblay, 2000), the T-stub is a
engineered to induce ductile behavior, the systam c reasonable reduced EPMC for the focus of LCF aigalys
provide resistance to lateral movement. Howeveringu Figure 1 illustrates the specimen adopted for this
the Northridge, California earthquake of 1994, aiib0  research. The bolted T-stub connections can fail tdu
structural steel buildings were seriously damaged a plate plasticity in bending and shear, bolt or weld
several exhibited brittle failure (FEMA, 2000). Aftan  fracture and/or excessive plasticity of the steatepin
extensive investigation of the unanticipated leriftlilure,  bending. Another potential failure mode is the LGF
the SAC Steel Project Joint Venture (created spaltif  the stem or flange plate when subjected to cychding.
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After introduced the so-called ‘split tee’ analogy
determine the bolt forces (which include the prying
action), numerous design procedures emerged that
adopted and further developed Kennedy's method.

One of these studies (Srougt al., 1983) uses a

unification design procedure that employs yieldelin
theory for end plate yielding and the Kennedy mdtho
for bolt failure.

Hendrick et al. (1984); Morrisonet al. (1986);
Murray (1988); Borgsmiller (1995); Meng (1996) and
Sumner and Murray (2000) further developed this
design procedure for a variety of EPMC configunasio
and loading types. These results were used to aevel
the American Institute of Steel Construction (AISC)
design guides (AISC, 2002).

Fig. 2: Test components (a) Stiffwall® Shear Wall
System, (b) Boot and Track Assembly Yield line theory: Yield line theory was first
introduced to analyze reinforced concrete slabgiekd

The objective of the study is to verify the redidice line is a continuous formation of plastic hingesngj a
EPMC model through analytical and experimentalstraight or curved line. For a specified yield lipattern
study. The analytical investigation includes nume@ri and loading, a certain plastic moment is requitedg
(finite element) and theoretical (yield line) arsty In the hinge lines. To determine the required plastic

conducted to determine the yield level of the Stm& g ccession of possible yield line mechanisms is

In the second part, Finite Element Models (FEMS) ar gg|ected. The failure mechanism of the slab israssu

dereIOpid tohsimulgtel the lexperimAentaI tests and | occur when the yield line forms a kinematicalgid
ver yt' tt.e t. eoreUga ¢ ?jn? ySIS.I.d tn tﬁxp;rlm:érgya collapse mechanism. Because elastic deformatioms ar
investigation 1S conducted fo validate the theosel negligible compared to plastic deformations, it hasn
analysis and FEM analysis. . N
. proven acceptable to assume that the yield lingsleali
In this study, a component of the shear wall . - .
tg‘ue slab into rigid plane regions. Most of the

system, the T-stub, is tested to define the reduce . . .
EPMC behavior characteristics. The tested T-stutfi€Velopment of this theory is related to reinforced

specimen is a pre-engineered steel shear Waﬁonc_rete; however, the principles ar_1d findings_ai_
component for use in the Stiffwal® Shear Wall appllcab_le to steel plates. Analysis of a yleldglln
System manufactured by The Steel Network, Incmechanism can be performed two ways. One is the
(TSN). These shear wall components, shown in Fig. -equilibrium method and the other is virtual work
are used in light gauge (cold-formed) steel framimg (€nergy method).

provide lateral strength and stiffness to the s$tmec The internal energy stored by a yield line
The boot and T-stub in the assembly connects to th@echanism is expressed in the Eq. 1 as:

vertical framing member, which is a cold-formeddstu
while the track connects to the straps that run
diagonally across the structure. Then, both the bod
the track are anchored together to the floor, stab,
foundation. Acting together, the boot and track cal
transfer the lateral forces in a structure to thextn
component in the load path.

Fig. 1: Reduced end plate moment connection (T}stub

py=ny

N
Vvi ZZ(mpxenxLx +m,9 Ly) (1)
n=1

Twhere, m is the moment capacity per unit length of the
yield line, E is the relative rotation of the plate on
either side of the yield line and L is the lengththe
yield line.

The external work that is due to unit
displacement at the top of the beam flange is
pressed in the Eq 2. as:

Background: The two main limit states that control the

design of the end plate are end plate flexuraldiigj

and bolt tension rupture. Extensive studies hawnbe

conducted on the analysis and design of EPMCs usin%f(

these limits states. The early studies, howeveglece

the prying action in the end plate design procedureW. = Fx Disp.(unit) ()
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(b)
Fig. 4. Three stages of plate behavior (a) Thick=(B

Fig. 3: Yield-line pattern of T-s F) (b) Intermediate (B = F+Q) (c) Thin (B =
F+Qmax)
Therefore, the equilibrium Eq. 3 is:
2F

B Mb), I [FiMb

FxDisp=2, (M,8nln+ MyB0/ ) 3 [AZe]  Mie MI#
| :4 . L)
a b b | a
One of the important assumptions in yield line Q B B Q

theory is the vyield line pattern. Figure 3 shows th

chosen yield line pattern of the T-stub. This yitie  Fig. 5: Static state of the prying effect on thatel

pattern was developed based upon the observed

behavior of the T-stub in the experimental  The prying force is taken as zero at this stage.

investigation. When the plastic hinge forms at the beam flange, th
The final Eqg. 4 for the internal and external workPlate becomes ‘intermediate and the prying force is
equilibriums of the T-stub is: somewhere between zero and the maximum prying

force that can occur. The last stage begins when a
second plastic hinge forms at the bolt line. The en
F= mpx[Z\’V+2\’V+4'-4+4Ls] (4) plate .in th.at stage is considered ‘thin and thangry
L, W W force is at its maximum.
As an example of the plate exhibiting thin plate
t2 behavior, Fig. 5 represents the static of the sysid1
where, m = Za, :%0y and t is the thickness of the and M2 are the moments at the plastic hinge positio

. i Therefore, the equations for the moment of equilior
plate andoy is the yield strength of the plate. The for the system are in the Eq. 5-7 as follows:
calculated force, F, which corresponds to the fdiona

2 4

of the yield line mechanism, is calculated using th M, =Bxb-Q(a+ b)- M, (5)

geometries of the current research specimen shown i

Eq. 4. M,=Qxa (6)
MATERIALSAND METHODS Rxb-M,=M,;+M, (")

Basic yield line analysis procedures define the  The general Eq. 8 for the thin plate behaviorepist
flexural responses of the end plate, but they db no
predict the bolt forces within the connection. Wt 2 Y
Therefore, the method suggested by Jenkins and; xb-M,=—" oyz—S[]
Stainsby (1981) is used estimate the bolt forcestdu 4
the applied force and the effects of the pryingoact 2 EY
)

wt

' 8)
The basic assumption in the Kennedy method is that - »
the end plate goes through three different stages o
behavior Fig. 4. Q is the prying force, B is thdtbo
resisting force and F is loading. During the fssige, where, w is the plate width, w’ is the net platelini t,
the plastic hinges have not developed and the jdate is the plate thickness, F is the plate yielding:éorand
referred to as ‘thick’. oy is the strength of the plate.
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Table 1: The plate dimension
L1 L2 L3 L4 L5 S1 S2 W

Length, 15 3 075 2625 15 2.875 2875 575 0.375
in, (mm) -38.0 -76 -19.00 -67.000 -38.0 -73.000.008 -146.00 -9.500

The tensile strength of the bolt (B) is 68 kips peit
(302.6 kN per bolt) based on the bolt's material
property. The maximum prying force (Q) by using the
Eq. (9) is 8.45 kips (37.6 kN). Therefore, the bolt
resisting strength ¢ is 59.5 kips per bolt (264.8 kN
per bolt). Each specimen has two bolts, so thé batia
resisting strength is 119 kips (529.6 kN).

Numerical analysis.
Modeling: To simulate the experiment, a three-
dimensional solid model, shown in Fig. 7, was
developed and solved using the FE analysis program,
ANSYS. The nominal specimen dimensions were used
to define the model geometry. Figure 8 identifiee t
different element types used to create the model.
SOLID45 8 node solid elements were used for the
plates. The bolt shanks were defined by PREST179 to
allow the application of pretension. Two contactasr
are used in the FEM. The first area is between the
surfaces of the top and bottom plates. The secoesl a
T is between the bolt shank and the inside surfadbef

Tager 170 bolt holes of the top and bottom plates. CONTALi8 a
TARGEL70 elements were used to define the contact

Plate: Solid 45 o

condition between the two plates and between tlts bo

Fig. 8: Element type of FEM model

and plates. The mesh size is 0.1875 inch (4.76 mm),
which was selected via a mesh convergence study. A
total of 8,547 elements were used to representhaife
of the specimen. The model consists of three differ
. 2 parts, top plate, bottom plate and bolt. Because th
Q _M, _wt, o 2_3( F j 9) focus of the analysis is plate behavior, the stéatep
™ a 4a '\’ wi, was not explicitly modeled. The properties of that b
were configured to take into account the rectarrgula
Specimen strength predictions. Based on the shape of the bolt stud. Because the project focases
presented theories, i.e., the yield line theory andhe plastic behavior of the system, the analyst®oop
Kennedy method, the strength of the T-stub specimeiiclude contact, plasticity, pretension and large
can be calculated. Figure 6 shows the specimeritand displacements.
dimensions.
The plate yield limit is calculated using Equation Boundary conditions and material properties. A
(3) and (4). The plate material is ASTM A572 Gradle5 symmetric boundary condition was applied to half of
steel and the yield strength of the matendg) {s 50 ksi  the surface and a fixed boundary condition wasiegpl
(345 MPa). Table 1 presents the dimensions of l&e p for the entire bottom plate and bottom of the Isbltd.
shown in Fig. 3. Therefore, the plate yield foré¢ &  Bolt pretension was applied with 8 kips (35.6 kM) t
19.48 kips (86.7 kN). simulate a hand-tightened condition of the boltee T
The bolt resisting strength fHs calculated using loading was applied on the top plate where the stem
Eq. 4. The bolt resisting strength is determined byplate was connected. The maximum applied load was
subtracting the maximum prying force &) from the 36 kips (160.2 kN). The measured material propertie
tensile strength of the bolts (B). The bolts used a were utilized within the model properties. Theitelar
ASTM A490 high strength structural bolts with a ol material models used for the plate and bolt elemara
stud diameter of 7/8 inch (22.2 mm). shown in Fig. 9.
480

Therefore, the maximum prying force Eq. 9 is:




Stress (MPa)

Am. J. Engg. & Applied Sci., 4 (4): 477-484, 2011

700
600
500 -
400

300

200

100

0 0.1 0.2 0.3
Strain
@
1200
R

10004 _ _ . .
_ 800,( Fig.10: Behavior of FEM analysis (a) Von-mises
§ , stress contour at 160 kN loading (b) Prying
e (’OO’/ effect and contact effect
5 400
71 / 180

200 _

160 —_—
0 : : 140 Connection yield point — /')»
0 0.05 0.1 0.15 g 15 ( L
Strain 3 f/_/
100 | X
©) 3100 1
B 80 y
. . . = / First yield pot
Fig. 9: Element material properties (a) Plate (5db) Eoo | st yield point
stress-stain curve (b) Bolt (Pretel 179) stress- 40
strain curve 20 If
0

RESULTS

0.00 2.00 4.00 6.00 8.00

Displacement (mm)

10.00  12.00

Figure 10a shows the deformed shape and Von-
Mises stress contours at the maximum applied 18&d ( Fig.
kips (160.2 kN)). To check the general behaviothef
system, the prying effects and contact effects are
observed from the stress contour view. The pryorgd
is observed at the bottom plate edge, as indidagatie
concentrated stresses at the point of contact. The
contact effects between the bolt shank and theoimott
plate hole also are observed in Fig. 10b.

The maximum displacement occurred in the top
plate at the location of the applied loading liffde
load-displacement response of the T-stub specimen i
shown in Fig. 11. The top plate started to yield at
approximately 17 kips (75.65 kN) and the system
exhibited large displacement as the load continieed Fig. 12: Von-mises contour and deformation
increase beyond this yield point. The observedaese
essentially is bilinear, as it exhibits two distinc Experimental investigation:
stiffnesses. Specimens. Four full-scale T-stub tests were

The propagation of stress through the system isonducted to verify the analytical procedures
illustrated in Fig. 12 as the load increases. Totaur presented in this study. As shown in Fig. 13, the
is the Von-Mises stress and the deformation i$ reassame test specimen geometry and test setup were
scale. The development of the plate vyield lineutilized for all tests. However, the bolt strengtias
mechanism is apparent. varied to isolate the plate and bolt falumodes.
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Applied foree
Lateral brace
27 load plate

T-stub specimen

=—»  Achorbolis
,_,' Sippibein | Fig. 16: Ultimate failure modes (a) Phase 1(b) Bias
Table 2: Test results summary
Phase  Specimen ID Failure modes Max. Applied load
1 Tstub01 Bolt fracture 54.39k (242 kN)
Tstub02 Bolt fracture 52.75k (235 kN)
2 Tstub03 Base plate tearing 66.35k (295 kN)
® Tstub04 Base plate tearing 63.79Kk (284 kN)
@..jljm_..m The stem of the T-stub was attached to a 2-inch (19
L] o mm) thick steel loading plate using ¥3” (12.7x76.2
Cn mm) A325 bolts designed to simulate a column in a

building. To ensure that the stem and loading plate

) ) ) remained vertical and did not have any out-of-plane

Fig. 14: Instrumentation of specimens movement, the steel plate was laterally bracedgusin

rollers. One roller was placed at the bottom of stexl

plate in the middle of the bolt pattern that coneddt

300 [+ 17 //L'M to the boot stem. A % in (19 mm) plate with ovessliz

o L o holes in it was gsed to offset the roller from fhate to

P edls ///jﬂw ensure that it did not bear on the bolts. Anotludier

200 |- i o was placed approximately 12" (304.8 mm) higher on
Jf‘j;{ﬁ"” the plate on the other side. These rollers werpated

= s and braced against the test fixture. A computer-

100 |7 ~ controlled hydraulic cylinder was used to apply the

[ 7 vertical load through the load plate.
50 |fir

—— Tstub03
Tstub04 Instrumentation: Ten linear potentiometers were used

o 5 10 15 20 25 30 35 40 to measure the specimen displacements for thisdest
Displacement (mm) shown in Fig. 14. A computer-controlled Vishay data
acquisition system was used to record the load and
Fig. 15: Center point vertical displacement displacement data points. Six linear potentiometérs
2, 5, 6, 7 and 9) were placed on the surface ofTthe
Phase One testing used D7/8 x L4% A325 bolts an@tub specimen to measure the vertical deflectibmed
Phase Two testing used D7/8 x L4% A490 bolts. All o linear potentiometers (3, 4 and 10) were used to
the test bolts were hand-tightened using a wreaod ~ Measure the test setup movement for the vertical
the hand-tightened bolt tension was measured using direction. One linear potentiometer (8) was plaatd
Skidmore bolt calibrator to be approximately 8 the stem surface to measure the lateral displaceaien
kips/bolt (35.6 kN/bolt). Figure 6 shows the spesim M€ specimen.
configuration and geometry. Each specimen wa
fabricated with a base plate and stem plate usibigA small preload was applied to check the behavidhef
Grade 50 steel. The base plate was welded to éme st test setup and instrumentation. The test load \wpkeda

plate with a 3/4” fillet weld and using Metal Ar@ 0 i gisplacement control mode and a displacemeetafa
similar welding and E70xx electrodes on only o&si ¢ 1 in. mint (2.54 mm mift) was used.

350

Disp.

Load (kN)

0

?_oading procedures: At the beginning of each test a

Test setup: For the experimental tests, a fixture wasResults: The load-deflection responses for the four
fabricated to hold the boot and track assemblyllsge tests are shown in Fig. 15. Linear potentiometéas
that the stem of the T-stub was vektica shown in Fig. 14) is used as the reference dispiace
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All of the tests that were performed exhibited $ami
behavior. However, the Phase Two tests showed
slightly stiffer behavior and a higher ultimate diothan

CONCLUSION

As an alternative seismic moment resisting frame

the Phase One tests. A summary of results is pl$en connection, the EPMC became the subject of focus
In Taple 2. 6 sh he ult tail de of th after the Northridge earthquake of 1994. To simgplif
Figure 16 shows the ultimate failure mode of they,e onnection analysis, the T-stub was used as a

tests. Due to the large deflection and prying effde T . .
Phase One ultimate failure mode was bolt tensiorﬁeoIuced EPMC. The objective of this study is to leyip

. ) various analysis methods to verify the charactiesgif
rupture. However, the ultimate failure mode for &ha h duced EPMC. Th diff t h
Two testing was base plate bolt hole tear-out. Thi§ € rtedu_ceth_ ) h rt'ee |Ierer}[h app(;oacd(azpz":\l/rle
ultimate failure mode change was expected, becau@Ope In this research 10 analyze the reduce

these tests used the stronger A490 strength bolts. (T-stub). Yield line analysis defines the yield iinof
the system and numerical analysis (FEM) verifies th

theoretical results and simulates the behaviorhef t

experimental test. Based on the results of this
Figure 17 shows the yield line pattern sketched o¢omparative study, the following conclusions can be

the experimental test photograph and the FEM aisalys drawn:

results. The observed yield line pattern in botbesas

DISCUSSION

similar to the selected yield line pattern. .
A comparison of the load displacement responses
of the experimental tests (Tstub03 and TstubO4M FE
and vyield line is shown in Fig. 18. The force--*
displacement curves obtained from the numerical
analysis show rather good agreement with the
experimental results. In particular, the yield lirof the
theoretically obtained line is very close to botte t

Yield line theory can be used to predict the end
plate flexural yield force with a correct yield déin
pattern

The numerical model (FEM) can accurately
simulate the behavior of the end plate

Yield line theory and numerical modeling can be
used together as preanalysis tools to simulate
EPMC experimental test behavior

experimental and numerical yield levels.
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