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Stainless steel is being more commonly used in the construction due to its corrosion resistance
and favorable material properties. Structures in corrosive environments may have lower
maintenance cost if made from stainless steel compared to carbon steel, leading to a significant
reduction in the whole life cost. While the behavior of various of types of joints made of carbon
steel is well described in design codes, no such standard exists for stainless steel. This paper
studies the structural behavior of welded unreinforced flanges, bolted web (WUF-B) joints, one
of the most commonly used beam-to-column joints in mainland China steel constructions. A
series of full-scale experimental studies of WUF-B joints was conducted, including one joint
tested under monotonic loading and five under cyclic loading, representing the first
characterization of the seismic behavior of these joints. All specimens were made of Grade
S31608 (EN 1.4401) stainless steel welded I-sections. The results show that stainless steel
WUF-B joints exhibit favorable seismic performance for use in corrosive and/or seismically
active environments.
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1 Introduction

The use of stainless steel is becoming increasingly common in civil and offshore engineering
applications (Gardner 2019). This is not only due to its aesthetic appeal, but increasingly also
due to the favorable anti-corrosive material properties of stainless steel, leading to a significant
reduction in the whole life cost compared to carbon steel structures. The material stress-strain
response as well as the structural response at the cross-section, member and frame levels have by
now been extensively studied, showing that stainless steel differs from carbon steel in a number
of ways; most importantly amongst them the non-linearity of the stress-strain behavior of
stainless steel as compared to the linear/perfectly plastic behavior of carbon steel.

Studies of various types of stainless steel sections (I-sections, box sections, rectangular
hollow sections) generally found that current design guidelines tend to be overly conservative
(Gardner and Theofanous 2008, Yuan et al. 2014), due to the material non-linearity. The
structural behavior of laser-welded stainless steel sections and members has been shown to be
particularly beneficial (Gardner et al. 2016, Bu and Gardner 2019) with the favorable processing
method of laser-welding. Similarly, studies have (both experimentally and numerically)
investigated the behavior of stainless steel connections (Kim et al. 2008, Bouchair et al. 2008,
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Salih et al. 2010) and joints (Elflah et al. 2019a, 2019b, 2019¢c) and also reached to the
conclusion that taking analogies with carbon steel design guide may neglect the high ductility
and pronounced strain-hardening of stainless steel.

Regarding seismic behavior, the material and structural behavior of carbon steel is
extensively studied, but the seismic behavior of stainless steel is much less investigated. Seismic
performance of the material level has been studied and it was found that stainless steel exhibits
various levels of cyclic hardening and high ductility (Wang et al. 2014, Chacon et al. 2018,
Chang et al. 2019). Several numerical studies have also shown that structures under seismic
loading exhibit enhanced performance in global ductility when stainless steel is incorporate in
carbon steel structures as dissipative members (Sarno et al. 2003, Li et al. 2014). However, the
benefit of implementing stainless steel in construction applications is subject to a number of
constraints and design considerations, as has been pointed out in a recent experimental study of
the seismic behavior of bolted extended end plate (BSEP) stainless steel joint (Bu et al. 2019),
that stainless steel bolted assemblies needed to be specially treated to guarantee valid
connections. Building on the authors’ previous study of BSEP joints, this work explores the
seismic performance of welded unreinforced flanges, bolted web (WUF-B) joints, which are
commonly used as semi-rigid beam-to-column joints because of their ease of fabrication and
erection. Both the static and the seismic performance of the joints were investigated in this

paper.

2 Material behavior

Prior to the joint tests, the material properties of stainless steel plates have been tested. Joint
specimens were made of grade S31608 (EN 1.4401) stainless steel. For each plate thickness (8
mm, 12 mm and 16 mm) of the tested joints, three tensile coupons were extracted parallel to the
rolling direction. The dimensions of the coupons are designed following the tensile testing
procedure set out in GB/T 228 (2002). The average key measured properties are presented in
Table 1, including Young’s modulus £, 0.2% proof stress fy, ultimate tensile stress f,, the strain
hardening exponents for the compound Ramberg-Osgood (R-O) model n and 7’5, 0.

Table 1. Material properties obtained from tensile coupon tests.

Thickness (mm) E (MPa) f, (MPa) f1.0 (MPa) 1. (MPa) n n’0210
8 203300 221 514 603 6.0 2.0
12 190407 228 486 593 6.5 2.5
16 193965 212 493 593 6.5 2.0

3 Joint tests

3.1 Test specimens

Six full-scale WUF-B joints were fabricated. A column of height 2300 mm with cross-section
450x250%12x16 (hxbxtyxt;) was used in all cases. Two different beam cross-sections were
employed, as tabulated in Table 2. These dimensions were designed based on typical single
sided beam-to-column joints in multi-story steel frames, following the design guidance of GB
50017 (2017) and GB 50011(2010). Web connections were bolted to the beam with bolt
arrangements designed to transfer the full strength of shear in the beam section, centered around
the beam mid-depth. Three types of M24 bolts were used: Grade 8.8 high strength steel bolts,
and austenitic stainless steel bolts A4-80 and A4-70. Shear-tab connections were used,
consisting of a single plate welded perpendicular to the column flange and bolted with four or
six bolts to the beam web. Their typical geometry is shown in Fig. 1. Complete joint penetration
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(CJP) welds were used to connect the beam flange and the column flange on site. A summary of
the parameters of each test specimen is given in Table 2, where JM1 represents joint number one
under monotonic loading and JC1 under cyclic loading.

Table 2. Details of the designed specimens.

Specimen | Beam cross-section | Beam length Bolt type Number Loading protocol
ID (mm) of bolts
IM1 400x150x8x12 2000 A4-80 6 Monotonic loading
ICI1 400x150%x8x12 2000 A4-80 6 Cyclic loading
c2 400x150%x8x12 2000 8.8 6 Cyclic loading
IC3 400x150%x8x12 2000 A4-70 6 Cyclic loading
IC4 300x200x8x12 1550 A4-80 4 Cyclic loading
IC5 300x200x8x12 1550 A4-80 4 Cyclic loading

*The shear tab of JC4 is welded to the beam web, such that the bolts are only used for positioning.
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(a) Six-bolts arrangement (b) Four-bolts arrangement

Figure 1. Typical layout of the bolt connections (in mm).

3.2 Test setup and instrumentation

The tests under monotonic and cyclic loading were using the same test setup, as shown in Fig. 2.
The columns were clamped 150 mm inward from both ends by anchor bolts, leaving the length
between the anchor bolts 2000 mm. The right end of the column was fixed while the left end of
the column was connected to 500 kN load cell which applied axial load to the column. A 500 kN
actuator was connected to the end of the beam to apply monotonic or cyclic loading. The
horizontal loading was applied 200 mm inward from the free end of the beam through a special
bracket which restrict the loading in plane. Two cables which were connected to the bracket and
mounted to the floor on each side were used to assist the loading in-plain. All bolts were
fastened with preload using the torque wrench method, with Grade 8.8 preloaded to 140 kN,
according to JGJ82 (2011), while A4-70 and A4-80 preloaded to the level reduced by the proof
strength ratio.

LVDTs were used to monitor the displacements at three locations of the specimens, as
shown in Fig. 2. L1 measured the horizontal displacement at the beam loading point. L2 and L3
measured the in-plane vertical displacement on the column outside the connection area, namely
the rigid body motion of the joint. The LVDT readings were used to calculate the rotation of the
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joint. All instrumentation was connected to a data acquisition system and readings were recorded
every second.
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Figure 2. Test setup.

At the beginning of the tests, the axial load of the column was first applied by the load cell
at 300 kN and kept constant during the remainder of the test. The free end of the beam was
under displacement control at a rate of 1.5 mm/min for monotonic loading. For specimens under
cyclic loading, the specimens were tested under load control and the loading scheme was
designed in accordance with JGJ101(2015), characterized by the occurrence of significant yield.

3.3 Test results

3.3.1 Failure modes

The failure modes from the tests are presented in Fig. 3. Specimen JM1 under monotonic
loading responded elastically up to moment level about 300 kNm. Buckling of the flanges under
compression was observed and the test were terminated due to significant joint rotations,
inelastic deformations and loss of stiffness. At the end of the tests a small crack was observed on
the weld surface of the tensile flange of the beam.

All specimens under cyclic loading (JC1-JC5) have shown similar failure modes: cracks
initiated in various locations, following which the beam flange experienced different levels of
local buckling. Finally, fracture failure of the weld in corresponding locations occurred,
including the fracture of the CJP welds between the beam flanges and the column flanges,
fracture of the welds between the column flanges and the column webs in the joint region,
fracture of the welds between the beam flanges and the beam webs. The welded steel elements
contained discontinuities and high stress concentrations at weld toes. The fatigue process
includes the formation and propagation of a crack under repeated loads, leading to final fracture
when the remaining un-cracked section can no longer carry the loads experienced by the
structure. Brittle failure modes of the joints and failure in the column should be avoided through
design considerations. Welding quality exhibits higher impact on the low cycle fatigue
characteristics of stainless steel joints, since the welds should be ductile enough to take
advantages of the high level of ductility and strain hardening of stainless steel.
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After the tests, the bolts were removed from the specimens. The bolts in JC4 are only for
positioning while the welds between the shear tab and the beam web are transferring shear load,
thus no visible deformation can be observed. For all test specimens apart from JC4, plastic
deformation can be observed at the bolt holes, showing that the preloaded bolts did not maintain
slip-resistant at ultimate limit state and behaved as bearing type connections.

(a) IM1 (b)IC1

(o) JC2 (d)JC3

(e)JC4 (f) IC5

Figure 3. Failure modes.

3.3.2 Moment-rotation responses

Moment-rotation curves describe the relationship between the bending moment M applied to a
joint and the corresponding rotation ¢ between the connected members, revealing the rotational
behavior of a joint. The moment acting on the joint was determined by multiplying the force
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applied on the beam end by the distance of the actuator from the column face. The joint rotation
@ was calculated from the LVDT readings.

— 51 52 — 53
L D
where 0, (the reading of LVDT1) is the displacement at the loading point, J, and J;
(readings of LVDT2 and LVDT3) measured the rigid body motion of the joint. L is the
measured distance from the loading point on the beam to the surface of the column, D is the
measured distance between LVDT2 and LVDT3, and 6, is the elastic rotation of the beam
according to the beam theory. In this way the rotation caused by the rigid body motion of the
joint and the elastic deformation of the beam was excluded.
The moment-rotation curves (M-¢) of all the tested joints (JM1, JC1 to JC5) are shown in
Fig. 4. It can be seen that the hysteretic loops of all the specimens under seismic loading were
plump shuttle shaped. Skeleton curves of the joints under cyclic loading are presented with the
moment-rotation curve of joint JM1 in Fig. 5. Two dashed lines outline the area of semi-rigidity
of the joint should it be employed in the unbraced multi-story steel frame design protocol (of the
same height and span). The parameters obtained from the moment-rotation curves are concluded
in Table 3, including the plastic moment resistance A, the maximum moment M,,, rotation ¢y,
corresponding to the maximum moment, maximum recorded rotation ¢; and the initial stiffness
S ini-
J From Table 3 it can be seen that all specimens show good ductility. The initial stiffness and
maximum moment of JM1, JC1, JC2 and JC3 are similar due to similar geometry of the joints.
The behavior did not reflect different bolt types since the failure of the bolts was after the failure

of the welds. JC4 has slightly higher initial stiffness and less ductility, compared to JCS, because
the shear tab of JC4 was welded to the beam web.
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Figure 4. Moment rotation curves.
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Figure 5. Skeleton curves.
Table 3. Test results.
Specimens M; M, Om I S ini (kNm/mrad)
1D (kNm) (kNm) (mrad) (mrad)
IM1 261.111 452.952 78.391 83.326 97.085
JC1 275.000 419.553 21.837 27.788 81.395
JC2 277.778 391.725 21.137 25.744 76.269
JC3 277.778 429.298 19.811 21.686 89.616
JC4 211.111 309.275 21.277 30.216 50.073
JC5 213.889 314.840 24.585 34217 39.246

4 Conclusions

An experimental study has been conducted to investigate the static and seismic behavior of
stainless steel WUF-B joints. Six full-scale stainless steel beam-to-column joint tests were
carried out, including one joint under monotonic loading and five under seismic loading. The
testing configuration and obtained test results are reported. The joints failed mainly due to weld
failure accompanied with extensive inelastic deformations of the beam flange. The results show
that stainless steel WUF-B joints exhibit favorable seismic performance for use in corrosive
and/or seismically active environments. The quality of the welds and the shape of the weld
access hole also controls the behavior of the joints.
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