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Abstract

Eight specimens were tested under cyclic loading to investigate hysteretic behaviour of welded stainless steel
box-section columns. Failure modes, bearing capacities, energy dissipation and ductility of the specimens were studied,
and influence of the width-to-thickness ratio as well as the axial-load ratio on hysteretic behaviour was also analysed.
The test results indicate that the welded stainless steel box-section columns possess good seismic performance and
energy dissipation capacities. With larger width-to-thickness ratios, the hysteresis curve becomes less plump. The larger
the axial-load ratio is, the smaller the maximum bearing capacity becomes and the faster the bearing capacity declines.
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1 Introduction

Due to its high strength, good toughness and excellent plastic deformation, steel structure exhibits excellent seismic
performance and is widely used in building structures. However, with continuous development of the steel structure,
disadvantage of ordinary steel in construction applications has been highlighted. There are many drawbacks in ordinary
steel, for example, it can-not resist high temperature, it is easy to rust in corrosion resistance, which leads to huge
maintenance costs and relevant safety issuesl'-%l. Stainless steel, nevertheless, is able to make up for these deficiencies.
Being added more than 10.5% of chromium in its material, stainless steel has excellent corrosion resistance. Moreover,
it has excellent fire resistance, high ductility, less maintenance and low whole-life costs!**! therefore application of the
stainless steel in building structures is becoming more and more extensive.

In recent years, scholars did numerous research on the stainless steel, mainly focusing on properties of material*%,
members-21, connections??-? and residual stress of section?-?7], However, hysteretic behaviour of stainless steel was
less studied. Few research works focused on the hysteretic behaviour of stainless steel material?®2°1, and a gap was
found in studying the hysteretic behaviour of at the level of structural members. In view of the growing use of stainless
steel in the construction industry across the world, the hysteretic behaviour of welded stainless steel box-section
columns should be fully studied. In order to avoid the rapid degradation of stiffness and strength of the columns caused
by local buckling of flange plates or web plates, the width-to-thickness ratio of the ordinary steel box-section columns
in seismic areas shall not exceed the limiting values specified in ANSI/AISC 341-108% | Eurocode 3B and GB
50011(2010)52, Since there is a great difference in material properties between stainless steel and ordinary steel, and
this difference could greatly impact the hysteretic behaviour of structural members, hysteretic behaviour of welded
stainless steel box-section columns needs to be investigated to provide bases of design suggestions. Whether the
limiting values of width-to-thickness ratios prescribed in current national standards are applicable for stainless steel is
also needed to be clarified.

In order to investigate the hysteretic behaviour of welded stainless steel box-section columns and to better promote the
application of stainless steel in building structures, four austenitic and four duplex welded stainless steel box-section
columns were tested under cyclic horizontal loading. The hysteretic behaviour was evaluated and analysed by hysteresis
curves, skeleton curves, energy dissipation coefficients and ductility coefficients.

2 Experimental Program

2.1 Material tests

Material tests in this study were undertaken according to Chinese specification GB/T228.1(2010%%, and the tensile
coupons were cut directly from the raw stainless steel hot-rolled sheets, which were the same batch with that of the
specimens. The test material included Grades EN 1.4301 (corresponding to type 304 in the ASTM system) and
EN 1.4462 (corresponding to type 2205 in the ASTM system), which are widely used in constructions. For each
material grade with different thicknesses (nominal thicknesses were 6 mm, 8 mm and 10 mm), three coupons were
prepared along the rolling direction.
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The average measured material parameters are summarised in Table 1, where t is the measured thickness, fo is the 0.2%
proof stress, f, is the ultimate tensile stress, Eqis the elastic modulus, n represents the strain-hardening exponent and A*
is the percentage elongation after fracture. The tensile stress—strain curves were calculated on the basis of the measured
load-displacement curves, as plotted in Fig. 1(a) and (b) for austenitic and duplex stainless steel respectively.

Table 1 Average measured tensile material properties

Grades t(mm) Eo (MPa) fo2(MPa) fu(MPa) A" (%) n
5.82 205000 304.0 707.0 53.0 6.5

Austenitic 7.82 200000 284.0 689.3 54.6 6.0
9.60 210000 358.0 704.7 53.2 6.6
5.75 230000 630.0 794.0 28.1 7.0

Duplex 7.70 230000 595.0 763.7 30.9 75
9.70 215000 567.0 754.0 34.9 8.5
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Fig. 1 Measured stress-strain curves of stainless steel

2.2 Specimen fabrication

The test is based on the assumption that the column inflection point is located at the mid-height of the column to design
the specimens, which can be therefore simplified as a member of a half-height of the column with one end being fixed
and the other being hinged in vertical direction and being movable in horizontal direction. The overall dimensional
diagram and details of the fixed end for the specimens are shown Fig. 2. The processing height of all specimens was
1860 mm including a 30 mm-thick top end plate and a 30 mm-thick bottom end plate. To ensure sufficient stiffness of
the fixed end and to avoid potential welding failure of the box section at the column base, stiffening plates were welded
at the fixed end. Q345 steel was used for all the stiffening plates with 300 mm height and 12 mm thickness as well as
for the top and bottom end plates, as shown in Figs. 2(b) and (c). Detailed specimen parameters are shown in Table 2,
and all the eight specimens were equilateral box- section. In Table 2, B and tw represent respectively the width of the
box-section and the thickness of the plate, h represents the height of the web, h= B-2t,, and [h/t.] represents the limiting
values of width-to-thickness ratio of the stainless steel box-section columns for seismic level 1 calculated according to
Chinese specification GB 50011(2010). In addition, N represents the axial load constantly applied to the specimens and
No represents the axial-load ratio (i.e. N/fo2A).
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Fig. 2 Design of specimens(Unit:mm). (a) geometrical details; (b) 3-D of fixed end with stiffening
plates; (c) plan view of fixed end with stiffening plates

Table 2 Measured geometry of specimens and axial-load ratios

Cross-section Specimens B/mm tw /mm h/tw [h/tw] No N(KN)
B B304-1 280.0 9.60 26.0 35.3 0.2 443
:tw B304-2 279.0 7.85 33.0 35.3 0.2 357
Web B304-3 280.0 7.85 33.0 35.3 0.4 714
B |- Flange
" B304-4 281.0 5.82 447 35.3 0.2 270
" B2205-1 200.5 9.70 18.0 23.8 0.2 684
Diectionof B2205-2  198.0 7.70 23.0 238 0.2 553
B2205-3 198.0 7.70 23.0 23.8 0.4 1106
B2205-4 198.5 5.75 31.3 23.8 0.2 419

2.3 Test setup and measurement arrangement

The test setup is shown in Fig. 3 and Fig. 4, and the vertical load was applied by a 1500 KN hydraulic jack and the
horizontal load was applied by a 500 KN hydraulic actuator. The vertical load was applied at the top end plate of the
column, and the horizontal load was applied at the horizontal loading plate, which was arranged at both ends of the
column end plate to connect with the horizontal actuator. The actual height Lo of the test specimen is 1515 mm from the

edge of the stiffening plate to the centre of the top end plate.
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Fig. 3 Schematic diagram of test setup Fig. 4 Test photo

Arrangement of the measuring points is shown in Fig. 5, mainly including the arrangement of linear varying
displacement transducers (LVDTSs) and strain gauges. Twelve strain gauges were affixed at sections 1-1 and 2-2,
respectively, for the measurement of strain in the column area. Eight LVDTs were arranged to monitor the column top
displacement and the rigidity condition of the column bases. The in-plane horizontal displacement of the column top
was measured by LVDT D1 and D2. LVDT D3 and D6 were respectively used to measure the out-of-plane horizontal
displacement of the top of the column and the column base. LVDT D4 and D5 were used to record the rotating
condition of the column base. LVDT D7 and D8 were used to record the in-plane slipping of the column base.
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(b) Arrangement of strain gauges

Fig. 5 Measurement points

2.4 Loading protocol

The test loading protocol was defined according to Chinese specification JGJ 101-96(1997)14l, First, the target vertical
load was exerted on specimens by hydraulic jacks and was kept constant throughout the entire testing process. Then, the
horizontal load was applied to the top of the column, and controlled by the displacement control. Under the combined
action of axial force and bending moment, the yielding displacement dy in horizontal was calculated according to the
yielding criterion of outmost fibre, i.e. Eq (1), where fo2 is the 0.2% proof stress, N is axial load and A is section area,
Lo is actual height of the test specimen, Ep is the elastic modulus, y is half height of the section, and the calculation
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results are shown in Table 3. The first load step was taken as the displacement 0.5d, with one cycle. Then, the second
load step was taken as the displacement J, with three cycles. And in the following load steps, Jy was taken as the
displacement increase (i.e. + 2dy, = 39y, * 4y ...), and each step was also repeated three times until failure occurred, as
shown in Fig.6. According to Chinese specification JGJ 101-96(1997), the final failure of specimen is defined when the
bearing capacity of the specimen is reduced to less than 85% of the maximum bearing capacity.

5 — (fo, — N/ALS 1)
Y 3Ey

Table 3 Yielding displacement

Specimens B304-1 B304-2 B304-3 B304-4 B2205-1 B2205-2 B2205-3 B2205-4

dy(mm) 8 7 6 7 17 17 14 18
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Fig. 6 Cyclic loading protocol
3 Test Results

3.1 Test phenomena and failure mode

When the specimen B304-1 was loaded to the first circle of the 66y, displacement level, local buckling in the flange
began to appear, and the buckling deformation was half sine-wave and slightly convex outwards. The maximum
buckling deformation occurred at 160 mm from the edge of the stiffening plate. When the displacement load continued
to be applied to the second circle, the horizontal load reached its maximum value, and then the buckling deformation
did not recover when the displacement reduced to zero. When the load was loaded to the first circle of the 74y
displacement level, the deformation range of the flange was expanded and local buckling in the web began to appear.
The buckling deformation of web was also half sine-wave but concave inwards, and the buckling deformation range
was within 270 mm, and the maximum deformation occurred at 160 mm from the edge of the stiffening plate. At the
load step of the first circle of the 80y displacement level, the load dropped to 79% of the maximum bearing capacity,
and the specimen was broken. After loading into the second circle of the 84y displacement level, the load dropped to 77%
of the maximum bearing capacity, and the load stopped.

The test phenomena of the other specimens were generally similar to that of the specimen B304-1. The failure process
was firstly the local buckling deformation of the flange, then the local buckling of the web and the bearing capacity
dropped to less than 85% of the maximum one. The failure modes are shown in Fig. 7, where the local buckling shape
of specimen B304-2 was different, the flange was concave in half sine-wave inwards, and the web was half sine-wave
convex outwards. The local buckling shape of other specimen were similar to that f B304-1, the flange was half sine-
wave convex outwards, and the web was half sine-wave concave inwards. The failure process of all the test specimens
is shown in Table 4, where the buckling deformation value is the average of the flange and web, D, represents the
displacement level corresponding to local buckling, and Dmax and Dy represent the displacement levels corresponding to
the maximum bearing capacity and failure load respectively. The numbers in bracket denote the number of loading
cycles at the corresponding displacement level.
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Fig.7 Failure modes of specimens

Table 4 Failure processes of specimens

Maximum
Specimens D Drmax Dy Buckling range deformation
position
B304-1 66y (1) 60y (2) 86y (1) 0.91B 0.51B
B304-2 60y (1) 60y (2) 76y (1) 0.87B 0.40B
B304-3 56y (1) 56y (2) 65y (1) 0.87B 0.50B
B304-4 45y (1) 4%y (1) 58y (1) 1.13B 0.50B
B2205-1 56y (2) 56y (2) 60y (3) 0.93B 0.43B
B2205-2 56y (1) 56y (1) 50y (2) B 0.50B
B2205-3 55y (1) 56y (1) 56y (1) B 0.50B
B2205-4 3%y (2) 45y (1) 48y (2) 1.13B 0.50B

3.2 Hysteresis curves

The load-displacement hysteresis curves of the eight test specimens are shown in Fig. 8, and the ordinate is the
horizontal load (P), and the abscissa is the corresponding horizontal displacement (6). Under the action of cyclic load,
especially when the horizontal load is large, the connecting bolts of the column base are prone to loose, so the
horizontal displacement should eliminate the influence of the rigid rotation and slipping of the base, and the horizontal
displacement can be calculated on the basis of Eq (2), where Rp: and Rp are readings of LVDT D1 and D2 respectively,
Rp7and Rpg are readings of LVDT D7 and D8 respectively, Rpsand Rps are readings of LVDT D4 and D5 respectively,
700 is the distance between LVDT D4 and D5, 1815 is the distance from the bottom end plate to the centre of the top
end plate. According to the hysteresis curve and Table 4, the following characteristics can be obtained:

(1) The hysteresis curves of all the specimens are spindle-shaped, and there is no obvious pinch phenomenon, and the
plumpness of hysteresis curve of each specimen decreases with the increase of width-to-thickness ratio.

(2) The range of plate buckling was within 0.87B to 1.13B and the position of the buckling center with the maximum
local deformation was 0.40B to 0.51B from the edge of the stiffening plate.
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(3) According to the experimental phenomenon, it can be seen that when the width-to-thickness ratio is much smaller
than the seismic limit, the specimen undergoes sufficient plasticity when the specimen fails, and local buckling
occurs later. When the width-to-thickness ratio is much larger than the seismic limit, local buckling occurs earlier
and specimen bearing capacity in late period declines rapidly. As width-to-thickness ratio increases, local buckling
occurs at a lower displacement level, and the displacement levels corresponding to the maximum bearing capacity

and failure load are both smaller.

(4) By comparing the specimens B304-2 with B304-3 and B2205-2 with B2205-3, it can be seen that the axial-load
ratio has great influence on the maximum bearing capacity of the stainless steel column. As axial-load ratio
increases, the maximum bearing capacity decreases.
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Fig. 8 Hysteresis curves of specimens

4 Result Analysis

4.1 Energy dissipation capacity

Energy dissipation capacity of the specimen, an important index to evaluate the seismic performance, can be evaluated
qualitatively by the plumpness of hysteresis curve. The plumper the hysteresis curve is, the better the seismic
performance is. In addition, the energy dissipation coefficient E can also be used as an evaluation index. As shown in
Fig. 10, the energy dissipation coefficient E is calculated on the basis of Eq (3) where Sae+rce) represents the area
enclosed by curve of FBE and FCE and Saos-+cop) is the sum of area of triangle of AOB and COD as illustrated in
Fig. 91,

E— S(ree-+Foe) ©)
(AOB+COD)
o
B
D
© E A 5

Fig. 9 P-6 Hysteresis curve

Energy dissipation coefficients from the first cycle at each loading step until failure for all the specimens are shown in
Fig. 10 and Fig. 11. It can be seen that for each specimen, the energy dissipation coefficient increases as the
displacement level increases due to larger plastic deformation.
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Fig. 10 Energy dissipation coefficients of austenitic Fig. 11 Energy dissipation coefficients of duplex
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It can be seen from Fig. 10 that, for austenitic stainless steel specimen, energy dissipation coefficient of specimen
B304-1 in the loading cycle of failure is obviously larger than those of the other specimens due to its smallest
width-to-thickness ratio. The width-to-thickness ratio of B304-2 is larger than that of B304-1, and the loading
displacement level is close. It can be seen that the energy dissipation coefficient of B304-1 is obviously stronger than
that of B304-2 before the specimen reaches the maximum bearing capacity. Specimen B304-4 with largest width-to-
thickness ratio experiences least number of circles before failure, and its energy dissipation coefficient is stronger than
that of the other specimens after the specimen reaches the maximum bearing capacity and increases rapidly in the last
cycle of loading as shown in Fig.10. The main reason for the above phenomenon is that the 304 specimen enters the
plastic stage ahead of the other specimen and the horizontal load decreases sharply with the increase of the
displacement after the peak load. For specimens B304-2 and B304-3 with the same dimension while different axial-load
ratio, the axial-load ratio of specimen B304-3 is increased by 100% compared with that of specimen B304-2. The
number of circles experienced by specimen B304-2 before failure is significantly greater than that of specimen B304-3,
and the energy dissipation coefficient of the specimen B304-3 increases rapidly in the last cycle of loading.

It can be seen from Fig. 11 that the change regulation is similar to that of austenitic stainless steel specimens for duplex
stainless steel specimens. Specimen B2205-1 with smallest width-to-thickness ratio experiences largest number of
circles before failure, and its energy dissipation coefficient of the loading cycle of failure is the largest.

4.2 Skeleton curve and ductility

Skeleton curve is the envelope obtained by connecting the peak points on the measured hysteresis curve together, which
can reflect the relationship between the load and displacement of the specimen, as well as stiffness and ductility.
According to the hysteresis curve of Fig. 6, the load-displacement (P-5) skeleton curves of the specimen are shown in
Fig. 13 and Fig. 14, where failure point is the point corresponding to the horizontal load falling to 85% of the peak
value. The displacement ductility coefficient (x) is adopted in this paper to assess the ductility of welded stainless steel
box-section columns, where x can be defined as Eq. (4). In Eq. (4), Ay and A, = lateral displacements at column yield
and failure respectively, as shown in Fig. 12. The peak load (Pma), deformation and ductility coefficient are
summarised in Table 5.

p=A,/A, (4)

Ay Ay A

Fig. 12. Typical P — A skeleton curve
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As shown in Fig. 13, Fig. 14 and Table 5, the elastic stiffness, peak load and ductility coefficients of each specimen
decrease with an increase of the width-to-thickness ratio, and for specimens with the same dimension while different
axial-load ratio, the larger the axial-load ratio is, the smaller the peak load ,elastic stiffness and ductility coefficient are.

Table 5 Peak load, deformation and ductility coefficient

Specimens Pmax/KN Ay/mm Au/mm y2

B304-1 206 17.23 34.4 1.995
B304-2 157 15.58 24.0 1.540
B304-3 143 12 15.9 1.325
B304-4 95 12.7 19.0 1.496
B2205-1 187 36.84 66.5 1.805
B2205-2 145 34.25 52.3 1.527
B2205-3 127 31.06 43.0 1.387
B2205-4 98 28.5 42.3 1.489

Based on Fig. 13, the width-to-thickness ratio®® of the specimen B304-1 is significantly smaller than the seismic
specification limit, and its elastic stiffness, peak load and ductility coefficient are the largest. The specimen B304-1
reaches the peak load in the second circle at the displacement level of 64y, then the degradation of the bearing capacity
and rigidity is slow and the failure is achieved in the first circle at the displacement level of 8Jy. The plastic deformation
and ductility of the specimen are fully developed and the hysteresis curve is plump, and specimen B304-1 exhibits good
seismic performance. The width-to-thickness ratio (44.7) of the specimen B304-4 is significantly larger than the seismic
specification limit, and its elastic stiffness and peak load are the smallest. The specimen B304-4 reaches the peak load
in the first circle at the displacement level of 44y, then the degradation of the bearing capacity and rigidity is fast and the
failure is achieved in the first circle at the displacement level of 5d,. The plastic deformation and ductility of the
specimen are less developed. For specimens B304-2 and B304-3 with the same dimension while different axial-load
ratio, specimen B304-2 reaches the peak load and failure in the second circle at the displacement level of 6y and in first
circle at the displacement level of 74y, respectively, and specimen B304-3 reaches the peak load in the second circle at
the displacement level of 54y, then the degradation of the bearing capacity is rapid and the failure is achieved in the first
circle at the displacement level of 6d,. Comparing the specimens B304-2 and B304-3, the axial-load ratio of specimen
B304-3 is increased by 100% compared with that of specimen B304-2, but the peak load is decreased by 9% and
ductility coefficient is decreased by 18%. In addition, a higher axial-load ratio of B304-3 also introduced a more rapid
bearing capacity degradation after the peak load in the skeleton curve, than that of specimen B304-2.

As can be seen from Fig. 14, the change regulation of the skeleton curve of the duplex stainless steel specimens is
similar to that of the austenitic stainless steel specimens. The width-to-thickness ratio of the specimen B2205-1 is the
smallest, and its elastic stiffness and peak load are the largest. And from comparison of specimens B2205-1, B2205-2
and B2205-4, it is evident that under the same axial-load ratio, the elastic stiffness, peak load and ductility coefficient
are determined by the width-to-thickness ratio, and the larger the width-to-thickness ratio is, the faster the bearing
capacity and rigidity degenerate. By comparing specimens B2205-2 and B2205-3, it is known that for specimens with
same width-to-thickness ratio, axial-load ratio has few effects on elastic stiffness but significant influence on the peak
load. For example, the axial-load ratio of specimen B2205-3 is increased by 100% compared with that of specimen
B2205-2, resulting in a decrease of 12.4% for the peak load.
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5 Conclusions

Experimental study on hysteretic behaviour of welded stainless steel box-section columns is introduced in this paper.
Four austenitic and four duplex welded stainless steel box-section columns were tested under cyclic loading to
investigate the hysteretic behaviour. The hysteretic behaviour was evaluated and analysed by hysteresis curves, skeleton
curves, energy dissipation coefficients and ductility coefficients. Conclusions can be drawn as follows.

e  The welded box-section stainless steel columns have good seismic performance and energy dissipation capacity,
the plasticity development of the specimen is sufficient, and the hysteretic curve of the specimen is plump.

e  For the specimens with the same axial-load ratio, as width-to-thickness ratio increases, local buckling occurs at a
lower displacement level, and the displacement levels corresponding to the maximum bearing capacity and failure
load are both smaller.

e All the specimens showed local buckling first at flange and then at web when subjected to cyclic horizontal load.
The range of buckling was within 0.87B to 1.13B and the position of the buckling center with the maximum local
deformation was 0.40B to 0.51B from the edge of the stiffening plate.

e  With an increase of width-to-thickness ratio or axial-load ratio, the plumpness of hysteric curve, energy dissipation
capacity, ductility of specimens and maximum bearing capacity decreased. In addition, the larger width-to-
thickness ratio or axial-load ratio is, the faster the bearing capacity and rigidity degenerate.

e In this paper, only width-to-thickness ratio and axial-load ratio are considered in the test, other influence factors,
including column slenderness ratio, should be studied in the future.
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Notation

A section area
A" the percentage elongation after fracture
B the width of the section
D, the displacement level corresponding to local buckling
Drmax the displacement levels corresponding to the maximum bearing capacity
Dy the displacement levels corresponding to failure load
Eo Elastic modulus
N axial load
No the axial-load ratio
Lo actual height of the test specimen
P The horizontal load
Rp the readings of LVDT
E the energy dissipation coefficient
Pmax peak load
Py 85% of peak load
t the thickness of the elements
fo. the 0.2% proof stress
fu the ultimate tensile stress
n strain-hardening exponents for the compound Ramberg—Osgood model
tw the thickness of the web
h the height of the web
y half the height of the section
dy the yielding displacement
0 the horizontal displacement
7 The displacement ductility coefficient
Ay lateral displacements at column yield
Ay lateral displacements at column failure
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