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ABSTRACT: A Welded Flange Plate (WFP) connection consists of top and bottom flange plates that are fillet
welded to the flanges of a beam and are complete joint penetration groove welded to a column flange. Four
WEFP design examples including various beam sizes, beam lengths, and/or assumed plastic hinge locations are
presented in this paper. In these design examples, the relationships among the following three factors are in-
vestigated: the assumed location of the plastic hinge, the probable peak flexural demand at the end of the
beam, and the required length of the flange plates for the WFP connections. Nonlinear static finite element
analyses considering both the material and geometric nonlinearities are also carried out for these examples to
verify the actual location of the plastic hinge as well as the relationship between the actual location of the
plastic hinge and the length of the flange plates used for the WFP connections.

KEYWORDS: Finite element method; Flexural strength; Nonlinear analysis; Plastic hinges; Steel frames;
Welded connections.

1 INTRODUCTION
In previous studies, the plastic hinge of WFP

Two typical types of flat-plate-reinforced connec-
tions that have been widely studied are Cover-Plate
and Flange-Plate connections. These types of con-
nections differ in that both the cover plates and the
beam flanges are welded to the column flange in a
Cover-Plate connection, while only the flange plates
are welded to the column flange in a Flange-Plate
connection. Studies of these connections have shown
that Flange-Plate connections are marginally less
likely to suffer brittle or ductile fracture than Cover-
Plate connections [1]. Since Flange-Plate connec-
tions perform better than Cover-Plate connections,
this paper concentrates on the study of the flexural
strength of the Welded Flange Plate (WFP) connec-
tions and the effects of the location of the plastic
hinge on the flexural strength demand of the WFP
connections.

A WFP connection is a fully restrained moment
connection that possesses sufficient rigidity to main-
tain the angle between connected members at the
strength limit states [2]. As shown in Figure 1, WFP
connections utilize plates that connect beam flanges
to column flanges without any direct connection of
the beam flanges to the column flanges. The connec-
tion between the flange plate and the column flange
is a complete joint penetration groove weld, whereas
the top and bottom flange plates are fillet welded to
the beam top and bottom flanges, respectively [3].

connections has been positioned at various locations.
These locations include: (1) at the end of the flange
plate, as shown in Figure 2(a) [3], (2) at a short dis-
tance beyond the end of the flange plate, as shown in
Figure 2(b) [4], and (3) at a distance of 1.0 to 1.5 db
from the face of the column, as shown in Figure 2(c)

[5].
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Figure 1. Welded Flange Plate Connection
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Figure 2. Plastic Hinge Locations

2 WELDED FLANGE PLATE CONNECTION
DESIGN PROCEDURE

Referring to the multistory steel moment frame ele-
vation shown in Figure 3, the procedure for design-
ing the Welded Flange Plate connection of the mo-
ment frame is summarized as follows:

(1) Calculate the probable peak plastic hinge mo-
ment at the centerline of the plastic hinge.

The probable peak plastic hinge moment at the cen-
terline of the plastic hinge of the beam may be de-
termined using Eq. (1) [3]:

Mpr = CprRyZeFy 1)

where Mpr = the probable peak plastic hinge mo-
ment; Ry = the ratio of the expected yield strength to
the minimum specified yield strength of the steel to
be used [a value of 1.1 is specified for ASTM A992
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steel and ASTM A572 Grade 50 [3,6]; Ze = the ef-
fective plastic modulus of the section at the location
of the plastic hinge; Fy = the specified minimum
yield stress of the material of the yielding element
(Fy =50 ksi (345 Mpa) for A992 steel [2]); and Cpr =
a factor to account for the peak connection strength,
including strain hardening, local restraint, additional
reinforcement, and other connection conditions. For
most connection types, Cpr may be computed using

Eq. (2):

_ Fy+Fy
2F

(2)

y

where Fy = the specified minimum tensile stress of
the material of the yielding element (Fy = 65 ksi (448
Mpa) for A992 steel [2]).

(2) Determine the probable peak flexural strength
demand at the face of the column and at the center-
line of the column due to the formation of the plastic
hinge in the beam.

Referring to Figure 3(b), the probable peak flexural
strength demand at the face of the column may be
determined using Eq. (3):

Mi= Mpr+Vp(X) (3)

where M¢ = the probable peak flexural strength de-
mand at the face of the column due to the formation
of the plastic hinge in the beam; V, = the probable
peak shear force at the centerline of the plastic
hinge; and X = the distance from the face of the col-
umn to the centerline of the plastic hinge.

Also, referring to Figure 3(b), one has:

_Mpr+Mpr My

Vp - L’ ( Ll) (4)
2

From Egs. (3) and (4), one has:

Mf:Mpr+

(%) 5)
%)
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Figure 3. A steel moment frame with welded flange plate connections

Also, referring to Figure 3, the probable peak flexur-
al strength demand at the centerline of the column
may be determined using the following equation:

d
M. =M Vol x+-=% 6
c pr T p("‘zj (6)

where M. = the probable peak flexural strength de-
mand at the centerline of the column due to the for-
mation of the plastic hinge in the beam; and d. = the
depth of the column.

From Egs. (4) and (6), one has:

M
Mg =M pp +| o (x+d—cj ©)

L)

2

(3) Determine the width of the top and bottom flange

plates.

Referring to Figure 4, the width of the top and bot-

tom flange plates may be determined as:
bp > bf +2 tr (8)

where bp = the width of the flange plate; bs = the

flange width of the beam; and t; = the flange thick-
ness of the beam.
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Figure 4. Cross-Section of Beam with Flange Plates

(4) Determine the thickness of the top and bottom
flange plates.

Referring to Figure 5, the flexural strength at the
column face, developed by the strength of the flange
plates, may be computed using Eq. (9).

M ¢ = RyFypbyt,(dy +1,) 9)

where Fyp = the specified minimum yield stress of
the flange plates; dp = the beam depth; and
tp = the thickness of the top and bottom flange
plates.

From Eq. (9), the thickness of the flange plates may
be determined using Eq. (10) [7]. Note that the
magnitude of Ms in Eq. (10) shall be equal to that
determined in Eq. (5).

M ¢

t. =
P Ryprbp(db+tp)

(10)

RyFypbptp

p
YA
‘ _ 1
/( +
dp+1tp My dp
A N= l_ l
t
A b
RyFypbptp

Figure 5. Moment at Face of Column Developed by
Flange Plates
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(5) Design the fillet welds joining the top and bot-
tom flange plates to the top and bottom flanges of
the beam, respectively. Referring to the fillet welds
shown in Figure 6, it is difficult to deposit a weld
continuously around the corner from one side (the
side for the end weld) to the other (the side for the
side weld) without causing a gouge in the corner of
the parts joined; therefore, the welds must be discon-
tinued at the corner [8].

Top flange
plate

Side weld
(Longitudinal

fillet weld) End weld

(Transverse
fillet weld)

Bottom
flange plate

Figure 6. Fillet weld details for flange plates to flanges
of beam connection

Based on the considerations mentioned above, the
lengths of the side welds and the end welds shown in
Figure 7 may be determined. Referring to Figure 7,
the nominal design strength of the weld, Fw, may be
calculated using Eq. (11).

R,y =[(0707t )1, ~15")(0.60)Fey 1 x 2+ (0707t Jor —270.60F gy )
(11)

where t, = fillet weld size; and Fexx = weld metal
tensile strength.

Furthermore, referring to Figure 7, the flexural
strength at the column face, developed by the fillet
welds, may be computed using Eq. (12).

Mf ZFWde (12)

Note that M determined using Eg. (12) must be
larger than or equal to that determined using Eq. (5).
If the welds do not provide sufficient strength, return
to Step 2 and select a longer flange plate length.
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Figure 7. Flexural strength at face of column
developed by fillet welds

(6) Check whether beam flange continuity plates are
required.

Continuity plates across the column web are re-
quired if the thickness of the column flange is less
than the value given either by Eq. 13 or 14 [3]:

F.R
ty <04 \/1.8bptp ybTyb (13)
chyc
bp
th <€ (14)

where tcs = the thickness of the column flange; bp =
the width of the flange plate at the column face; t, =
the thickness of the flange plate; Fy, = the specified
minimum vyield stress of the beam; Fy. = the speci-
fied minimum yield stress of the column; Ryp = the
ratio of the expected yield strength of the beam to
the minimum specified yield strength of the steel to
be used for the beam; and Ry = the ratio of the ex-
pected yield strength of the column to the minimum
specified yield strength of the steel to be used for the
column.

(7) Check the strength of the panel zone and deter-
mine whether web doubler plate(s) is/are required.
The thickness of the panel zone that results in simul-
taneous yielding of the panel zone and beam may be
determined using Eq. (15) [3]:
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N

h
t =
P 0.9(0.6)FycRycdc(dy+t, )

(15)

where tp; = the thickness of the panel zone that re-
sults in simultaneous yielding of the panel zone and
beam; M. = the probable peak flexural strength de-
mand at the centerline of the column due to the for-
mation of the plastic hinge in the beam; h = the av-
erage story height of the stories above and below the
panel zone; dp = the beam depth; Fy. = the specified
minimum yield stress of the column; Ryc = the ratio
of the expected yield strength of the column to the
minimum specified yield strength of the steel to be
used for the column; dc = the column depth; and

C, = (16)

where Zpe = the effective plastic section modulus of
the beam at the zone of plastic hinging; and Sy = the
elastic section modulus of the beam at the zone of
plastic hinging.

If the required thickness of the panel zone deter-
mined using Eq. (15) is greater than the web thick-
ness of the column, web doubler plate(s) is/are re-
quired.

The following procedure demonstrates the derivation
of Eq. (15):

Figure 8 shows a moment frame subjected to lateral
forces. The frame deformation due to lateral forces
is shown in Figure 8(a). The inflection points of the
column and beam deflections are assumed to be lo-
cated at the mid-height and mid-span of the column
and beam, respectively. Referring to Figure 8(b),
one has:

M ¢pz :Vp|(db+tp) s Mg, =V,(h);and

Vi =V — Ve

pz =
where Mcp; = the moment at the centroid of the panel
zone; Vp = the compressive or tensile force in the
flange plate; V¢ = the shear force in the column; and
Vp: = the shear force in the panel zone.

From the above equations, one has:
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At the time of simultaneous yielding of the panel
zone and beam, one has:

Vo, =RyAV, =R, (0.9)0.6)F,(d; ), ; and
Mep, =CyM,

where @V, =the design shear strength of the panel
zone; ¢, =the resistance factor for shear; and Vn =
the nominal shear strength [9].
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Figure 8. Free body diagram for calculation of panel
zone shear stress
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From the above equations, one has

h—(dp+t,)
h
db+tp

\Y

Mcpz[
pz = Ry (0-9X0-6)ch(dc)[pz -=

From the above equation, one has Eq. (15).

The panel zone thickness shall conform to the fol-
lowing requirement [6]:

t > (d; + wz)/90 17)

where t = the thickness of the column web (if dou-
bler plate(s) is/are not required); the thickness of the
column web or the doubler plate(s) (both the column
web and the doubler plate(s) shall satisfy the thick-
ness requirement if the doubler plate(s) is/are re-
quired); or the total thickness of the column web and
the doubler plate(s) (if local buckling of the column
web and the doubler plate(s) is prevented by using
plug welds joining them); d; = the depth of the panel
zone between the continuity plates; and w,= the
width of the panel zone between the column flanges.
In order to eliminate the effects of kinks on the col-
umn flanges [10], as shown in Figure 9(a), the dou-
bler plate shall be extended to a distance of 2.5 k be-
yond the top and bottom of the top and bottom
flange plates, respectively, as shown in Figure 9(b)
[11], where Kk is the distance from the outer face of
the column flange to the web toe of the fillet of the
column, as shown in Figure 9(b).

(8) Design the shear tab.

Referring to Figure 1, the length of the shear tab
equals do-2k-2" (where k is the distance from the
outer face of the beam flange to the web toe of the
fillet of the beam), and the thickness of the shear tab
should match that of the beam web. The number,
type, and size of the erection bolts shall be selected
based on erection loads [3].
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Figure 9. Effects of kinks on column flanges and
length of doubler plate(s)

3 WELDED FLANGE PLATE CONNECTION
DESIGN EXAMPLES

As shown in Figure 10, two steel moment frames are
utilized to demonstrate the following four design ex-
amples for the Welded Flange Plate connections us-
ing the design procedure previously mentioned:
Design Example (I): Design the Welded Flange
Plate connection of the frame with a beam size of
W24x131 and a column size of W14x233 as shown
in Figure 10(a) assuming the centerline of the plastic
hinge in the beam is located at a distance of Ip + du/2
from the face of the column.

Design Example (I1): Design the Welded Flange
Plate connection of the frame with a beam size of
W24x131 and a column size of W14x233 as shown
in Figure 10(a) assuming the centerline of the plastic
hinge in the beam is located at a distance of I, from
the face of the column.

Design Example (I11): Design the Welded Flange
Plate connection of the frame with a beam size of
W21x93 and a column size of W14x145 as shown
in Figure 10(b) assuming the centerline of the plastic
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hinge in the beam is located at a distance of I, + dw/2
from the face of the column.

Design Example (1V): Design the Welded Flange
Plate connection of the frame with a beam size of
W21x93 and a column size of W14x145 as shown
in Figure 10(b) assuming the centerline of the plastic
hinge in the beam is located at a distance of I, from
the face of the column.

Connection W24x131 T

desian \I]:_WMXZSS_’]IL 13
Ve
/

\\ l
| “/ EEE; A

Ml w24x131 T
l—wiaxess—] 13
N A '
W24x131 l

Tl——w1axoss—1[ 1i'

o —]

(a) The steel moment frame for Examples (1) and (1)

4 a
—

Connection W21x93 T
desian >III:\—\/\/14><145—>]] 13
Lo/ wa2ixes !
[—wiaxras—[ 13
L W W
W21x93 1

T-—w14x145—>]] 1f'
f— 2 —]

(b) The steel moment frame for Examples (111) and (1V)

Figure 10. Steel Moment Frames for Design
Examples (1), (1), (111), and (1V)

Design Example (1):

Referring to Figure 10(a), assume that the centerline
of the plastic hinge in the beam is located at a dis-
tance of I, + dw/2 from the face of the column. The
section properties of the W24x131 beam are: dy =
24.51n., br=12.9in., S, =329 in.3 Z,=370in.3, and
tor = 0.96 in. The section properties of the W14x233
column are: dc = 16.0 in., twe = 1.07 in., and tc¢f =
1.72 in. [2]. ASTM A992 steel is used for the beams
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and columns, A572 Gr. 50 steel is used for the
flange plates, and E7018 electrode is used for the
welds.

The design procedure for the Welded Flange Plate
connection is demonstrated as follows:

(1) Calculate the probable peak plastic hinge mo-
ment at the centerline of the plastic hinge:
The beam W24x131 is a compact section
(b /2ty <Apfor the flange and h/t, <A, for

the web, where Ap is the limiting slenderness pa-

rameter for a compact element; A=

0.38 /E/Fy for the flange

3.76 ,/[E/ Fy for the web). Also, assume that the

unbraced length of the compression flange of the
beam is less than Ly (where L, =1.76r, [E/F,

, the limiting laterally unbraced length for the
full plastic flexural strength of the beam [8]).
Therefore, Ze = Zx (Where Zy is the plastic section
modulus about the major axis of the beam). From
Egs. (1) & (2), one has:

Fy+HFy
Mpr = RyZer
2Fy

_ (50+65

2(50)

(2) Referring to Figure 3 and assuming I, = 16 in.,
one has x = lp + (dv/2) = 16 + (24.5/2) = 28.25
in,and L' =L —dc — 2(Ip + dv/2) = 324 — 16 —
2(28.25) = 251.5 in. The probable peak flexural
strength demand at the face of the column may
be determined using Eq. (5):

and ip =

j(1.1)(370)(5o) = 23,4025 Kip-in

Mor )
5)

(28.25)= 28,660 kip-in

Mf:Mpr+

23402.5

@

=23402.5 +

The probable peak flexural strength demand at
the centerline of the column due to the formation
of the plastic hinge in the beam may be deter-
mined using Eq. (7):
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_ M pr
Mc‘Mpr"' (L—'j X+?

2

= 234025+ 234025 (28.25+?)

(251.5)
2
=30,149 Kip-in

(3) The width of the top and bottom flange plates
may be determined using Eq. (8):

bp>bs +2 1t =12.9 +2(0.96) = 14.82 in.
Use bp = 15 in.

(4) Determine the thickness of the top and bottom
flange plates: From Eqg. (10), one has:

M ¢ 28660

t= RyFypbpldp +tp)  (L.1(50)25)24.5+t,)

From the above equation, one has t, = 1.344 in.
Use tp = 1% in. > 1.344 in. OK

(5) Design the fillet weld: Referring to Figure 6,
note that since the thickness of the flange of the
beam is > % in., the maximum fillet weld size
that may be used along the edge of the flange is
tw(max) = tof — /16 in. = 0.96 in. — Y16 in. = 0.8975
in. Therefore, a size of /s in. (< 0.8975 in.) is
used for the fillet weld along the flange of the
beam. Moreover, since the thickness of the
flange plate is > 4 in., the maximum fillet weld
size that may be used along the end of the flange
plate is twmax) = tp — Y16 in. = 13/ in. — Y6 in. =
1.3125 in. Therefore, a size of 1%/16 in. (< 1.3125
in.) is used for the fillet weld along the end of
the flange plate.

Referring to Figure 7, the nominal design
strength of the weld, Fw, may be calculated using
Eq. (11):

R,y =[0707t, )1, ~15")(0.80)Feyy ] x 2 +(0.707t,, Jor — 2" J0.60Fex )

= [(0.707)(0.875)(16~1.5)(0.60)(70)](2)
+(0.707)(1.3125)(12.9-2)(0.60)(70)=1178.3 kips

Furthermore, referring to Figure 7, the flexural

strength at the column face, developed by the fil-
let welds, may be computed using Eq. (12):
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M = F, xd, = 1178.3 x24.5 = 28868 kip-in
> 28660 kip-in

Since the flexural strength at the face of the col-
umn developed by the fillet welds is larger than
the probable peak flexural strength demand at
the face of the column due to the formation of
the plastic hinge in the beam, the weld sizes pro-
vided are adequate.

(6) Check whether beam flange continuity plates are

required.
From Eqg. (13), one has:

04, [18b,t, FyoRyp 0 —04 \/1 8(15)(1. 375)50(1 1; 2437
yc yc

15_25|n

6

From Eqg. (14), one has: — 6 =

Since 2.5 in. > 2.437 in., the value 2.5 in. con-
trols. Also, since tes = 1.72 in. < 2.5 in., continui-
ty plates (with a thickness equal to that of the
flange plates) across the column web are re-
quired.

(7) Check the strength of the panel zone and deter-

mine whether web doubler plate(s) is/are re-
quired:
From Egs. (15) and (16), one has:

h—(dp+t _
1Z M{ (dp+ p)} 1370 (30149)(156 (24.5+1.375)
Cpr“bg h 115( j 156
B 329

Sp

)

ty, = =
P2 0.9(0.6) FycRycdc(dp+tp)

=1.581in.

0.9(0.6)(50)(1.1)(16.0)(24.5 +1.375)

Since tp; > twe, the required minimum thickness
of the doubler plate is: tp; — twe = 1.581 — 1.07 =
0.511 in. Providing a % in. doubler plate on each
side of the panel zone, the total thickness of
doubler plates provided = 2 x3& in. = 0.75 in. >
0.511in. OK

Referring to Figure 9, the panel zone depth be-
tween continuity plates may be computed as d; =
d» = 24.5 in., and panel zone width between col-
umn flanges may be computed as w; = d¢ — 2t =
16.0 — 2(1.72) = 12.56 in. Furthermore, from Eq.
(17), one has (d+w;)/90 = 0.412 in. Since the
doubler plate thickness, t = % in. < 0.412 in., lo-
cal buckling of the doubler plate must be prevent-
ed by using plug welds joining the column web
and the doubler plate. Using the plug welds, the
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total thickness of the panel zone may be comput-
ed as t = twe + % + 3% = 1.82 in., which satisfies
the requirement as specified in Eq. (17).
Referring to Figure 9(b), the length of the doubler
plate may be computed as lgp = dp + 2tp + 5k =
24.5 +2(1%) + 5(3) = 42.25 in. (use 42 in.)

(8) Design the shear tab.

The length of the shear tab may be computed as
dp — 2k — 2" = 245" — 2(2¥%") — 2" = 18 in. The
thickness of the shear tab should match that of the
beam web, which is %/ in.

The design process of Design Example (I)
demonstrated above results in the Welded Flange
Plate connection details shown in Figure 11. The
design processes of Design Examples (1), (111),
and (IV) are also carried out by following the
same design approach used by Design Example
(I). Their results are summarized in Tables 1 and

2.
col-

1" Continuity W14x233
plate _‘\ L 1%"x15"x16

_______ flanae plate
fffffff::::;
l— 16" — W24x13

Y" x42"
doubler

Plug
weld——

:

5/16
5/g""x18"
shear tab

1\ \él
— Doubler

plate

Figure 11. Welded Flange Plate connection de-
tails derived from Design Example (1)

Table 1. Probable peak flexural strength demand at the face of

the column derived from Design Examples (1), (11), (1), & (1V)

Design Beam Bay | Assumed cen- | Probable
Example size width | terline of peak flexur-
plastic hinge | al strength
location demand at
(measured the face of
from the out- | the column
er face of the | (kip-in)
column
flange)
(0] W24x131 | 27'-0 Ip + du/2 28,660
(I W24x131 | 27-0' Iy 25,835
(1nn W21x93 | 24'-0' Ip + du/2 16,928
(V) W21x93 | 24'-0' Iy 15,294
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Table 2. Welded Flange Plate connection details derived from
Design Examples (1), (11), (11), and (1V)
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: /— Column (W14x233)

78”

Design | Dimensions of Longitudinal | Transverse
Example | flange plate (thick- | fillet weld fillet weld
ness x size size
width x length)
(0] 13%"x15"x16" Tfg" 15/1"
() 1Y4"'x15"x 14" Ig" 136"
(1n 15/16"x10%"x13" 316" 1"
(v) 13/16" x10%2"x113/," 316" 14"

Table 2. (Continued) Welded Flange Plate connection details

derived from Design Examples (1), (11, (11), and (IV)
Design | Dimensions of dou- Continuity | Dimensions
Example | bler plate on each plate thick- | of shear tab
face of the column ness (thickness
web (thickness x x length)
length)
0] ¥"'x42" 13" 5/g"x18"
(D) %" x42" v 5/g"x18"
(1nn Ya"x36" 15/56" %16"x16%5"
(V) Ya"'x36" 13/56" %16"x16%5"

4 NONLINEAR STATIC FINITE ELEMENT
ANALYSIS FOR WELDED FLANGE PLATE
CONNECTIONS

The assumed locations of the centerline of the plas-
tic hinge for the Welded Flange Plate connections
specified in Design Examples (1), (I1), (111), and (IV)
may be verified using the nonlinear static finite ele-
ment analysis method. Figure 12 illustrates the size,
length, and boundary condition of the beam and col-
umn for the finite element analysis computer model-
ing for Design Examples (1), (1), (111), and (IV). The
frame in Figure 12 is a portion of the multistory
moment frame subjected to lateral forces, as shown
in Figure 8(a). The end(s) of the beam and column in
Figure 12 correspond to the deformation inflection
point(s) in the beam and column in Figure 8(a) since
the magnitude of the bending moment at these points
equal zero.

Referring to the computer model for Design Ex-
ample (1) shown in Figure 12(a), the magnitude of
the probable peak lateral force capacity P (which
corresponds to the probable peak flexural strength
demand, My, at the interface of the column and the
flange plates) to be applied to the free end of the
column may be computed using the following equa-
tion: Mt = [P(2)(78")/162"][162"—(d/2)]

— %"x42" doubler plate on each face of
/ column web

e Beam (W24x131)

v

: :l%"XIS"Xl@' flange plate for Example (I)

78" 1¥2"x15"x14%" flange plate for Example (1)

134" continuity plate for Example (I)
1Y%4" continuity plate for Example (1)

s T
:
i
i
!
|
i
i
i
i
i
i
!
!
|
LS

|
_T'>D|'|
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(a) Design Example (1) or (1)
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_J’.H.._:r._”.l_‘._._._._._. ! .
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i
i
i
i
i
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|
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i

/— Column (W14x145)

Y4"x36" doubler plate on each face of
/\column web

/— Beam (W21x93)
A N 1%/16"%10%2"x13" flange plate

i for Example (111)

! 13/16"x10%"x11%/,"flange
: plate for Example (1V)
i

|

78”

-

78"

15/16" continuity plate for Example (111)
X E 13/1&" continuitv plate for Examole (I\V)
= 144 ;!

(b) Desian Example (111 or (IV)

Figure 12. The size, length, and boundary condition of the

beam and column for the finite element analysis computer

modeling for Design Examples (1), (1), (I11), and (IV)
From r1apie L, one nds ivif = £g,00U KIp-IN. AISO,
since the column depth dc = 16.0 in. for Design Ex-
ample (1), the above equation results in P = 193.26
Kips. Repeating the procedure mentioned above, one
has P = 174.21 kips, 114.39 kips, and 103.35 Kips
for Design Examples (I1), (111), and (IV), respective-
ly.

The lateral load P is applied in one direction in in-
crements over the duration of a pseudo time of 100
seconds at the free end of the column, as shown in
Figure 12. The computer models for Design Exam-
ples (1), (11), (1), and (IV) were analyzed using the
computer software NISA/DISPLAY [12].

The nonlinear static analysis takes both the mate-
rial and geometric nonlinearities into account. The
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elastic, linear hardening, true stress-strain curve for
ASTM A992 steel (to be used for the beam and col-
umn) is shown in Figure 13; the curve was derived
from Bartlett et al. [13]. The elastic, linear harden-
ing, true stress-strain curve for ASTM A572 Gr.50
steel (to be used for the flange plates and doubler
plates) is shown in Figure 14; the curve was derived
from Salmon et al. [14]. The elastic, linear harden-
ing, true stress-strain curve for E7018 electrode (to
be used for welding) is shown in Figure 15; the
curve was derived from the Lincoln Electric Com-

pany [15].
Strf:ss ksi (MPa)

[0.18, 84(579)]
80(552)

60(414)
[0.00196, 57(393)]
400276\
200138 F
0 005 010 015 020 > Strain

Figure 13. Elastic, linear hardening, true stress-strain
curve for A992 steel

Stress ksi (MPa)
A

80 (552)1_ [0.174, 83.3(574)]

60(414)}

[0.00173, 50(345)]

40(276)

20(138)}

» Strain

0 005 010 015 020

Figure 14. Elastic, linear hardening, true stress-strain
curve for A572 Gr. 50 steel

Stress ksi (MPa)
1‘ [0.1398, 85.1(587)]
80(552)

60(414) [ [0.00224. 65(448)1
40(276) [t
20(138)
0 005 010 015 020 » Strain

Figure 15. Elastic, linear hardening, true stress-strain
curve for E7018 electrode

Referring to Figure 13, yielding occurs in A992
steel when the von-Mises stress reaches 57 Kksi
(based on the concept that the von-Mises stress is the
yielding criterion for isotropic materials [16]); fur-
thermore, fracturing occurs in A992 steel when the
first-principal stress reaches 84 ksi (based on the

Electronic Journal of Structural Engineering 19(1) 2019

concept that the first-principal stress is the fracturing
criterion for isotropic materials [16])

The results of the finite element for Design Ex-
amples (I) through (IV) are shown in Figures 16
through 23 and are discussed below:

Figure 16 shows that at the time step of 88.4 sec-
onds, the first-principal stress in the beam has just
passed 84 ksi (which is the true ultimate tensile
strength of A992 steel). At this time step, fracturing
in the beam occurs and the flexural strength demand
at the face of the column may be determined to be
Mt = 28,660 kip-in x 0.884 = 25,335 Kip-in. Fur-
thermore, at this time step, the corresponding lateral
force applied at the free end of the column may be
determined to be P = 193.26 kips x 0.884 = 170.84
Kips.

Figure 17 shows the von-Mises stress distribution
in the beam at the time of fracturing (that is, at the
time step at which the first-principal stress has just
passed the ultimate tensile strength of the beam).
Since the yielding areas (where the von-Mises
stresses are larger than the true yielding stress of 57
ksi) have extended from the flange into the web of
the beam, a plastic hinge has been formed at this
time step. By observation, the centerline of the plas-
tic is located at a distance of about 8 in. (about 33%
of the beam depth) from the end of the flange plates.

Table 3 summarizes the results obtained from
Figures 16 through 23, which are the results of the
finite element analyses for Design Examples (1), (1),
(1), and (1V).
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Figure 22. First-principal stress distribution for
Design Example (1V)

@ plastic hinge
|

le—sl—= 85" = 0.39d,
|

Figure 23. Von-Mises stress distribution for
Design Example (1V)

Table3. A summary of the results derived from the finite ele-

ment analysis for Design Examples (1), (11), (111), and (1V)
Design Probable Actual lat- | Actual centerline of
Example | peak lateral | eral force | plastic hinge location
force capac- capacity (measured from the
ity (kips) outer face of the col-
(Kips) umn flange)
M 193.26 170.84 I,+0.33dy
= 16" + 0.33x24.5"
=24.09"
) 174.21 145.47 I,+0.33 dy
=14.5" + 0.33x24.5"
=22.59"

(1 114.39 95.86 l,+0.37 dy

=13" +0.37x21.6"
=20.99"

(v) 103.35 92.81 I,+0.39 dy
=11.75" +
0.39x21.6"

=20.17"

5 RESULTS AND DISCUSSION

Tables 1 and 2 summarize the results of the four
WFP Design Examples. Table 1 indicates that for
the same beam size and beam length, the longer the
assumed distance between the face of the column
and the plastic hinge location, the higher the proba-
ble peak flexural strength demand at the face of the
column. Table 2 indicates that for the same beam
size and beam length, the longer the assumed dis-
tance between the face of the column and the plastic
hinge location, the longer the top and bottom flange
plates that are needed (that is, the stronger the WFP
connection is needed).

Table 3 summarizes the results derived from the
finite element analyses for the four design examples.
The table indicates that (1) The distances measured
from the face of the column to the actual location of
the centerline of the plastic hinge for the four design
examples ranged from I, + 0.33 dp to Ip + 0.39 dp
(where Ip is the length of the flange plate and dy is
the depth of the beam); these distances are longer
than I, (the assumed location for Design Examples
(I1) and (1V)) but are shorter than I, + 0.5 db (the as-
sumed location for Design Examples (1) and (l11)).
(2) For the same beam size and beam length, the
longer the distance between the face of the column
and the plastic hinge location, the larger the lateral
force capacity applied at the free end of the column.

6 CONCLUSIONS

Since the location of the plastic hinge depends upon
the beam size, the beam length, as well as the length
of the flange plates being used for the WFP connec-
tion, one has to use an assumed plastic hinge loca-
tion to begin designing a WFP connection. Four ex-
amples for the design of the WFP connections are
presented in this paper. The assumed plastic hinge
locations used in the design examples were also ver-
ified using the nonlinear static finite element analy-
sis method. The following conclusions are inferred
from the results of the four design examples and the
finite element analyses for these design examples:
(1) The designed WFP connection details presented
in Design Example (1) were based on the assumption
that the plastic hinge is located at a distance of I, +
0.5 dy from the outer face of the column flange.
Since the assumed distance is longer than the actual
distance (I, + 0.33 dy), the designed WFP connection
is capable of producing a higher flexural strength
capacity than the actual probable peak flexural
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strength demand (developed by the formation of the
plastic hinge at its actual location). Therefore, the
designed WFP connection details presented in De-
sign Example (I) are adequate. (2) The designed
WEFP connection details presented in Design Exam-
ple (1) were based on the assumption that the plastic
hinge is located at a distance of I, from the outer
face of the column flange. Since the assumed dis-
tance is shorter than the actual distance (Ip + 0.33 db),
the designed WFP connection is not capable of pro-
ducing a higher flexural strength capacity than the
actual probable peak flexural strength demand (de-
veloped by the formation of the plastic hinge at its
actual location). Therefore, the designed WFP con-
nection details presented in Design Example (I1) are
not adequate. (3) The designed WFP connection de-
tails presented in Design Example (I11) were based
on the assumption that the plastic hinge is located at
a distance of I, + 0.5 dp from the outer face of the
column flange. Since the assumed distance is longer
than the actual distance (I, + 0.37 db), the designed
WFP connection is capable of producing a higher
flexural strength capacity than the actual probable
peak flexural strength demand (developed by the
formation of the plastic hinge at its actual location).
Therefore, the designed WFP connection details pre-
sented in Design Example (111) are adequate. (4) The
designed WFP connection details presented in De-
sign Example (IVV) were based on the assumption
that the plastic hinge is located at a distance of I,
from the outer face of the column flange. Since the
assumed distance is shorter than the actual distance
(Ip + 0.39 db), the designed WFP connection is not
capable of producing a higher flexural strength ca-
pacity than the actual probable peak flexural strength
demand (developed by the formation of the plastic
hinge at its actual location). Therefore, the designed
WEFP connection details presented in Design Exam-
ple (1V) are not adequate.
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