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ABSTRACT

Fracture of unreinforced welded moment frame connections subjected to simulated seismic loads,
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design, detailing, fabrication and inspection.

INTRODUCTION

Full-scale welded moment frame connections have been tested under simulated seismic loads
developed by the SAC Steel Project (Goel e al., 1999; Fry et al., 2000; Ricles et al., 2000).
These were conducted to determine if newly detailed unreinforced fully restrained connections
can behave satisfactorily in future earthquakes. The base metal for beams and columns were
produced to ASTM A572 Grade 50 specifications. The specimens were welded with either
E70TG-K2 or E70T-6 electrodes. All tests were conducted at room temperature.

“The simulated seismic loads induce high-strain low-cycle fatigue deformation in the welded
joint. A failure analysis (Barsom and Pellegrino, 2000) of the specimens tested at the University
of Michigan (Goel et al., 1999) and at Lehigh University (Ricles ef al., 2000) demonstrated that
fatigue cracks initiated and propagated in all the tested connections.

One of the many SAC Steel Project objectives was t0 develop fracture toughness requirements
for weld metals to be used in welded moment frame connections. The following sections
describe the methodology used to develop the SAC-recommended Charpy V-notch (CVN)
toughness requirements for weld metals in seismic applications.
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DEVELOPMENT OF FRACTURE-TOUGHNESS REQUIREMENTS

The primary objective in the structural design of large complex structures such as bridges, ships,
pressure vessels, aircraft and buildings, is to optimize the desired cost, performance and safety
requirements. This objective is achieved by considering the relationships among design, material
properties, fabrication, inspection, operation and maintenance, and the contribution of each of
these factors to the performance of the structure. Seyeral fracture-control guidelines minimize
the possibility of fracture in tructures?@lmper design;2the use of materials with adequate
strength, dug'lity and fracture touEﬁst?elimination or minimization of stress raisersﬂ,_ proper
inspection; and, the like. When these general guidelines are integrated into specific requirements
for a particular structure, they become part of a fracture-control plan. Therefore, a fracture

control plan is a specific set of recommendations developed for a particular structure and should
not be applied indiscriminately to other structures.

The magnitude and fluctuation of the applied stresses, the geometry of the structural details,
* constraint, fabrication and inspection affect material performance. For example, ductile materials
" may behave in a non-ductile manner when the structural details are highly constrained and / or
contain severe stress raisers such as notches, cracks or fabrication defects. Fracture toughness is
one of several properties that may affect the performances of the material and the structural
connection. Fracture toughness of steels is a function of constraint, temperature and loading rate;
high constraints, low temperatures and rapid loading rates decrease the fracture toughness value.
Requiring high fracture toughness does not ensure adequate structural performance when the
stresses and stress ranges are high, or the structural details are highly constrained or contain
severe geometric stress raisers (e.g., notches, cracks or fabrication defects). The safety and
reliability of cost-effective structures and / or structural components depend on the contribution
of, and trade-off between, many factors including fracture toughness.

This paper presents the development of Charpy V-notch (CVN) fracture toughness requirements
for weld metals in seismiclapplications. These requirements were developed in the absence of
knowledge of these factors: seismic demands (e.g., loads and deformations) for different building
configurations and connection geometries;aﬂ'acture-mechanics type fracture toughness (e.g.,
critical stress-intensity factors; Kjc, or crack-tip-opening displacements, 3c) for the basemetals,
heat-affected zones, or weld metals, and*fabrication and inspection requirements. At the time the
tacture-toughness development was performed only 3 room-temperature dc values were
available for 1 (E70TG-K2) of several filler metals. Co uently. the development of fracture-
toughne uirements within the context of a fracture-control plan was not possible. The
proposed fracture-toughness requirements for weld metals in seismic applications were therefore
based on the following: 1) fundamental fatigue-crack-propagation and elastic-plastic fracture-
toughness behaviors of steels and weld metals; 2) the 5¢c value above which negligible fatigue life
remains under full-reversal seismic deformations, thus the crack driving force, 8, should be kept
below the 8¢ value: and, 3) the 8¢ value was converted to an equivalent CVN value.

The methodology used to develop the CVN fracture-toughness requirements for weld metals in
seismic applications is detailed in the following sections. Future technical developments and an
improved understanding of the factors that are integral parts of a fracture control plan for
buildings subjected to seismic loads and deformations may modify, augment or replace the
methodology and / or the proposed requirements.
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FATIGUE CRACK PROPOGATION BEHAVIOR

Failure analysis of unreinforced welded moment frame connections subjected to simulated
seismic loads during testing at the University of Michigan showed that fracture was caused by
the initiation and propagation of fatigue cracks, as shown in Figure 1 (Barsom and Pellegrino,
2000). - -

Thefaﬁgge_cracks-initiated at the web-to-flange intersection at the lvwr'el(.i access hole, tzﬁe valleys
of the flame cut weld access hole surface? the weld toe and%weld imperfections. The applied
cyclic loads increased the size of the fatigue crack until it reached a critical dimension where
unstable crack extension severed the beam flange (Figure 2). D

The fatigue cracks in all the tested specimens exhibited stable ductile tearing under the applied
cyclic loads. Subsequent unstable crack extension was ductile in some specimens and brittle in
others. Regardless of the mode of unstable crack extension, the critical crack size at fracture was
large and the remaining fatigue life under the simulated seismic loads was negligible.

The fatigue-crack-propagation behavior for metals can be divided into 3 regions (Figure 3)
(Barsom and Rolfe, 1999). The behavior in region I exhibits a “fatigue-threshold” cyclic stress-
intensity-factor fluctuation, AKw, below which cracks do not propagate under cyclic-stress
fluctuations. Region II represents the fatigue-crack-propagation behavior above AKy, which can
be represented by Equation 1: \ e

da/dN = AQAR™ M)

where a = crack length.
. N =number of cycles.
AK = stress-intensity-factor fluctuation.
A and m are constants.

In region III the fatigue-crack growth per cycle is higher than predicted for region IL The data

“show that the rate of fatigue—crack growth increases and that under zero-to-tension loading (that
is, AK = Kumax) this increase occurs at a constant value of crack-tip displacement, Adr, and at a
corresponding stress-intensity-factor value AKr, given by Equation 2:

ASr = (AKr)? | Eoy = 1.6x10” in. (0.04mm) )

where AKr= stress-intensity-factor-range value corresponding to onset of acceleration
in fatigue-crack-growth rates.
E = Young’s modulus.
oy = yield strength (0.2 percent offset) (the available data indicate that the value of Kt
can be predicted more closely by using a flow stress, oy rather than oy,, where oy
is the average of the yield and tensile strengths).

Acceleration of fatigue-crack-growth rates that determines the transition from region II to region
III appears to be (I;aused by the superposition of a ductile tear mechanism onto the mechanism of
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cyclic subcritical crack extension, which leaves fatigue striations on the fracture surface. Ductile
tear occurs when the strain at the tip of the crack reaches a critical value. Thus, the fatigue-rate
transition from region II to region III depends on Km.x and on the stress ratio, R. Most of the
useful fatigue life is when the crack is in regions I and II. In region III cracks extend by large
increments with each load cycle.

FATIGUE CRITICAL STRESS INTENSITY FACTOR

The first step in the development of fracture toughness for weld materials in seismic applications
was to require the fracture toughness value to be higher than would be calculated from Equation
(2). In other words, the fracture toughness must be high enough to ensure that fatigue crack
extension under seismic loads would take full advantage of the behavior in region II, and would
transition into the fast fatigue crack propagation region III without becoming an unstable fast
running crack.

The yield strength, o,s, and tensile strength, o, of the E70TG-K2 weld metal used to fabricate
the University of Michigan moment frame connections were 76 and 90 ksi, respectively
(Johnson, 2000). For a stress ratio, R, equal to zero, the minimum fatigue-critical stress-intensity-
factor corresponding to the transition into region III, Kcm is given by Equation 3: '

Kem= % Ecy6t | “3)

where Kemr = AKt = Kmax for zero-to-tension loading, i.e, R=0
E = Young’s modulus = 29 x 10° psi
6 =1.6x 107 in.

Therefore,  Kcm = 60 ksiv¥in.

This Kcm value is conservative because it does not account for the elevation of the yield strength
due to the triaxiality at the center one third length of the beam-to-column weld or the minor
effect of compressive stresses on fatigue crack propagation under the fully reversed simulated
seismic loads. Therefore, the true fatigue-critical stress-intensity-factor must be larger than 50
ksitrin.

FRACTURE CRITICAL STRESS INTENSITY FACTOR

Examination of the fatigue cracks that initiated from weld imperfections in the moment frame
connections tested at the University of Michigan (Barsom and Pellegrino, 2000) suggested that
an estimate of the critical crack size for the weld metal was either a 0.5-inch deep part-through
crack or about a 1.5-inch through-thickness crack. These crack sizes in combination with
assumed effective stresses were used to estimate the fracture-critical stress-intensity-factor, K.
(i.e., fracture toughneﬁ)-’ of the E70TG-K2 weld metal used to fabricate the University of

Michigan connections.

Because the moment frame weldments in the University of Michigan tests were subjected to
plastic deformation under the simulated seismic loads, the flow stress (Equation 4):
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ghnl o = N R ek

Glow = [Oyield + Otensite] / 2 = 83 ksi ‘ (4)

was used to calculate the fracture critical stress intensity factor, K., from the relationship
(Equation 5; Barsom and Rolfe, 1999):

K= 1.12080w VT8 )

For a part-through crack conservatively modeled as an edge crack (i.e., part-through crack
having infinite surface length) with a.= 0.5 in. and (Equation 6):

Ko = OgowVmia. 3 (6)

For a through thickness crack with 2a. = 1.5 in. Thus, the estimated fracture critical stresg
intensity factor, K, values for E70TG-K2 weld metal are 117 and 127 ksiVin., respectively.

At the time this methodology to estimate fracture toughness requirements for weld metal in
seismic applications was being developed, only 3 room temperature crack-tip-opening-
displacement (CTOD) values were available. The 3 test specimens were from a single weldment.
made with E70TG-K2 filler metal. The weldment was part of the University of Michigan full-
size specimen test program and was fabricated in an identical manner as the full-size moment
frame connection specimens. The CTOD tests were conducted at the Edison Welding Institute

(Johnson, 2000). y

The 3 room temperature CTOD values for E70TG-K2 weld metal were 0.0019, 0.0043 and
0.0084 in. These values were converted to fracture critical stress-intensity factors, K., by using
the relationship (Equation 7; Barsom and Rolfe, 1999):

K. = V1.76n0wEdc (‘b

where Ggow = 83 x 10° psi
. E = Young's modulus, psi
= 8.= critical crack tip opening displacement, CTOD, in.

[Note: Equations (2) and (7) are empirical correlations of X, o and § for fatigue and fracture,
respectively (Barsom and Rolfe, 1999). Equation 2 can be changed to include the 1.7 constant in
Equation (7). The value of 6r= 1.6 x 107 in., however, would have to be adjusted accordingly.]

The 3 CTOD values corresponded to K. values of 88, 133 and 185 ksiVin. Consequently,
assuming that one or more of the specimens tested at the University of Michigan contained weld
metal having a K. = 88 ksiVin., one may conclude that this fracture toughness value resulted in a
large ductile fatigue crack prior to fracture (Barsom and Pellegrino, 2000).

The preceding discussion indicates that the fracture toughness, K., of E7T0TG-K2 weld metal
from full-scale test specimens and from CTOD tests of weldment ranged from 88 to 185 ksivin.
Also, ductile crack propagation preceded unstable crack extension in the welded moment frame
connections tested, at the University of Michigan. Consequently, a minimum fracture toughness
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requirement of 90 ksiVin. for weldments subjected to seismic loads was established. Higher
fracture toughness values would have negligible beneficial contribution to the performance of the
connections. Further improvements in the performance of welded moment frame connections
must be achieved by improvements in connection design, detailing, fabrication and inspection.

DERIVATION OF EQUIVALENT CHARPY V-NOTCH IMPACT TOUGHNESS

The minimum K, requirement of 90 ksiVin. was used to derive an equivalent impact Charpy V-
notch (CVN) foot pound value that can be used as a screening test for weld metal. A correlation
between CTOD data and impact CVN toughness does not exist. Therefore, a procedure was
developed based on the general behavior of CTOD test results as a function of temperature and
by evaluating existing K. — CVN correlations.

CTOD values of structural steels increase as the test temperature increases. Initially the increase
is gradual, and then accelerates rapidly within a test temperature zone where significant stable
ductile tearing prior to unstable crack extension becomes visible with the naked eye on the
fracture surface of the CTOD specimens (Figure 4; Barsom and Rolfe, 1999). This rapid increase
in fracture toughness would have a minor beneficial effect on the fracture behavior of welded
moment frame connections subjected to the severe demands of cyclic seismic loads.

Having defined a K of 90 ksiVin. to be the desired minimum fracture toughness, an equivalent
CVN impact- energy absorption value had to be “established. An evaluation of existing
correlations suggested that the Roberts-Newton correlation (Bquation 8; Barsom and Rolfe,
1999) may be helpful. Extreme care should be exercised in the use of this correlation because it
can produce erroneous results. This correlation is used here only because the K values calculated
from the upper shelf impact CVN energy absorption appear to approximate the K. value above
which stable ductile (fibrous) tearing precedes unstable crack extension (Figure 5; Barsom and
Rolfe, 1999).

K.=9.35(CWN, ft - I6)*® (8)

Fhus, 3 K, equal to 90 ksiVin. would be equivalent to an impact CVN upper-shelf value of about
37 fi-lb. A conservative value of 40 fi-lb was selected. Based on experiences with other
engineering structures, this impact CVN requirement appears to be conservative. If and when a
better correlation is developed, the required CVN toughness value could be revisited.

PROPOSED CHARPY V-NOTCH REQUIREMENTS

All component tests conducted in the SAC Project have been conducted at room temperature.
Thus, the results of these tests are applicable to interior framed buildings. The minimum interior
operating temperature for buildings, as expressed by several participants in the SAC Steel
Project, is +50°F. Considering the difference in loading rate between seismic and CVN impact
loads and the temperature increase of weldments under seismic loads, CVN requirements at 70°F

should be adequate for use at +50°F.
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The finite element analysis and X¢rain measut¢ments by Fry (2000) demonstrate that the strain
demands on the weld material are\yery high evgn for the RBS specimens. These data show that
the strain demand on the weld material is 8 times the yield strain for an unreinforced post-
Northridge connection and is S times the yield strain for an RBS connection. Consequently, the
CVN requirements should be equally applicable to both connections.

The significance of the present 20 ft-Ib at —20°F requirement for a moment frame connection
exposed to SO°F and higher is not obvious. Although no data are available to investigate the
significance, the 40 ft-Ib at 70°F requirement may be used to justify relaxing the low temperature
requirement to at least 20 ft-Ib at 0°F. ' ' :

In summary, based on the discussions presented in the preceding section, it is proposed that the
impact requirement for filler metals used in the fabrication of seismically loaded rigid moment

frame connections be:
40 ft-Ib at +70°F
and
20 ft-1b at 0°F

For connections exposed to +50°F temperatures or higher. This CVN requirement should
- preclude weld-metal fracture toughness from being a contributing factor to the fracture of
moment frame connections in seismic applications. Further improvements in the fracture
performance of welded moment frame connections must be achieved by changes in design
detailing, fabrication and inspection. Further research is needed to define the CVN requirements

for connections exposed to temperatures below +50°F. ;
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Figure 1. Initiation and Propagatlon,of Fatigue Cracké in the
University of Michigan Beanmtocolumn Test Welds.

Figure 2. Stable Crack Growth (Center) Prior to Unstable Fracture.
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Figure 3. Schematic Representation of Fatigue Grack Growth Rate In Steels.
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(b) CTOD-temperature transition curve for an A516 steel.

Figure 4, CTOD Temperature Transition Curves for Staels.

CioD (inch x 10-3)

cteo (inch x 10-3)

2.5 l
LEGEND »
[ == AL BRTTLE —80
20 o - FIBROUS THUMBNAIL
= - ALL FIBROUS
—70
1.5 . - —60
‘ .8 / —so
1.0k / i
3 : I —{30
F e
0.5 o i
- -
g g o —10
[ - T E-=—R
0.0 A—=——- 1 L A (]
~150 -100 —-50 0 100
TEMPERATURE (°C)
L e 1 1 1 3 1 1 1 bl
-200. -100 0 100 200
TEMPERATURE (*F)
(a) CTOD-temperatura transition curve for an A131 steel.
2.5—
L LEGEND - e s 30
[ - ALL BRITTLE /
2.0 =~ FIBROUS THUMBNAIL . o
L« = ALL FIBROUS o
- - 0
: L ]
1.5 e
i L
3 -
1.0F e
-{30
-
o L / , <20
3 -
/ —10
L B ™
0.0 2 T ! - L s 1 i (]
-150 -100 —-50 - . 100
TEMPERATURE (°C)
L 1 i 1 1 i L ik d i
-200 =100 0 100 200



800
LECEWD —{700
[ =-Ka FROM CTOD
700} == Ke FROM J—CUP GAGE
®=Ka FROM J—LOAD UNE i
- 2= M4 FROM CVN IMPACT §00
=Ko FROM CWN IMPACT BARSOU-ROLFE 2-STEP
600~  TEMPERATURE SHIFT = 82°C
| a=Xo FROM CVN IMPACT ROBERTS LOWER BOUND {500
— m.— -
€ . i
g - =1400
g 400~ [ B4 9
Z
= - 300
£ 3oof
[ 200
200
L ‘
100 — 100
ol— e e ] e . o 0"
-150 =100 -50 o 50 100
TEMPERATURE (°C)
1 | ] 1 L 1 1 1 1 S
-200 -100 0 100 200
TEMPERATURE (°F)
(a) K.-CVN-CTOD-J correlations for an A131 steel.
800
| LEGEND w : —i700
=~ Ke FROM CTOD
700} =-Xec FROM J—CUP GAGE
®- Ke FROM J—LOAD LINE i .
- w—Kd FROM CVMN IMPACT
«=Ke FROM CVN IMPACT BARSOM—ROLFE 2-STEP
600  [EuPERATURE SMIFT = 87°C -
5 &= Ko FROM CVN IMPACT ROBERTS LOWER BOUND —1500
@ 500\~ - g
: by
o i Mp. - —1400
i 400}
a nerous TEARG & — 300
¥ Joap -
- i s & — 200
85 200+ T
k e JITL S
p o X
100} - A=t 100
K -—-I""".
o PR M i 1 S P | " " T o A " 2 i Bl i ]
-150 -100 -50 (1] 50 100
TEMPERATURE (°C)
| 1 1 1 1 L 1 1 1 [ |
-200 -100 (] 100 200

TEMPERATURE (*F)

(b) K.-CVN-CTOD-J correlations for an A516 stael.

Figure 5. K.-CYN-CTOD-J correlations for steels.

in)

Kc (ksi

in)

Ke (ksi

g b

e

(]

e
h



CERTIFICATION MAINTENANCE
for Jointly Sponsored [CBO Special Inspector Certifications

Certification renewal requires that you participate in professional development activities over the
next three years. You must obtain 2.5 Continuing Education Units (CEUs) in any of the
following ten (10) professional development activities.

Option 1) Participation as a student in a seminar or technical session delivered by the International Code
Council, model code organization, chapter, related professional society, state code enforcement
licensing agency or standards writing urganization.

CEU Credit = 0.1 for each clock hour of attendance

Option 2) Participation as a student in an accredited academic institution.
CEU Credit = 1.0 for each academic credit hour
Option 3)  Successtul completion of a scif study course offered by a model code organization, state code

enforcement licensing agency, or aceredited academic institution.

CEU Credit = 1.0 maximum per course

Option 4) Instuction of a scminar or technical session delivered for the Intcrnational Code Council, a
model code organization, chapter. related profussional society. statc code enforcement licensing
agency, or standards writing organization. '
CEU Credit = 0.1 for each clock hour of instruction

Optiun 5)  Instuction of a course for an accredited academic institution.
CEU Credit = 1.0 for each academic credit hour. Courses can be counted twice per three-
year period with no limit on the number uf diflerent courses

Option 6) Publication of a paper, book, or technical article for an academic institution, professional trade
journal, model code organization magazine. -
CEU Credit = 1.0 per publication type not to cxceed 3.0in a three year period

Option 7)  Auendance at Intemnational Code Council or model code organization code development
hearings.
CEU Credit = 1.0 per hearing (10 clock hours) not to exceed 2.0 (20 clock hours) annually

Option $) Cmployment as a Building Official, Plans Examiner, Code Enforcement Officer or Inspector.
CEU Credit = 1.0 per three year period

Option 9) Committee service or Board service to {nternational Code Council, model code organization or
chapter for one full year.
CEU Credit = 0.5 per committee or board not to exceed 1.0 annually

. Option 10) Retesting as a new applicant as a alternative to the above continuing education activities is
s acceptable provided the examination is passed.
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