SEismic REHABILITATION DESIGN OF STEEL MOMENT CONNECTION
wITH WELDED HAUNCH

By Qi-Song “Kent’’ Yu,* Student Member, ASCE, Chia-Ming Uang,’
and John Gross,> Members, ASCE

ABSTRACT: This paper describes a design procedure for the seismic rehabilitation of pre-Northridge steel
moment connections using a welded haunch. Experimental results from cyclic testing of full-scale specimens
demonstrated that welding a triangular haunch beneath the beam’s bottom flange significantly improved the
seismic performance of steel moment connections. The welded haunch drastically changed the beam shear force
transfer mechanism, which assisted in reducing the demands at the beam flange groove welds. Analytical studies
further showed that the tensile stress in the existing beam flange groove weld can be reduced to a reasonable
level if the flange of the haunch is designed to provide sufficient stiffness and strength. However, traditional
beam theory cannot provide a reliable prediction of the beam'’s flexural stress distribution near the column face.
A simplified model that allows the designer to predict the stress level in the beam flange groove welds is

presented.

INTRODUCTION

The Northridge, Calif., earthquake of January 17, 1994, re-
sulted in widespread damage to beam-column connections in
steel specia moment-resisting frames. Because of this newly
identified vulnerability to connection fracture in existing spe-
cial moment-resisting frames, NIST, Gaithersburg, Md., and
AISC, Chicago, initiated a research project to investigate the
effectiveness of two rehabilitation schemes—reduced beam
section and welded haunch schemes—for seismic rehabilita-
tion (Civjan and Engelhardt 1998; Uang et al. 2000). When
the complete joint penetration welded joint of the beam top
flange was left in its pre-Northridge condition, test results
showed that the welded haunch specimens performed better
than the reduced beam section specimens. When a concrete
slab was present, brittle fracture of groove welded joints was
prevented. These full-scale specimens were able to provide
large plastic rotation in a ductile manner.

For seismic rehabilitation purposes, the welded haunch
scheme not only provides a more redundant moment connec-
tion but also eliminates the need to modify the existing groove
weld of the top flange, indicating a potential for significant
cost savings. In this paper, test results that support the effec-
tiveness of the welded haunch scheme are presented first.
Next, it is shown that conventional beam theory cannot pro-
vide areliable prediction of the flexural stresses in the groove
welded joint. Third, a simplified model that considers the in-
teraction of forces and deformation compatibility between the
beam and the haunch is developed. Finally, a step-by-step de-
sign procedure is presented. The proposed design procedureis
demonstrated by an example in Appendix .

AVAILABLE TEST RESULTS

In this NIST/AISC research program, two different sizes of
full-scale welded haunch specimens were tested. Two large-

'Grad. Res. Asst., Dept. of Struct. Engrg., Univ. of California at San
Diego, La Jolla, CA 92093-0085.

2Assoc. Prof., Dept. of Struct. Engrg., Univ. of Californiaat San Diego,
La Jolla, CA.

®Build. and Fire Res. Lab., Nat. Inst. of Standards and Technol., Gaith-
ersburg, MD 20899.

Note. Associate Editor: Takeru Igusa. Discussion open until June 1,
2000. Separate discussions should be submitted for the individual papers
in this symposium. To extend the closing date one month, a written re-
quest must be filed with the ASCE Manager of Journals. The manuscript
for this paper was submitted for review and possible publication on
March 2, 1999. This paper is part of the Journal of Structural Engi-
neering, Vol. 126, No. 1, January, 2000. ©ASCE, ISSN 0733-9445/00/
0001-0069—-0078/$8.00 + $.50 per page. Paper No. 20492.

size, two-sided moment connection specimens consisting of
W36 150 beams, W14<426 column, and atriangular haunch
cut from a W14x 143 section were tested at the University of
Cdlifornia at San Diego (UCSD) (Uang et a. 2000), and an-
other four medium-size specimens consisting of W30X99
beams, W12 279 column, and a W21x93 haunch were tested
at the University of Texas, Austin (Civjan and Engelhardt
1998). Fig. 1 summarizes the test results. Of the three bare
steel specimens tested, five beams experienced brittle fracture
of groove weld in the top flange. When the concrete slab was
present, none of the six beams experienced weld fracture, and
the plastic rotation ranged from 0.028 to 0.031 rad, which has
been considered adequate for rehabilitation purposes (‘‘In-
terim’’ 1995).

NUMERICAL SIMULATION OF HAUNCH
CONNECTION

To gain more insight into the behavior of the welded haunch
connection, one bare steel specimen that was tested at UCSD
was modeled and analyzed using the general-purpose finite-
element analysis program ABAQUS (ABAQUS 1995). Both
flanges and the web of the beams and the column were mod-
eled with the quadrilateral four-node shell element (element
type S4R5 in ABAQUS). Each element was divided into five
layers across the thickness so that the stress gradient could be
modeled. A reduced integration scheme with one Gaussian in-
tegration point in the center of each layer was used to for-

35 ———
|0 Beam 1
3 T mBeam2

=

%
<
s il

R

=
SRR
TTTT.
s

SN

o

xd

&

49

T

2.5

‘,A

%
Q5
ofalcelet

T
T
e

S
R

0;?;0'
%
s

i
2

2

,.
5
-
e
R
RS

=

R
X

R

v‘i:;
s
SN
%
o

o
i

2%
%
g:«:f

3

0?%

N
s
o

N

o

2 1.5

5

o
o
8K
R

Plastic Rotation
(x0.01 Radian)
3
R
7
s

>
45

X
3

&

R

=
X

N

ot

2z

17—.

%

R
B
RN

s
S
s

T
B

RRRREES

RN
R
oanae
%
R
X
o

;
R

0.5 1

e
B

3
R

5
R

i

.
=
o
&
%

o
X
B
2

.,-~
RS
[RX

4

X
i

W30x99° W30x99" W36x150° W30x99° W30x99" W36x150°

|
Bare Steel Specimens

|
Specimens With Composite Slab

FIG. 1. Plastic Rotation Capacities of NIST/AISC Welded
Haunch Specimens [a: from Civjan and Engelhard (1998); b:
from Uang et al. (2000)]
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FIG. 2. Correlation of Analytical and Experiment Load-Displacement Relationships

FIG. 3. Deformed Configuration of Welded Haunch Specimen

mulate element properties. The beam web was directly con-
nected to the column flange in the model. Steel material
properties followed the results of tension coupon tests, a
Young's modulus of 199,955 MPa (29,000 ksi) and a Poisson’s
ratio of 0.3 were assumed. The material was assumed to be
elagtic-plastic, which followed the von Mises yielding crite-
rion. Equal and opposite displacements were imposed to the
beam ends.

An updated Lagrangian formulation, Green’s strain, and sec-
ond Piola-Kirchhoff stress were used to account for the effect
of large displacements and finite strains. To simulate the
strength degradation due to local buckling and lateral-torsional
buckling, the standard Newton method, which fails (i.e., di-
verges numericaly) near the maximum strength point of the
force-displacement curve, was not adopted for the analysis.
Instead, the modified Riks agorithm (Ramm 1981) was used
so that the postbuckling behavior could be predicted.

Fig. 2 shows that the analytically predicted load versus
beam tip deflection relationship correlated well with the re-
sponse envelope of the test results. The predicted deformation
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configuration is shown in Fig. 3. Under positive bending,
Beam 1 experiences not only local buckling in the flange and
the web but also lateral-torsional buckling. Beam 2 under neg-
ative bending also experiences local and lateral-torsional buck-
ling, but the buckling amplitudes are significantly smaller than
those of Beam 1. Based on this satisfactory correlation study,
the finite-element model was then used to compute the stress
distributions of the welded haunch connection.

SHEAR FORCE TRANSFER AND INTERNAL
STRESS DISTRIBUTIONS

Consider this UCSD test specimen as an example. Based on
an elastic ABAQUS analysis, the flexural stress distribution
along the beam section near the column face is presented in
Fig. 4. For comparison purposes, the stress profile based on a
simple beam theory (i.e., My/l,,,, where M is the moment, y is
the distance measured from the elastic neutral axis, and I, is
the moment of inertia of the composite section) is also shown.
The poor correlation between the stress distributions is obvi-
ous.
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FIG. 4. Comparison of Flexural Stress Profiles along Beam Depth

Without the welded haunch, it has been shown that the ma-
jority of the beam shear is transferred to the column through
beam flanges, not the beam web (Popov and Stephen 1972;
Goel et a. 1997; El-Tawil et a. 1998). When the haunch is
present, the magjority of the beam shear is transferred through
the haunch flange acting as a strut action to the column. When
the axial stiffness of the haunch flange is sufficiently stiff, the
direction of the beam web shear in the haunch-reinforced re-
gion can be even reversed. Such areversed shear phenomenon
was also observed from experimenta testing (Uang et al.
2000). Needless to say, the simple beam theory could not pre-
dict this reversed shear phenomenon.

SIMPLIFIED MODEL OF WELDED HAUNCH
CONNECTION

In this section, a mathematical model that considers the in-
teraction (i.e., force equilibrium and deformation compatibil-
ity) between the beam and the haunch is presented.

Beam Moment Diagram

Fig. 5 shows the simplified model of the welded haunch
connection, where the haunch flange is idealized as a spring.
The contribution of the haunch web to the stiffness in the
haunch flange direction is minor and can be ignored. (A nu-
merical study of the UCSD test specimen showed that the
haunch web increased the haunch stiffness by about 5%.) At
the haunch tip, the amount of beam shear force that is trans-
ferred to the haunch flange is dependent on the axia stiffness
of the haunch flange.

Let the vertical component of the haunch flange axial force
be BV, where V,, is the beam shear at the inflection point of
the beam and B remains to be established [Fig. 6(a)]. The
horizontal component of the haunch flange force is then equal
to BV,u/tan 6. Such a horizontal force component together with
an eccentricity of d/2 (due to the finite depth of the beam)
produces a tensile force and a concentrated moment to the
beam in the haunch region [Fig. 6(b)]. Fig. 6(c) shows the
moment diagram of the beam alone. The seismic beam mo-
ment increases from zero at the inflection point to a peak mo-
ment of V,,L'/2 at the haunch tip location. The moment at
that location is reduced by the concentrated moment, (BVd/
tan 0)(d/2), shown in Fig. 6(b).

The variation of the beam moment diagram inside the
haunch region then reflects the beam shear. If B isequal to 1
[i.e., al the beam shear V.4 is transmitted to the haunch
flange], the beam shear in the haunch region vanishes, and the
beam moment would be constant in that region. When B is

larger than 1, the beam shear in the haunch region is reversed
in direction as compared with that outside the haunch region.
Because beam shear is the slope of the moment diagram, the
reverse shear would further reduce the beam moment and,
hence, the tensile stress in the top groove weld at the column
face [Fig. 6(c)].

Deformation Compatibility between
Beam and Haunch

Consider the beam free-body shown in Fig. 6(a). The hor-
izontal and vertical components of the beam deformation at

'
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the haunch tip (Point B) can be computed as follows. Define
x in Fig. 6(a) as the distance of the beam section measuring
from the haunch tip toward the column face. The beam bend-
ing moment in the haunch region [Fig. 6(c)] is

M(x) = (LE, + x> Voa — X(BVpa) — (%) g D

(See Appendix 1ll for the notations.) This bending moment
together with the beam axial force [BV,q4/tan 6 in Fig. 6(b)]
produces a compressive stress in the beam bottom flange as
follows:

_ (L2 XV (d) _ X(BVy) (d) _ (BVasltan ) ()’
o) = N <2) I (2) I (2)
_ BV,a/tan 6
A, @)

The horizontal component ug of the beam deformation at the
haunch tip is equal to the axial shortening of the beam bottom
flange in the haunch region

(fo( . _ (L - (Ban6) (d\" (1 - p)a®(d
UB_L E dx"( El, <2> &+ o, <2>

_ paltan ® v
EA, ) ™ €©)
Next, consider the vertical component of the beam defor-

mation at the haunch tip. Using the moment-area method,
where the moment is expressed in (1), the vertical compo-

nent is
v. = f XM(X) (L’/d — (B/tan 0) <g) e B)a3> v,
0 3El,
@

- El, 4
Based on the components ugs and vg of the haunch tip displace-
ment, the shortening of the haunch flange 3, is

Sh=V(@— U+ (b—Vg)® — Iy~ UgCOSO + Vg sin®  (5)

where b (=a tan 8) = haunch depth; and |, (=a/cos 6) = haunch
flange length. Based on the small deformation theory, a sim-
plification was made in (5) by ignoring higher-order terms.

The axia shortening of the haunch flange can aso be es-
tablished by considering the haunch flange as a free body.
Because the vertical component of the haunch flange force is
BV, the axia force in the haunch flange is equal to BV,./
sin 6, and the corresponding axial shortening is

= BV
Bh_EAhfSinelhf (6)
Equating (5) and (6) for deformation compatibility gives
. V,
uBcosenLvBsme:%Ihf (7)

Solving the above equation for 3 yields the following expres-
sion:

3d? + 6bd + 4b? +

b 3L’d + 3ad + 3bL’ + 4ab
B=2 ( 121, 121, ) ®)
+
A, A, COS’0

The above equation defines the interface force coefficient be-
tween the beam and the haunch flange.

TENSILE STRESSES IN BEAM FLANGE
GROOVE WELDS

Because the majority of the beam shear is transferred
through the haunch flange to the column, for design purposes,
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the beam top flange stress (i.e., the tensile stress in the groove
weld) at the column face can be calculated by beam theory as
follows:

¢ = Vell'/2 + 3 <g> _ BVwa <g) _ (BViu/tan 6)(d/2) <g>
“ I 2 l, \2 l 2

L BValtan 6 _ Vel 12 + Vi(1 — Ba (d
A I 2

_ (BV,d/tan 6) (d_2 b )

b 4 A C)
Defining M, as the design moment of the beam at the haunch
tip, the corresponding beam shear V, is equa to M,/(L'/2).
Substituting the bending moment V,,,/L'/2 at the haunch tip by
M,q, the above equation can be rewritten as follows:

fue

My + V(1 — B)a (d BV/tan 6 (d* I, 10
- Iy 2 Iy 4 A (10

Based on Fig. 7(b), the beam bottom flange force Py, to
the left of the haunch tip (Point B) is much smaller than that
in the top flange due to the contribution of the horizontal com-
ponent of the haunch flange force [Fig. 6(b)]. To compute the
maximum tensile stress in the beam bottom flange groove weld
when the beam is subjected to positive bending [i.e., when V4
in Fig. 6(a) acts upward], the following equation can be de-
rived with minor modifications of (9):

. _ VL2 + @) (d)  BVea (d)  (BVi/tan 6)(d/2) (d
w I, 2 l, \2 I, 2

| BVpltan 0 _ Vol /2 + Vp(1 — Bla (d
A Ib 2

(BVew/ten 0) (d* |b>
Iy 4 A (11)

The flexural stress profiles of the beam based on (10) and
(11) are compared with those predicted by the simple beam
theory and the finite-element analysis in Fig. 4. Good corre-
lation between the proposed model and the finite-element
model indicates that (10) and (11) can be used reliably for
design purposes.

The axia deformation of the haunch flange would result in
secondary shear stresses in the haunch web due to the defor-
mation compatibility between the haunch flange and the
haunch web (Fig. 8). Treating the triangular haunch web as a
first-order finite element, the shear strain is

_uky) | (4 )

12
Yiw ay ax (12
Vpa
i ) ( ﬁ"] )Vpd Vpd
Mpd Pbi l Ncljpd
| B %’ : * B
tan®: 1
4, 8 ‘ P vad

(a) (b)

FIG. 7. Force Equilibrium at Haunch Tip: (a) Free Body; (b)
Force Equilibrium



FIG. 8. Deformation of Haunch Web

where the displacement fields u(x, y) and v(x, y) can be ex-
pressed as a function of the nodal displacements ug and v; at
the haunch tip

uex, y) = (1 - g) Us 13)
V(X y) = (l - 2) Vg (14)
Substituting (13) and (14) into (12) gives the following:
- _Ve
Yw = T (15)

Substituting (4) for vg and multiplying both sides of the above
equation by the shear modulus [E/2(1 + v)] gives the follow-
ing shear stress in haunch web:

Thw

o _ d
c (le (B/tan 0)

_ (1-pa’ )
201 Vead Voo

3El,

_aVy (L' B (d) (1P
T 26l,\2 tanp \2 3 (16)

where v(0.3) = Poisson’s ratio.

El,

SIZING HAUNCH FLANGE

For economic reasons, it is not desirable to modify the ex-
isting beam flange groove welds. The NIST/AISC test results
have shown that brittle fracture of the beam top flange groove
weld did not occur when the composite slab was present even
though strain gauge measurements indicated that the beam top
flange not only yielded but also strain-hardened. Based on
strain gauge measurements of the welded haunch specimens,
the beam top flange strain near the column face was found to
approach 20—30 times the yield strain. Since the actual yield
stress of the beam flange for the UCSD specimens was about
338 MPa (49 ksi), the tensile stress in the beam top flange and
its groove weld (with the E7XT-X electrode) might have ex-
ceeded 379 MPa (55 ksi) due to strain hardening under cyclic
loading. Therefore, it is recommended that the allowable stress
F., in an average sense across the beam flange area, for the
existing groove welds be taken as 0.8Fg«, Where F is the
strength of the weld metal (Gross et a. 1999). For a 483 MPa
(70 ksi) tensile strength electrode, this requirement would limit
the allowable stress in the groove weld to 0.8 (483) = 386
MPa (56 ksi).

When sizing the haunch flange to limit f,, to the allowable
stress, the minimum value of B can be solved by equating (10)
to the average allowable weld stress F,,

(Mps + V@IS, — Fy
Vil | Vo (dj ) I_b)

Bmin = (17)

S lbtan® \ 4 A,

The haunch flange axial force Py is equal to BV,4/sin 6, and
once the minimum value of BV, is determined, the haunch
flange can be sized as follows:

A= P BV
f

~ oF, oF,sin@ (18)

where A, = haunch flange area = by tir; by = haunch flange
width; t, = haunch flange thickness; ¢ = 0.9, and F, = mini-
mum specified yield stress of the haunch flange. The haunch
flange should satisfy the following width-thickness require-
ment for a compact section (Seismic 1997):

o 137 . o 52 .
— = Sl units) or — = U.S. units 19
2thf \/Fiy ( ) 2thf Fy ( ) ( )

In addition to satisfying the strength requirement in (18) and
the stability requirement in (19), it is necessary to check the
axial stiffness of the selected haunch flange to ensure that the
actual B value, as computed from (8), is not less than B, If
the haunch flange is conservatively designed, the actua B
value will be significantly larger than B,... In such a case, the
designer may consider reducing the haunch flange area

SIZING HAUNCH WEB

Note that the contribution of the haunch web is excluded in
the force equilibrium in Fig. 7(b) because its stiffness in the
haunch flange direction is small. However, the haunch web
plays an important role in providing stability for the haunch
flange. For design purposes, it is suggested that the thickness
of the haunch web satisfy the following requirement:

asino 683 asino 260
= —— (Sl units) or = —— (U.S. units
thw \/Fy ( ) thw \/Fy ( )
(20)

The above requirement is established by treating the haunch
as haf of a wide-flange beam section whose depth is twice
the distance of a sin 6 in Fig. 9; the limiting width-thickness
ratio, 2a sin 6/t,,, would be 1,365/\/F, (or 520/\/F, in U.S.
units) in accordance with AISC’s Seismic Provisionsfor Struc-
tural Steel Buildings.

The shear stress in the haunch web, as computed from (16),
should not exceed the allowable shear stress

The = $,(0.6F) (21)
where ¢, = 0.9.

OTHER DESIGN CONSIDERATIONS
Preliminary Haunch Geometry

In the tests conducted to date, two geometrical parameters
for the majority of test specimens, a and 6 (Fig. 9), have varied
only to a small extent. Until more test data become available,
it is prudent to remain within the limits of experimental da-
tabase. To begin a trial design, it is suggested that the length
a and angle 6 of the haunch be taken as (Gross et al. 1999)

a=(0.5to0 0.6)d (22)
6=30°*+5° (23

The designer may want to check the value of b (=a tan 0) to
ensure that the haunch does not interfere with the ceiling and
other nonstructural elements.

0
ey
A A
asing v
Ioa

FIG. 9. Compactness Requirement for Haunch Web

JOURNAL OF STRUCTURAL ENGINEERING / JANUARY 2000/ 73



Beam Design Plastic Moment and Shear Force

The design of awelded haunch is based on the moment and
shear that develop at the tip of the haunch when the beam
hinges plasticaly (SAC 1996). The design beam moment M,
at the location of the haunch tip is computed as follows:

Mpg = 0 ZyFye (24)

with « = material overstrength factor; Z, = beam plastic mod-
ulus; and F,. = expected yield strength of the beam.

Expected Yield Strength of Seel

The value of F,. may be obtained from tensile tests of ma-
terial removed from the existing building, from mill certifi-
cation reports for the steel used in the construction, or from
compiled statistical data. For the latter case, AISC's Seismic
Provisions for Structural Steel Buildings (Seismic 1997) for
new construction uses the following formula to compute the
expected yield strength:

Fre = RF, (25)

where R, = multiplier established from statistical data to ac-
count for material overstrength (1.5 for A36 steel). For seismic
rehabilitation, however, it is suggested that this value be ad-
justed in recognition of differences in mill practices that oc-
curred around 1990. For steels produced after 1990, the value
of R, = 1.5 reflects the mill practice of dua certification
whereby a single material is produced that meets the require-
ments of both ASTM A36 and A572 Grade 50. Steels pro-
duced before this practice is likely to have an expected yield
strength considerably less than might be found today and a
lower value of R, may be justified. Thus, for steels produced
prior to 1990, the value of R, = 1.3 is suggested. This value
is based on a statistical study of the results of over 7,500 tests
on A7 and A36 steels (Galambos and Ravindra 1978) and
adjusted upward for added safety (Gross et al. 1999).

Material Overstrength Factor

To obtain the value of « for (24), available welded haunch
test data were analyzed and the results are shown in Fig. 10.
Two plots are presented for two beam sizes: W30x99 and
W36 150. The abscissa represents the story drift ratio (SDR),
and the ordinate is the normalized moment. The beam moment
is computed at the haunch tip location and the normalization
is based on the actual plastic moment of the beam, where the
yield stresses of A36 steel beams were obtained from tension
coupon tests. It is observed that the beam probable plastic
moment can be slightly larger than the actual plastic moment,
and using a value of 1.1 for « is reasonable for design pur-
poses.

1.3
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1.1 +
4 x
X L =
1 p <
»
s 09 T 3
0.8 —
0.7 ¢ SAC-UCSD-IR  w SAC-UCSD-3R
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FIG. 10. SDR versus Moment Ratio: (a) W30x99 Beams; (b)
W36Xx150 Beams

Once M, is determined, the corresponding beam shear V4
can be computed as follows:

Vg = —— + Vg (26)

where L’ = beam span between plastic hinges (Fig. 11); and
Vs = beam shear at the plastic hinge location produced by
gravity load in beam span L’.

Strong Column-Weak Beam Condition

The strong column-weak beam criterion should be checked
when a haunch is welded to the pre-Northridge moment con-
nection. Before a designer proceeds with the detailed design,
information on the haunch length and angle is sufficient to
check this criterion (*‘ Interim’’ 1995)

**Jg\f” Plastic f*j’ﬁf—
‘ Hinge «
o — X' i r |
| - |
‘r_.kug,‘_/-_,.,; L —

FIG. 11. Assumed Location of Beam Plastic Hinge
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2 Zc(ch - fa)

> M.
where Z, = plastic section modulus of the column above and
below the connection; F,. = minimum specified yield stress for
the column above and below; f, = axia stress in the column
above and below; and M, = sum of column moments at the
top and bottom ends of the enlarged panel zone resulting from
the development of the probable beam plastic moment My
within each beam that frames into the connection. It can be
computed as follows (Fig. 12):

>1.0 (27)

D M. = [2Myq + VoL — L] (HH;dp> (28)

Dual Panel Zone Shear Strength

The presence of a haunch also creates an enlarged (or
““dua’’) panel zone. Usualy the increase in the panel zone
shear strength is larger than the increase in shear demand;
therefore, a check of panel zone strength is usually unneces-
sary. If desired, the designer can use the procedure developed
by Lee and Uang (1997) to compute the shear strength of the
dual panel zone.

Shear Strength of Existing Beam Web Connection

The beam shear is computed as follows. From the slope of
the beam moment diagram (i.e., beam shear) in Fig. 6(c), it is
observed that a shear of magnitude (1 — B)V,q in the direction
of the beam shear outside the haunch is developed in the
haunch region; the direction of this beam shear is opposite to
that developed outside the haunch region if B is larger than 1.
Therefore, the shear force in the beam web is

Vow = (1 = B)Vpa (29)

In general, the value of V,, is significantly less than that of
V4, indicating that the existing beam flange groove welds and
the beam web connection only need to transfer a small amount
of the shear force. If the value of V,,, is negative, it means that
the direction of the beam shear in the haunch region is re-
versed. If the existing beam web connection does not have a
sufficient capacity to resist V,,,, additional welding of the beam
web to the shear plate may be required to increase the shear

capacity.
Weld Design

A groove weld with a specified Charpy V-notch toughness
of 27.1 J (20 ft-lb) at —28.8°C (—20°F) should be used to
connect the haunch flange to both the column and beam
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FIG. 12. Evaluation of Strong Column-Weak Beam Criterion

flanges (Seismic 1997). Connections between the haunch web
and both the column and beam flanges should have sufficient
strength per unit length to resist the following shear force:

Viw = Trwthw (30)

Beam Web Transverse Stiffeners

The haunch flange exerts a concentrated force on the beam.
Therefore, it is suggested that a pair of transverse stiffeners be
added to the beam web at the location where the haunch flange
intersects the beam. At a minimum, the stiffeners should ex-
tend at least half of the beam depth, and the width-to-thickness
of each stiffener should be limited to 249/\/F, (or 95/\/F, in
U.S. units). Such a measure would ensure that the vertical
reaction BV, at the haunch tip would not be reduced by the
flexibility of the beam web. Using full-depth stiffeners is de-
sirable because their presence increases the likelihood that lo-
cal buckling of the beam top flange would occur outside the
haunch region, not next to the column face (i.e., location of
groove weld).

The beam web together with a pair of transverse stiffeners
should also be checked in accordance with Chapter K of the
AISC's Load and Resistance Factor Design (LRFD) Specifi-
cation (Load 1993) for local flange bending, local web yield-
ing, and web crippling to ensure that the strength is sufficient
to resist a concentrated force of BV,,.

Continuity Plates

Whenever possible, it is desirable to add a pair of continuity
plates at the beam top flange level to reduce the stress con-
centration in the groove weld. A pair of continuity plates
should be added at the location where the haunch flange in-
tersects the column. The continuity plates, designed for a con-
centrated force of BV,4/tan 6, should satisfy the requirements
in Chapter K of the LRFD Specification (Load 1993).

SUMMARY OF WELDED HAUNCH
DESIGN PROCEDURE

The step-by-step design procedure for a welded haunch con-
nection is summarized as follows (a design example is pre-
sented in Appendix I):

e Step 1: Select a preliminary haunch geometry using (22)
and (23).

¢ Step 2: Compute the beam design plastic moment (24)
and beam shear (26).

e Step 3: Check for strong column-weak beam condition
27).

* Step 4: Compute the required B, value (17) to limit the
top flange groove weld stress to an allowable value (0.8
FEXX)-

e Step 5: Select a haunch section such that the haunch
flange satisfies (18) for strength and (19) for compactness.
The haunch web needs to satisfy (21) for strength and
(20) for compactness.

e Step 6: Use (8) to compute the actual B value and check
whether the haunch flange has a sufficient stiffness to de-
velop the required B in (17). Increase the haunch flange
area or modify the haunch geometry if B is less than B,
The designer may consider reducing the haunch flange
areaif B is significantly larger than Bn.

e Step 7: Use (29) to check the shear capacity of the exist-
ing beam web connection.

* Step 8: Design the continuity plates and the beam web
stiffeners based on the actua B value.
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CONCLUSIONS

The main conclusions can be summarized as follows:

1. Based on the satisfactory full-scale cyclic testing results
of two-sided pre-Northridge steel moment connections
that were rehabilitated with welded haunch beneath the
beams, it was found in this NIST/AISC research program
that this scheme is a feasible solution for seismic reha-
bilitation. When the composite slab was present, haunch
connections were able to deliver a plastic rotation on the
order of 0.03 rad with no fracture at the existing beam
flange welded joints.

2. The presence of a welded haunch dramatically changes
the beam shear force transfer mechanism. Conventional
beam theory cannot provide areliable prediction of stress
distributions in the haunch connection. Both theoretical
studies and experimental results have shown that the ma-
jority of the beam shear is transferred to the column
through the haunch flange rather than through either the
beam web bolted connection or the beam flange groove
welds. This strut action alters the moment distribution of
the beam in the haunch region.

3. Providing sufficient axial stiffness and strength to the
haunch flange, the force demand in the existing bottom
flange groove weld is significantly reduced, and the force
demand in the existing top flange groove weld can be
reduced to a reasonable level. The haunch web has a
minor effect on the flexura stress distribution in the
beam. But it is needed to stabilize the haunch flange.

4. A smplified model that considers both force interaction
and deformation compatibility between the beam and the
haunch was developed. The predicted beam flexural
stress distribution near the column face correlated well
with the finite-element analysis results. The model could
also be used to explain the ‘‘reverse’”” beam shear phe-
nomenon that was observed in testing. Based on the sim-
plified model, a step-by-step design procedure is pro-
posed. The design procedure is aso applicable to new
design.

APPENDIX|. DESIGN EXAMPLE

Description of Existing Frame

¢ Building constructed in early 1980’s.

* Frame Centerline Dimensions:
Story Height: H, = 3,657.6 mm (12 ft)
Beam: W36x150, A36 steel
Bay Width: L = 9,144 mm (30 ft)
Column: W14Xx426, A572 Grade 50 steel

e Pre-Northridge Moment Connection Details: (1) Welded
flange-bolted web moment connection; (2) beam flange
groove welds. E70T-4 flux-cored arc welding with steel
backing and weld tab left in place; (3) beam web con-
nection: nine 25 mm (1 in.) diameter A325 high strength
bolts, 16 X 127 X 699 mm (5/8 X 5 X 27 1/2 in.) shear
plate connected to the column with 8 mm (5/16 in.) fillet
welds, no supplemental web welds between the shear
plate and the beam web; (4) no continuity plates; and (5)
no doubler plates.

Member Section Properties

¢ W36x150 Beam: d = 910.6 mm (35.85 in.); b, = 304.1
mm (11.975 in.); t = 23.9 mm (0.94 in.); t,, = 15.9 mm
(0.625 in); A, = 285160 mm* (44.2 in?; I, =
3,762,732,087 mm* (9,040 in.*); and Z,, = 9,520,884.2
mm?® (581 in.%)
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e W14x426 Column: d. = 474 mm (18.67 in.); t,, = 47.6
mm (1.875 in.); ty = 83.9 mm (3.305 in.); b = 424.1 mm
(16.695 in.); and Z, = 14,240,358.6 mm® (869 in.%)

Connection Modification Design

Consider a uniformly distributed gravity load [w, = 8.76 KN/
m (6 kip/ft)] for the beam. Assume a column axial stress f, of
68.9 MPa (10 ksi).

Step 1: Select preliminary haunch dimensions as follows:

A =(0.51t00.6)d, Choosea = 457.2 mm (18 in.)
6 =30° = 5° Choose 6 = 31°
b=atan 6 = 274.3 mm (10.8 in.)

Step 2: Determine beam probable plastic moment M, and
beam shear V,q

F,. = 1.3F, = 1.3(248) = 322.6 MPa (46.8 ksi)
Mpa = aZy,Fpe = 1.1 X 9,520,884.2 X 322.6
= 3,378,581 kN-mm (29,910 kip-in.)
L' =9,144 — 224.0 — 2 X 457.2 = 8,005.6 mm (305.3 in.)

_ M, Wil

Voa = 15 = 905.2 kN (203.5 kips)

Step 3: Check for strong column-weak beam condition
S M= 2+ Ve — 11 (o)
= 5,419,176 kN-mm (47,966 kip-in.)
D, Z(Fy — 1)
2 M

Step 4: Determine B,i,. Use (17) to compute the required
B, where F,, = 0.8Fgxx = 386.1 MPa (56 ksi)
My + Vu@)/S, — F,
Vol | Vea  (d® 1
S lbtan® \ 4 A,

Step 5: Size haunch flange. Use (18) to size haunch flange
for strength

=145>10 OK

Bmin = =091

A, = Pu_ BV
"7 $F,  oF,sin 6

Select W18X86 (A572 Grade 50 steel), which provides a
haunch flange area of 5,509.7 mm? (8.54 in.%) [=by X ty =
281.7 X 19.6 mm (11.09 X 0.77 in.)]. Check (19) for the
compact section requirement

= 5,154.8 mm? (7.99 in?)

by 2817 137
= =72=—"L=738 OK
2ty 2(19.6) VF,

Step 6: Verify the B value for stiffness requirement. Use (8)
to compute the actual B value for the haunch flange stiffness
requirement

b ( 3L'd + 3ad + 3bL’ + 4ab

B =—
a 2 , 121, 121,
+ + + +
3d 6bd + 4b 0

The haunch, thus sized, would ensure that the tensile stressin
the top flange groove weld is limited to the allowable stress
F. = 386.1 MPa (56 ksi). The tensile stress in the top flange
groove weld can be computed from (9)

) =0.93> B, OK



fut

_ My + V(1 — B)a (d\  BVultan6 (d> 1,
B 2 4 A

= 384.0 MPa (55.7 ksi) < 386.1 MPa (56 ksi) OK

Ib Ib
The haunch flange axial stressis

BV,a _ 0.93 X 905.2
AySin® 55097 X 0515

= 296.4 MPa (43 ksi) < ¢F,

= 310.2 MPa (45 ks) OK

where ¢ = 0.9. Therefore, the selected haunch flange has ade-
quate stiffness and strength.

The maximum tensile stress in the groove weld of the beam
bottom flange can be computed from (11)

_ Vel'/2 + V(1 — B)a (g _ (BViltan 6) (d? b
- 2 4 A

= 286.1 MPa (41.5 ksi) < 386.1 MPa (56 ksi) OK

fun

Iy o

Step 7: Check haunch web and beam web shear capacities.
Use (20) to check the haunch web width-thickness ratio

asin® _457.2sn3I° 683
= =193=—==36.8 OK
thv\/ 122 \/F

y

The average shear stress in the haunch web can be computed
using (20)

AV (U B (d), 0-pa
™20+ W)\ 2 tane \2 3

= 134.5 MPa (195 ksi) < $(0.6F,) = 186.2 MPa (27 ksi) OK

Use (29) to compute the shear in the beam web
Vow = (1 — B)Vea = (1 — 0.93) X 905.2 = 63.2 kN (14.2 kips)

The above computation indicates that the welded haunch is
very effective in reducing the beam shear at the column face.
Nine existing high strength bolts [25.4 mm (1 in.) diameter
A325 bolts] can provide a shear strength of 536.4 kN (120.6
kips).

Step 8: Design welds and stiffeners. Complete penetration
groove weld [E71T-8 electrode with a specified CVN value of
27.1 J (20 ft-lb) at —28.8°C (—20°F)] at both ends of the
haunch flange are specified to transmit the haunch flange force.

Design the haunch web fillet weld (30)

Viw = Trwtw = 134.5 X 12.2 = 1.64 KN/mm (9.4 kips/in.)
The required fillet weld size is

Vhw
= $(0.707)(0.60F,)2

An 8 mm (5/16 in.) fillet weld size on both sides of the haunch
web is sufficient.

Without beam web vertical stiffeners, the maximum con-
centrated compressive strength is governed by local web yield-
ing (Load 1993)

$R, = 1.0(2.5k + N)Fut, = 758.4 kN (170.5 kips) < BV,

a, =53 mm (0.21 in.)

= 842.0 kN (189.3 kips) NG

Try apair of 12.7 X 133.4 mm (1/2 X 5 1/4in.) plates (A572
Grade 50 stedl) for the stiffeners. Check the width-thickness
ratio

b _ 1334 250
"

———-=105=—==134 OK
12.7 VF,

8(5/16) E

/ | ot
° } 10(3/8)E
/

‘*s\fw

8(5/16)

45

FIG. 13. Typical Haunch Welding Details

Treat the stiffened web as an axially compressed member with
an effective length of 0.75h [h = 825.5 mm (32.5in.)], across
section composed of two stiffeners and a strip of the beam
web having a width of 12t, (Load 1993)

Ag = 2(133.4)(12.7) + 12(15.9)(15.9) = 645.2 mnv (9.94 in2)
l = 12.7(133.4 X 2 + 15.9)%12 = 23,891,683.8 mm"* (57.4 in.%)

_ e |23,891,683.8 _ .
r= Ay ~em2 - 61 mm (2.4 in.)

& _ 0.75h _ 0.75(825.5) - 102
r r 61

bcFe = 291 MPa (42.2 ksi)
GePn = dFo(Axr) = 291 (645.2) = 1,863.7 KN (419 kips) > BV,
= 842 kN (189.3 kips) OK

Use complete joint penetration groove weld to connect each
stiffener to the beam flange. Use two-sided 8 mm (5/16 in.)
fillet welds to connect the stiffeners to the beam web. Fig. 13
shows the welding details.
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APPENDIX IlIl. NOTATION

The following symbols are used in this paper:

A, = area of beam section;
A.; = haunch flange area;
a = length of welded haunch;
a, = fillet weld size;
b = depth of welded haunch;
b, = haunch flange width;
d = beam depth;
d. = column depth;
d, = depth of modified beam (i.e., includes haunch);
E = Young's modulus [199,955 MPa (29,000 ksi)];
Fexx = strength of weld metal [MPa (ksi)];
F, = specified minimum tensile strength of steel [MPa (ksi)];
F. = alowable tensile stress of groove weld (0.8Fg«x)

F, = specified minimum yield strength of steel [MPa (ksi)];
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u(x)

V(X)

Bmin =

Yhw

ep
>
o (X)

Thw
d)' (bV
> M.

minimum specified yield of column;

expected yield strength of steel [MPa (ksi)];

axial stress in column above and below;

tensile stress at beam bottom flange groove weld;
tensile stress at beam top flange groove weld;

story height;

moment of inertia of beam section;

moment of inertia of beam section including haunch;
haunch flange axia stiffness;

center-to-center spacing of columns,

beam span between plastic hinges;

haunch flange length;

design plastic moment of beam at haunch tip;

beam bottom flange force;

haunch flange force;

ratio of expected yield strength F,. to specified minimum
yield strength F;

beam flange thickness;
beam web thickness;
column flange thickness;
column web thickness;
haunch flange thickness;
haunch web thickness;
horizontal displacement
haunch tip;

horizontal displacement field of haunch web;

shear force in beam web;

shear force in column above and below connection;
beam shear force due to gravity loads;

design beam shear force;

vertical displacement of beam bottom flange at haunch
tip;

vertical displacement field of haunch web;

uniform beam load,;

plastic section modulus of beam section;

plastic section modulus of column section;

strain hardening factor of stedl;

ratio of vertica component of haunch flange force to
design shear force V,q;

minimum 3 value to limit beam top flange groove weld
stress to F,,;

shear strain of haunch web;

axial shortening of haunch flange;

acute angle between haunch flange and beam flange;
plastic hinge rotation;

Poisson’s ratio of steel (0.3);

compressive stress in beam bottom flange;

haunch web shear stress;

resistance factor; and

sum of column moment at top and bottom of enlarged
panel zone.

of beam bottom flange at



