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Abstract:  This paper is focused on the structural behavior of the single shear bolted connections with thin-walled ferritic
stainless steel. The purpose of this study is to investigate the ultimate behaviors, such as ultimate strength and fracture mode of the
single shear bolted connections of thin-walled ferritic stainless steel (low cost steel) rather than austenitic stainless steel (high cost
steel). Bolt arrangement and end distance parallel to the direction of applied load are considered as main variables of the test
specimens for bolted connections. Specimens have a constant dimension of edge distance perpendicular to the loading direction,
bolt diameter, pitch, and gauge. A monotonic tensile test for specimens has been carried out and some bolted connections with long
end distance showed curling (out of plane deformation) occurrence which led to strength reduction. The ultimate behaviors such as
fracture mode, ultimate strength are compared with those predicted by current design codes. Further, conditions of curling oc-
currence and the strength reduction due to curling are investigated and modified strength equations are suggested considering the
curling effect.
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1 Introduction Steel Structural Members’ (AISI, 1968) and ‘Stainless

Due to the significant material properties and
exterior appearance, such as superior corrosion
resistance, long-term durability, and aesthetic appeal,
the usage of cold-formed stainless steel as structural
members of buildings has been increasing. Research
for utilizing stainless steel as structural members was
initiated by Johnson and Winter (1966) by the
American Iron and Steel Institute (AISI) to establish
the design specifications of stainless steels. As a re-
sult, AISI published the first edition of ‘Specification
for the Design of Light Gage Cold-Formed Stainless
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Steel Cold-Formed Structural Design Manual’ (AISI,
1974). Recently, design standards for cold-formed
stainless steel members have been specified by the
Structural Engineering Institute (SEI)/American So-
ciety of Civil Engineers (ASCE), e.g., SEI/ASCE
(2002), AS/NZS 4673 (2001), EN 1993-1-4 (2006),
and SSBA (2006). Kuwamura (2001) and Kuwamura
and Isozaki (2002) conducted the experimental re-
search concerning the ultimate behaviors of cold-
formed 304 stainless steel (austenitic stainless steel
SUS 304 in JIS) shear bolted connections. In their
model, bolt arrangement end distance and plate
thickness were used as variables. Design equations to
predict the ultimate strength were proposed by Ku-
wamura and Isozaki (2002) with the consideration of
fracture mode and ultimate strength. However, the
modified formulae by Kuwamura ef al. (2002) tended
to overestimate ultimate strength of bolted connec-
tions for some bolted connections with severe curling.
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Subsequently, Kim (2007) and Kuwamura and Kim e¢
al. (2008; 2009) verified the applicability of finite
element analysis for predicting the ultimate behaviors
of austenitic stainless steel bolted connections and
suggested the revised strength equation considering
the strength reduction caused by curling.

The austenitic stainless steels contain 18%
chromium and 8% nickel as principle alloy contents.
Nickel is a high-priced element and austenitic
stainless steel is considerably more expensive com-
pared to ferritic stainless steel and martensitic
stainless steel. For these reasons, ferritic stainless
steels which do not contain nickel and are low-priced
have been applied to buildings as structural members.
Most of the ferritic stainless steels have chromium in
the range of 11.5% to 18% as a major alloy and no
nickel except AISI type 409 (SEI/ASCE-8-02, 2002).
Even if corrosion resistance, ductility, formability,
and weldability are not as good as in the austenitic
stainless steels, ferritic stainless steels have good
corrosion resistance in mildly corrosive environments
and superior resistance to stress corrosion cracking.

Salih et al. (2010; 2011) proposed the improved
design equations of net-section capacity for single-
and double-row bolted connections and bearing
failure capacity for single shear stainless steel bolted
connections through the validation of numerical
approach and parametric study. In their studies, the
numerical investigation of net-section failure focused
on single- and double-row bolted connections. The
studies of bearing failure were for single- and
double-shear bolted connections with one bolt (main
variables: end distance, edge distance and plate
thickness).

The previous studies for ferritic stainless bolted
connections are limited to the strength estimation of
net-section and bearing failures. The ultimate strength
of other failure modes such as shear out and block
shear in single-shear bolted connections with thin-
walled ferritic stainless steel has never been consid-
ered. Therefore, this paper focuses on the experi-
mental research for single-shear bolted connection
with ferritic stainless steel designated by STS430
(Korean standards, equivalent to AISI grade 430).
Specimens of single-shear bolted connections fas-
tened with ferritic 430 stainless steel plates are
planned and tested in order to investigate the ultimate
behaviors such as fracture mode, ultimate strength,

and curling occurrence. The bolted connections con-
tain four types of bolt arrangements and have end
distance parallel to the direction of applied force as
main variables. Moreover, test results are compared
with the current design standards and new approach
considering the curling effect is suggested to predict
the ultimate strength of ferritic stainless steel bolted
connections.

2 Experimental
2.1 Plan of specimen and configuration

Specimens for single-shear bolted connections
are composed of four types of bolt arrangement, i.e.,
1x1 (SF1 series), 1x2 (SF2 series), 2x1 (SF3 series),
2x2 (SF4 series) array (Fig. 1), and have a fixed long
edge distance (b=60 mm) perpendicular to the direc-
tion of loading in order to have them failed by
shear-out fracture or block shear fracture instead of
mere net-section fracture of plate. Test parts of these
specimens are fastened with rigid plates for coupling
by high strength bolts (FI10T, equivalent to AISI
A490) of 12 mm diameter (d) as depicted in Figs. 2
and 3. The plates of test part have bolt hole diameter
of 13 mm (¢), pitch (p), and gauge distance (g) of
36 mm (=3.0d), nominal thickness (=3.0 mm) as a
constant dimension and end distances (e=2.0d, 2.5d,
3.0d, 4.0d, 5.0d) as main variables. The list of
specimens is summarized in Table 1 (p.123). Steel
material for specimens is ferritic stainless steel
STS430. Rigid parts (clamping part and coupling
part) are made from SM45C (equivalent to AISI
1045). The loading center in test part (3.0 mm plate)
is planned to coincide with the thickness center of the
clamping part (20 mm plate+37 mm plate). High
strength bolts (M12, d=12 mm) for fastening test part
plate to coupling rigid part are designed to contact
directly with bolt hole of connection plate. The des-
ignations of specimens are as follows. For example,
specimen SF1T30E60 in Table 1 means that first, ‘SF’
is ferritic stainless steel; second, ‘1’ is a kind of bolt
arrangement (1x1 array), ‘T30’ is the plate thickness
(=3.0 mm), and E60 is the end distance (e=60 mm).

2.2 Tensile coupon test and material properties

Tensile test results for three coupons (SFT30-1,
SFT30-2, SFT30-3) are summarized in Table 2 and
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Fig. 2 Assembly of specimens (unit: mm)
(a) Plane figure of test part and rigid part; (b) Assembly and

side elevation of test part and rigid part
SF4 series

Fig. 4 (p.123). One plastic strain gauge and two dis- Fig. 3 Set-up of specimen, transducers (L1, L2, and L3)
placement transducers (LVDT: linear variable dif- and strain gages (G1, G2 and G3) (unit: mm)
ferential transformer) were used to obtain strain data (a) Two transducers (SF4 series); (b) Strain gages and three

f <ol Vel . transducer
and enforced d1sp acement, respectively. Nominal * The name of SFAT30E60 was miswritten with SET30E60

stress-strain curves obtained from coupon tests are when performed the test
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displayed in Fig. 4. Stainless steels show no clearly
defined yield point (plateau), unlike common carbon
steel (Fig. 4). Therefore, the American Society for
Testing and Materials specifies that the yield strength
is determined by the 0.2% offset method (ASTM
A370,2010). JIS Z 2241 (2010) and JIS G 4321 (2010)
specify that the yield strength is defined by the 0.1%
offset (proof) method for stainless steel. JIS Z 2241
(2010) definition may be reasonable to provide a sound
deflection control at the serviceability limit state and a
more conservative value in estimating the width to
thickness ratio for plate local bucking strength. In this
study, the 0.1% offset (proof) method is applied for
yield strength of ferritic stainless steel (JIS Z 2241,
2010).

Table 1 List of specimens

2.3 Experimental method and data acquisition

Tensile force was applied to the specimen with a
displacement control mode in order to obtain load
(strength)-displacement (stroke) curve. Measuring
data were stored into data logger at every 1.0 s in-
terval. Specimens were tested at a displacement rate
of 0.5 mm/min.

The displacement of the loading direction was
measured with two transducers (L1 and L2) attached
in the top and bottom grips of the test machine as
shown in Fig. 3a, and the plotted value in load-
displacement curve is an average of two measured
displacements. The third transducer (L3) was also
used to measure curling displacement (out of plane
deformation), which was placed at the location of
30 mm apart from the center of bolt hole toward plate
end of specimen as given in Fig. 3a. Uniaxial strain
gauges were attached to the plate surface of each

Specimen  Bolt array, rowxcolumn End distance (mm) . . .
SFIT30E04 Y specimen. The locations of the attached strain gauges
SF1T30E30 30

00
SFIT30E36 1x1 36 e
SF1T30E48 48 400} \
SFIT30E60 60 € .0
SF2T30E24 24 2 200
SF2T30E30 30 Z
SF2T30E36 1x2 36 100 — SFT302
= SFT30-3
SF2T30E48 48 0 . . . .
0 0.1 02 03 04 05
SF2T30E60 60 Strain
SF3T30E24 24 %Mo)
SF3T30E30 30 - 300
SF3T30E36 2x1 36 <
SF3T30E48 48 @ 2001
SF3T30E60 60 @ ook — SFT30.1
SF4AT30E24 24 — SFT30-2
= SFT30-3
SF4T30E30 30 0 . . .
0 0.001 0.002 0.003 0.004
SF4T30E36 2x2 36 Strain
SF4AT30E48 48 Fie. 4 S
ig. tress-strain curves
SFAT30E60 60 (a) Complete range; (b) Initial range (strain: 0.4%)
Table 2 Coupon test results
Coupon te (Hlm) E (GPa) Fy(Ol) (MPa) Fy(oz) (MPa) Fu (MPa) ry=Fy(01>/Fu (%) EL (%)
SFT30-1 3.0 172.40 303.17 319.32 439.00 69.06 39.20
SFT30-2 3.0 158.04 295.10 314.28 433.16 68.13 35.80
SFT30-3 3.0 163.63 304.76 318.51 433.81 70.25 39.00
Avg 3.0 164.69 301.01 317.37 435.32 39.15 38.00
COov - 0.036 0.014 0.007 0.006 0.013 0.040

t.: actual plate thickness; £: Young’s modulus; Fyq.): 0.1% offset yield stress; Fy.): 0.2% offset yield stress; F\.: tensile stress; ry: yield

ratio; EL: elongation
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(G1, G2 and G3) on plate surface are shown in
Fig. 3b. The gauge G1 in all specimens was located at
the point 30 mm apart from the center of bolt hole
(No. 1 bolt), in order to observe the strain change of
loading direction during test. The gauge G2 was at-
tached at the center between two bolts (Nos.1 and 2 in
SF2 series and Nos. 3 and 4 in SF4 series with two
column-bolt array) and G3 gauge was also glued at
the path of shear critical section between No. 1 bolt
and No. 3 bolt.

3 Test results
3.1 Fracture mode and ultimate strength

Figs. 5 and 6 exhibit fracture shapes of speci-
mens in each series and load-displacement curves,
respectively. Connections of SF1 series with single
bolt failed by shear fracture (end tear-out fracture)
regardless of the increase of end distance as illustrated
in Fig. 5a. The shear fracture occurred along two
shear section lines, which extended from bolt hole in
the direction of the applied force. For SF2 series (1x2
bolt array), all specimens except SF2T30E60 with the
longest end distance of 60 mm led to typical block
shear fracture as given in the left side of Fig. 5b.
Specimen SF2T30E60 failed by tensile fracture be-
tween two bolts accompanied by severe curling, i.e.,
the curling occurred prior to fracture through the
shear section as shown in the right side of Fig. 5b and
Fig. 6b. Bolted connections of SF3 series depicted in
Fig. 1c exhibit the two near-longitudinal shear out
fracture (the left of Fig. 5c) extending from the plate
part between the two bolts to the end of plate for
specimens with short end distances (e=24, 30,
36 mm). However, for SF3T30E48 and SF3T30E60
with long end distances (e=48, 60 mm), the ultimate
state was determined by shear fracture and curling as
shown in the right of Fig. 5¢ and Fig. 6¢c, where the
curling contributed to the transient strength reduction
on the curves. Lastly, fracture modes of SF4 series
(2x2 bolt array) in ultimate state can be classified into
two types as summarized in Table 3. Specimens
SF4T30E24 and SF4T30E30 resulted in typical block
shear fracture as shown in the leftmost of Fig. 5d and
tensile fracture between two bolts far away from the
plate end led to the ultimate strength (the maximum
strength on load-displacement curve). For specimens

(@)

(o n%

| (3) Shear

i > 4

(3).Shear fracture
fracture s

SF1T30E24 SF1T30E60

| (3) Shear

| il
fracture (2)fTenslls

fracture (2) Tensile fracture

SF2T30E60

SF2T30E60 (tensile
fracture+curling)

(c) - -
L

(d)

SF4T30E30 SF4T30E36 (curling)

SF4T30E60 (curling)”

Fig. 5 Fracture shapes of specimens in each series
(a) SF1 series (shear out); (b) SF2 series; (¢) SF3 series; (d)
SF4 series (block shear)

* The name of SFAT30E60 was miswritten with SFT30E60
when performed the test

SFA4T30E36, SF4T30E48 and SF4T30E60 with end
distances of 36, 48 and 60 mm, respectively curling
was observed around plate end and had an influence
on ultimate strength reduction of bolted connections.
Especially, for SFAT30E36 and SF4T30E60, the ul-
timate strength was decided by curling occurrence
and development prior to tensile fracture occurrence.
From the above results, it is known that the single-
shear bolted connections with ferritic stainless steel
and long end distance except specimens of single bolt
can be accompanied by curling.

Table 3 contains test results such as ultimate
strength (Pye), curling occurrence, fracture modes at
ultimate state point and the end of test, and strength
1atio (Pye/Puc(emin))- Pue/Pucteminy 18 the ratio of ultimate
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Fig. 6 Load-displacement curves of test results
(a) SF1 series; (b) SF2 series; (¢) SF3 series; (d) SF4 series
Table 3 Test results for specimens
. Curling . Fracture mode at
Specimen P, (kN) oceurTence Fracture mode at ultimate strength the end of test Pye/Pic(eming)
SF1T30E24 40.47 No 1.00
SF1T30E30 52.53 No Sh ¢ 1.30
SFIT30E36  64.58 No  Shear-out fracture o 1.60
racture
SF1T30E48 78.69 No 1.94
SF1T30E60 90.16 No 2.23
SF2T30E24 7291 No Tensile fracture between two bolts per- 1.00
pendicular to the direction of load
SF2T30E30 83.59 No Tensile fracture between two bolts per- 1.15
pendicular to the direction of load Block shear
SF2T30E36 89.38 No Tensile fracture between two bolts per- 1.23
. L fracture
pendicular to the direction of load
SF2T30E48  106.13 No Tensile fracture between two bolts per- 1.46
pendicular to the direction of load
SF2T30E60  123.38 Yes Tensile fracture+curling 1.69
SF3T30E24 78.89 No Shear fracture of plate end 1.00
SF3T30E30 90.36 No Shear fracture of plate end 1.15
SF3T30E36  101.33 No Shear fracture of plate end Shear-out 1.28
SF3T30E48 98.78 Yes Shear fracture between two bolts parallel fracture 1.25
to the direction of load
SF3T30E60  107.51 Yes Shear fracture between two bolts parallel 1.36
to the direction of load
SFAT30E24  115.84 No Tensile fracture between two bolts per- 1.00
pendicular to the direction of load
SFAT30E30  125.83 No Tensile fracture between two bolts per- 1.09
pendicular to the direction of load ka)Ck shear
SFAT30E36  129.36 Yes Curling+tensile fracture racture 1.12
SFAT30E48  127.79 Yes Curling+tensile fracture 1.10
SFAT30E60  130.73 Yes Curling+tensile fracture 1.13

125
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strength of specimen (P, to ultimate strength of
specimen with the minimum end distance (Pye(eMin))s
and dy.c and Py denote displacement and strength,
respectively in strength drop point caused by curling.
Note that fracture mode at the end point of test did not
necessarily coincide with fracture mode at the ulti-
mate state of bolted connection, where the ultimate
strength of specimen is obtained.

Specimens with single bolt (SF1 series) did not
show curling. Strength ratio (Pye(eminy)=1.00-2.23) in
Table 3 increases as the end distance increases. Ini-
tial stiffness in elastic region of load-displacement
curve was nearly identical to all specimens. After the
yielding of bolted connections, the rigidity also in-
creased. For uncurled specimens with other bolt
arrays, ultimate strengths tended to increase with the
increase of end distance as those with single bolt
(Table 3). However, specimens with remarkable
curling, in particular, SF3T30E48, SF3T30E60,
SFAT30E48 and SFAT30E60 showed a sudden
strength drop caused by curling as shown in Figs. 6¢
and 6d. The above-mentioned four specimens with
end distance of more than 36 mm did not give higher
strength than expected because of the strength re-
duction by curling compared to that of the bolted
connections (SF3T30E36 or SF4T30E36) with an
end distance of 36 mm (Table 3). Besides, ultimate
strengths (98.78 kN, 127.79 kN, respectively) of
SF3T30E48 and SF4T30E48 were lower than those
(101.33 kN, 129.36 kN, respectively) of SF3T30E36
and SF4T30E36 with 36 mm end distance in spite of
connections with larger end distance.

3.2 Curling effect on strength and strain
3.2.1 Curling effect on ultimate strength

As mentioned in the subsection 3.1, it is clear
that curling perpendicular to the direction of the force
led to ultimate strength reduction for some curled
specimens. The pictures of deformed shape and
fracture development were taken at an arbitrary dis-
placement during test to investigate whether the ul-
timate strength of bolted connection is affected by
curling or not (Fig. 7). Table 4 summarizes the de-
tailed investigation results of displacement and
strength taken at critical points; strength drop by
curling occurrence and tensile fracture between two
bolts for curled specimens.

From Fig. 7a, it can be found that the ultimate
state such as curling and tensile fracture in
SF2T30E60 occurred almost simultaneously. Speci-
men SF2T30E60 at point a (displacement: 3.69 mm,
corresponding load (strength): 79.67 kN, where these
pictures were taken during test) remains elastic. With
the increase of applied load, stress concentrated on
tensile section between two bolts and curling defor-
mation began to occur. Therefore, at point b (dis-
placement: 12.74 mm, corresponding strength:
121.92 kN) of load (strength)-displacement, tempo-
rary strength drop by curling (at the displacement of
13.51 mm as described in Table 4) was observed.
Also, tensile fracture initiated between two bolts right
after curling occurrence. There was no big difference
in the load (strength) between two ultimate states;
curling and tensile fracture. Shear fracture occurred at
point ¢ (displacement: 20.27 mm, corresponding
strength: 62.31 kN), followed by the maximum state
of severe curling and tensile fracture. Consequently,
this indicates that specimen SF2T30E60 was little
affected by the curling. Fig. 7b represents the de-
formed shapes and fracture modes of SF3T30E60
taken at points a, b and c. Sudden strength reduction
by curling was observed directly after getting through
point a (displacement: 4.80 mm, corresponding
strength: 85.46 kN). The location of strength drop by
curling on curve was expressed with displacement of
5.11 mm and strength of 85.65 kN in Table 4. The
strength of bolted connections increased steadily to
the peak point ¢, where specimen failed by shear
fracture as shown in Fig. 7b. Fig. 7c displays load-
displacement curve of SF4T30E36 with four speci-
fied points and photographs of deformed shape and
fracture captured at each point. At point b (displace-
ment: 7.53 mm, corresponding strength: 128.87 kN),
specimens showed curling occurrence without any
tensile or shear fracture and the curling led to the
ultimate strength (displacement: 8.11 mm, strength:
129.36 kN in Table 4). When tensile fracture occurred
between two bolts (No. 3 bolt and No. 4 bolt) around
point ¢, there was a sharp drop in strength. Finally, the
shapes of specimen SF4T30E60 taken from three
critical points are shown in Fig. 7d. Specimen
SFAT30E60 had a strength drop near point a (dis-
placement: 5.10 mm, corresponding strength:
130.73 kN) caused by curling in Table 4. The picture
of the center of Fig. 7d displayed the fracture shape at
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* The name of SFAT30E60 was miswritten with SFT30E60 when performed the test

a: elastic region
(3.69 mm, 79.67 kN)

a: curling and strength
drop (4.80 mm, 85.46 kN)

a: elastic region

(3.60 mm, 107.80 kN)

a: curling and strength
drop (4.75 mm, 127.00 kN)

b: curling and initiation
of tensile fracture
(12.74 mm, 121.92 kN)

b: curling development
and increase of strength

(16.07 mm, 100.84 kN)

b: curling occurrence
and development

(7.53 mm, 128.87 kN)

c: severe curling an:
tensile fracture

(10.60 mm, 109.37 kN)

b: curling development
and tensile fracture

(10.84 mm, 127.30 kN)

Fig. 7 Fracture and curling occurrence with the increase of load
(a) SF2T30]§60 (e=60 mm, b=60 min); (b) SF3T30E60 (e=60 mm, 5=60 mm); (c) SF4T30E36 (=36 mm, =60 mm); (d)
SF4T30E60 (e=60 mm, b=60 mm)

127

c: severe curling and
shear fracture
(20.27 mm, 62.13 kN)

c: severe curling and
shear fracture
(22.25 mm, 107.21 kN)

d d: severe curling and
shear fracture
(25.87 mm, 69.78 kN)

c: severe curling and
shear fracture
(25.15 mm, 65.17 kN)

Table 4 Additional investigation of strength and displacement at critical point for curled specimens

Ultimate state

Strength drop point by curling

Specimen Fracture mode d,e (mm) Py (kN) duec: (mm) Poec (kN)
SF2T30E60 Curling/Tensile 13.51/13.71 123.28/123.38 13.51 123.28
fracture between
two bolts
SF3T30E48 Shear fracture be- 17.94 98.78 4.15 78.50
tween two bolts
SF3T30E60 para]lel to the direc- 23.29 107.51 5.11 85.65
tion of load
SFAT30E36 Curling/Tensile 8.11/10.52 129.36/122.30 8.11 129.36
SFAT30E48 fracture between 5.78/8.89 127.60/127.79 5.78 127.60
SF4T30E60 two bolts 5.10/11.18 130.73/123.77 5.10 130.73
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point b, where curling deformation continued to in-
crease and tensile fracture initiated between two bolts
of No. 3 and No. 4. Also, additional tensile fracture
toward the left end of the plate and shear fracture
occurred as shown in the picture of right side of
Fig. 7d, and it resulted in the last strength drop.
Therefore, it can be noted that curling caused the
strength drop in connection even if the degree of the
curling effect is different from the bolt arrangement
and end distance. Among them, specimens with four
bolts (2x2 array; SF4 series) and long end distance
did not show the remarkable increase of strength and
stiffness after strength dropped by curling.

3.2.2 Curling deformation and strain distribution

Fig. 8 presents the curling-displacement rela-
tionship for some representative specimens. At the
initial stage of displacement, curling deformation
climbed slightly up to the ultimate state. Specimens,
SF3T30E48, SF3T30E60, SF4T30E48, and
SF4T30E60 showed a sharp increase in the curling
deformation after curling caused a sudden strength
drop. Shear fracture in SF3 series or tensile fracture in
SF4 series also led to the acceleration of curling de-
velopment. For example, for SF3T30E48, there was a
temporary strength reduction in load-displacement
curve at the displacement of 4.15 mm as shown in the
bold dotted of Fig. 6¢ and then curling deformation
corresponding to the above displacement also in-
creased significantly as shown in the thin sold line of
Fig. 8a. Strain distribution obtained from G1 is shown
in Fig. 9. Since plate part on which strain gauge was
placed is under compressive pressure due to bearing
action of bolt. Strain value measured in G1 is ex-
pected to be compressive. Therefore, for specimens
SF2T30E48 and SF3T30E36 without curling, com-
pressive strain value tended to increase with the in-
crease of enforced displacement as shown in Figs. 9a
and 9b. However, specimens with strength reduction
effect by curling such as SF2T30E48, SF3T30E48,
SF3T30E60,  SFAT30E36, SF4T30E48  and
SFAT30E60 presented different patterns in strain
change. For example, SF2T30E48 and SF4T30E36
had been relatively less affected by curling compared
to the others. At an early displacement, compressive
strain value also continued to rise as that of uncurled
specimens. However, after strength drop point by
curling, the increase of strain value was slowed down

10
——SFAT30E36 (a)
SF4T30E48
8 [| —SF4T30E60
X g
E /
£ 4
3>
) / Sharp rise of curling
2 ‘/‘/ after ultimate state
0 : . .
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20
—— SF3T30E60
15 "
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£
> 10
£
5
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Temporary strength drop
point by curling
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15 20
Displacement (mm)

0 5

Fig. 8 Curling-displacement curves for curled specimens
(a) SF4 series; (b) SF3 series

for SF2T30E48 or the compressive strain has been
falling down for SF4T30E36. For SF3T30E4S,
SF3T30E60, SF4T30E48 and SF4T30E60, the oc-
currence of severe curling had much impact on the
ultimate strength reduction, and it also led to the
transfer of strain distribution from compressive val-
ues to tensile ones as shown in Figs. 9¢c and 9d.

4 Comparison of test result and design
strength prediction

4.1 Design standards

The ultimate strength of bolted connection under
shear is determined by one of four fracture modes as
follows: net-section tensile fracture (N), shear-out
fracture (tear-out fracture or end-opening fracture, E),
bearing fracture (BE) and block shear fracture (BS).
Thus, this study summarizes the current design stan-
dards of ultimate strength regarding fracture modes. In
particular, SEI/ASCE-8-02 (2002), AS/NZS4673
(2001) and EN 1993-1-4 (2006) provide the specifi-
cations or provisions for the design of cold-
formed stainless steel members and specify the design
strength for only three fracture modes such as tensile
fracture, shear fracture and bearing fracture except the
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block shear fracture. Furthermore, AISI (2007) for
cold-formed steel and AISC (2005) and AlJ (2002a)
for hot-rolled steel specify design strength equations
for the above stated four fracture modes.

The design strength equations for three fracture
modes such as shear-out fracture, bearing fracture and
block shear fracture are described in the following
sections. Since the net-section tensile fracture mode

was not observed in the test results, tensile strength
equations were not mentioned in this study.

4.1.1 Shear-out fracture (end-opening fracture) and
bearing fracture

According to the design standards, shear fracture
and bearing fracture strengths are either expressed in
single equations or separate equations. Especially,
shear-out capacity per bolt depends on the length of
two parallel lines that extend from the bolt hole to end
part in the direction of force.

Shear-out strength per bolt specified in
SEI/ASCE-8-02 (2002) and AISI S100-07 (2007) is
given by

})ut :telEl’ (1)

where e is the distance measured in line of force from
the center of standard hole to the nearest edge of
adjacent hole or to the end of connected part.

AISC (2005) defines design strength with one
combined equation for shear fracture and bearing
fracture divided into two types according to the
acceptability of bolt hole ovalization. These equations
are applied to bolts in a connection with standard,
oversized and short-slotted holes.

When deformation at bolt hole at service load is
a design consideration,

P, =12L F, <2.4diF,; )

When deformation at bolt hole at service load is
not a design consideration,

P, =1.5L (F, <3.0dIF,, 3)

where L. is the clear distance in the direction of the
force between the edge of the hole and the edge of the

adjacent hole or the edge of the plate, L =
Min{e—¢ /2, p— ¢}, and p=d+1.0.

AlJ (2002a; 2002b) specify only three fracture
modes such as the net-section fracture, the shear
fracture and the block shear fracture, and do not
include the equation of bearing fracture strength.
Shear out fracture strength (P,) for hot-rolled steel
bolted connections is expressed as
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By =etl,, 4)

and for connections with single-row bolt in the
perpendicular direction of loading, e; can be
Min {e,13t}; for connection with more than double

-row bolt, e; can be Min{e,13¢, p}. Eq. (4) denotes

that if the end distance (e) exceeds 13 times the
thickness of connected plate, the maximum of end
distance can be regarded as 13¢ for estimating the
shear-out strength, namely e>13¢, although the
fracture strength keeps a constant value regardless of
the increase of the end distance. Note that Eq. (4) of
AlJ (2002b) includes both definitions for the shear
fracture and the bearing fracture: for e<13¢, bolted
connection fails by shear fracture; and for e>13z,
bearing failure is assumed to occur.

SEI/ASCE-8-02 (2002) classifies bearing
strength into two equations according to the number
of shear plane:

R, =Fdt, ®)

where F}, is the bearing stress for bolts with washers
under both bolt head and nut, and can be expressed by
(a) For single-shear connection:

F, =2.00F,; (©6)

(b) For double-shear connection:

F =2.75F,. (7)

The latest AISI S100-07 (2007) presents bearing
capacity based on serviceability limit state as follows:

(a) When deformation around bolt holes is not a
design consideration:

B, =m.CdlF,; ()

(b) When deformation around bolt holes is a
design consideration:

P, = (4.64at +1.53)diF., 9)

where C=a is the bearing factor (d/r<10, C=3.0), and
o. 1s the coefficient for conversion of units (for SI units

with ¢ in mm, ¢=0.0394). ms is a modification factor
according to the type of bearing connection
(single-shear and outside sheets of double-shear
connection with washers under both bolt head and
nut, m=1.00)

Lastly, the design bearing resistance of carbon
steel connections in EN 1993-1-4 (2006) except
partial safety factor is given by

By =hka,Fdt, (10)
where oy, is the smallest out of a4, Fiw/Fy (Where Fy, is
the tensile stresses of bolt material), or 1.0. In the
direction of load transfer, ag=e/(3d) for end bolts and
p/(3d)—-1/4 for inner bolts. In the direction
perpendicular to load transfer, k; is the smaller of
2.8b/d—1.7 or 2.5 for edge bolts, and 1.4g/d—1.7 or 2.5
for inner bolts.

4.1.2 Block shear fracture (BS)

The block shear fracture specified in AISI
S100-07 (2007), AISC (2005), EN 1993-1-4 (2006)
and AlJ (2002a; 2002b) is a combination of
net-section fracture and shear out fracture. The block
shear fracture specified in (AISC, 2005) is a
combination of net tensile section fracture and shear
out fracture or yielding. AISC specification presents
two possible block shear equations. Nominal block
shear fracture strength is determined as the smaller
value in the following Egs. (11) and (12). Eq. (11)

indicates tensile rupture ( F, A4, ) on the net-section

between two bolts perpendicular to the force followed
by shear yielding (0.6F,4,) on the gross shear

plane. Eq. (12) indicates shear rupture along the net
shear area (0.6F, 4, ) followed by rupture on the net

tensile area (F, 4, ) :

Put = UbsElAnl + O‘6FyAgv’ (11)
P, =U,F,A, +0.6F,4 (12)

where Ay is the net area subjected to tension, Line 1;
Ayt is the gross area subjected to tension, Line 2; 4,y is
the net area subjected to shear, Line 3; and A4,y is the
gross area subjected to shear, Line 4 as depicted in
Fig. 10. Reduction factor (Uys) has been included in
the equations to consider the non-uniform stress
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distribution on the tensile plane; when tension stress
is uniform, is 1.0.

Line 1: Aqg Line 2: Ag; Line 3: A,,; Line 4: Ag,

Fig. 10 Fracture and yielding section line of typical
block shear

AISI S100-07 (2007) also specifies the same
equations as AISC specification of Egs. (11) and (12).

The design block shear resistance of stainless
steel connections in EN 1993-1-4 (2006) except
partial safety factor is given by

Put :F:,lAnt +FyAnv /\/§ (13)
AlJ (2002a) recommendation is given as
P, =(4,+0.54,)F,. (14)

The block shear fracture by AlJ is a combination
of net-section fracture and shear out fracture. The
effective shear stress values in shear-out fracture
against tensile strength (F,) are applied to be 0.5 as
shown in Eq. (14).

4.2 Comparisons of ultimate strength between test
results and design prediction

Ultimate strengths of test results are compared
with the design strengths calculated by the strength
equations of the subsection 4.1. Geometry of
connected plate in Table 1 and material properties
(Fy, F,) in Table 2 are used. Table 5 shows the
ultimate strengths (P,.) of test results and the design
ultimate strengths (Py) predicted by the above-stated
AISC (2005), Al (2002a; 2002b), AISI S100-07
(2007), SEI/ASCE-8-02 (2002) and EN 1993-1-4
(2006) standards, respectively. The ultimate strengths
(Py) of design standards in Table 5 were determined
by the design strength of fracture mode which
corresponds to the fracture mode of test result in each
specimen and this study did not consider whether

fracture modes predicted by design standards agree
with those of test results or not. Ultimate strengths
predicted by AISC S100-07 (2007), ALl (2002a;
2002b) and EN 1993-1-4 (2006) standards for the
specimens of SF1 series and SF3 series can be
regarded as the minimum strength out of shear fracture
(E) and bearing fracture (BE). AISC equations of
block shear fracture strength contains the reduction
factor (Ups) and on condition that tension stress is
uniform for the tensile cross section of the
connections, in which reduction factor (Uy) is
assumed to be unity (=1.0). Accordingly, the block
shear strength equations coincide with those of AISI
S100-07 (2007). The equation number with the
smaller block shear strength among Egs. (11) and (12)
was expressed in Table 5 in order to understand the
block shear fracture path where the ultimate strength
is determined. Most of the specimens with block
shear fracture mode in test results except SF4T30E24
were predicted to fail by tensile rupture (Line 1 in
Fig. 10) on the net-section between two bolts
perpendicular to the applied force followed by the
shear yielding (Line 4 in Fig. 10) on the gross shear
plane parallel to the force. Since SEI/ASCE-8-02
(2002) standard does not provide a separate provision
related to block shear strength of bolted connection,
ultimate strength by design standard was left blank in
Table 5. Design ultimate strength was calculated on
condition that first, deformation at bolt hole at
service load is not a design consideration; second,
washers are provided under both the bolt head and
the nut; third, all specimens are single-shear bolted
connection.

Table 6 shows the comparative data of ultimate
strength between design prediction (Pye) and test result
(Pye), and strength ratio (P,/P,.) and mean value with
the corresponding coefficient of variation (COV).

4.2.1 SF1 series (1x1 bolt array)

For bolted connections of SFI1T30 series
(SF1T30E24 and SF1T30E30) with a relatively short
end distance, shear fracture strength predicted by
AISC (2005), AlJ (2002a) and EN 1993-1-4 (2006)
standards increased with the increase of end distance.
However, for specimens with end distance of more
than 36 mm for AISC (2005) and EN 1993-1-4 (2006)
and more than 48 mm for AIJ (2002a), the shear
fracture strength kept constant regardless of the
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Table 5 Ultimate strength by design standards for same fracture mode with test results

Test P, (kN)
Specimen (kN) Fracture mode of ~ AISC  AIJ (2002a; AISI S100-07 SEI/ASCE-8-02 EN 1993-1-4
ue the end of test (2005) 2002b) (2007) (2002) (2006)
SFIT30E24 40.47 E 34.28 31.34 31.34 31.34 27.43
SFIT30E30 52.53 E 46.04 39.18 39.18 39.18 31.34
SFIT30E36 64.58 E 47.01 47.01 47.01 47.01 39.18
SFIT30E48 78.69 E 47.01 50.93 62.69 62.69 39.18
SFIT30E60 90.16 E 47.01 50.93 78.36 78.36 39.18
SF2T30E24 72.91 BS 56.02" 61.38 56.02" - 48.27
SF2T30E30 83.59 BS 62.52" 69.22 62.52" - 54.52
SE2T30E36 89.38 BS 69.01" 77.05 69.01" - 60.77
SF2T30E48  106.13 BS 82.01" 92.72 82.01 - 73.27
SF2T30E60  123.38 BS 95.00" 108.4 95.00" - 85.78
SF3T30E24 78.89 E 68.56 62.69 62.69 62.69 54.85
SF3T30E30 90.36 E 92.07 78.36 77.05 77.05 62.69
SF3T30E36  101.33 E 94.03 94.03 77.05 77.05 78.36
SF3T30E48 98.78 E 94.03 94.03 77.05 62.69 78.36
SF3T30E60  107.51 E 94.03 94.03 77.05 62.69 78.36
SFAT30E24  115.84 BS 9351 108.40 9351 - 72.23
SF4T30E30  125.83 BS 101.50° 116.23 101.50° - 78.48
SF4T30E36  129.36 BS 107.99 124.07 107.99 - 84.73
SF4T30E48  127.79 BS 120.98" 139.74 120.98" - 97.24
SF4T30E60  130.73 BS 133.98" 155.41 133.98" - 109.74
"Eq. (11); " Eq. (12)
Table 6 Ultimate strength comparisons of test result and design standard prediction
Test Py/Py
Specimen  Fracture mode of Curling AISC  AIJ (2002a; AISIS100-07 SEI/ASCE-8-02 EN 1993-1-4

the end of test (2005) 2002b) (2007) (2002) (2006)
SFIT30E24 E No 0.85 0.77 0.77 0.77 0.68
SF1T30E30 E No 0.88 0.75 0.75 0.75 0.60
SFIT30E36 E No 0.73 0.73 0.73 0.73 0.61
SF1T30E48 E No 0.60 0.65 0.80 0.80 0.50
SFIT30E60 E No 0.52 0.56 0.87 0.87 0.43
Avg 0.71 0.69 0.78 0.78 0.56
cov 0.216 0.123 0.07 0.070 0.096
SF2T30E24 BS No 0.77 0.84 0.77 No 0.66
SF2T30E30 BS No 0.75 0.83 0.75 No 0.65
SF2T30E36 BS No 0.77 0.86 0.77 No 0.68
SE2T30E48 BS No 0.77 0.87 0.77 No 0.69
SF2T30E60 BS Yes 0.77 0.88 0.77 No 0.70
Avg 0.77 0.86 0.77 No 0.68
cov 0.014 0.025 0.014 No 0.018
SF3T30E24 E No 0.87 0.79 0.79 0.79 0.70
SF3T30E30 E No 1.02 0.87 0.85 0.85 0.69
SF3T30E36 E No 0.93 0.93 0.76 0.76 0.77
SF3T30E48 E Yes 0.95 0.95 0.63 0.63 0.79
SF3T30E60 E Yes 0.87 0.87 0.72 0.58 0.73
Avg 0.90 0.88 0.78 0.72 0.74
Cov 0.067 0.069 0.064 0.157 0.061
SFAT30E24 BS No 0.81 0.94 0.81 - 0.62
SF4T30E30 BS No 0.81 0.92 0.81 - 0.62
SF4T30E36 BS Yes 0.83 0.96 0.83 - 0.66
SFAT30E48 BS Yes 0.95 1.09 0.95 - 0.76
SFAT30E60 BS Yes 1.03 1.19 1.03 - 0.84
Avg 0.89 1.02 0.89 - 0.70

COV 0.112 0.118 0.112 - 0.137
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increase of end distance as shown in Table 5. That is
why the strength of the specimens is governed by the
bearing capacity of plate for the end distance
condition specified in Egs. (3), (4) and (10). On the
contrary, shear strengths of single bolted connections
by AISI S100-07 (2007) and SEI/ ASCE-8-02 (2002)
increased as end distance increased. Therefore, it can
be known that ultimate strength prediction by these
standards came closer to the ultimate strengths of test
results.

4.2.2 SF2 series (1x2 bolt array)

Most of specimens except SF2T30E60 with
curling failed by a typical block shear fracture at the
end stage of test and the curling of SF2T30E60 also
had little impact on strength reduction as stated in the
subsection 3.2. Block shear strength equations are
equal in AISC (2005) and AISI S100-07 (2007)
(Eq. (11)), and the block shear consists tensile rupture
on the net-section and shear yielding on the gross
shear section. AIJ (2002a) specifies block shear
strength with a combination of tensile fracture of
net-section and shear fracture of gross section. Av-
erage strength ratios (Py/Py) by AISC (2005), Al
(2002a) and EN 1993-1-4 (2006) were 0.77, 0.86 and
0.68, respectively. AlJ (2002a) recommendation pro-
vided a good prediction accuracy of ultimate strength
compared to those of AISC (2005), AISI S100-07
(2007) and EN 1993-1-4 (2006).

4.2.3 SF3 series (2x1 bolt array)

Ultimate strength of shear out fracture by
current design standards for bolted connection with
double-row bolts in the parallel direction of applied
force is determined by the minimum of pitch (p)
and end distance (e). The shear fracture path is
assumed by single line as given in Egs. (1), (3) and
(4). The limitation provisions of end distance (e)
considering bearing behaviors are included in
Egs. (3), (4) and (10). Therefore, although the end
distance continues to get longer, the strength of shear
out fracture did not increase anymore on the condition
of Egs. (3), (4) and (10). For example, the maximum
clear distance (L) in Eq. (3) can not exceed 2.0 times
bolt diameter (2.0d), and effective end distance in
Eq. (4) is assumed to be the minimum value out of e,
13¢ and p. Generally, current standards slightly un-
derestimate the shear out strength of specimens.

4.2.4 SF4 series (2x2 bolt array)

Ultimate strength ratio (P,/P,.) of AISC (2005)
and AISI S100-07 (2007) standards to test results
ranged from 0.81 to 0.83 for specimens SF4T30E24,
SFAT30E30 and SF4T30E36 which were little af-
fected by curling and it can be found that the above
standards are somewhat conservative in predicting the
block shear strength. EN 1993-1-4 (2006) underes-
timated the block shear strength (P,/P, ranged from
0.62 to 0.84). Predictions by AlJ (2002a) recommen-
dation showed a good correspondence to that of the
test results with the strength ratio in the range of 0.92
to 0.96 as given in Table 6. However, for specimens
SF4T30E48 and SF4T30E60 with severe curling,
since current AlJ standard does not take into enough
consideration about the strength drop caused by
curling, AlJ prediction showed a tendency to overes-
timate the block shear strength (P,/P,=1.09—1.20).
Accordingly, a modification of the current design
equations considering the strength reduction due to
curling is necessary, which will be discussed in the
following sections.

4.3 Suggestion of strength equation and its
verification

As mentioned in the subsection 3.1, the
representative fracture modes of SF1 and SF3 series
were shear out fracture. The shear fracture path was
observed along two lines of gross shear section as
shown in Figs. 3a and 3c. However, current design
standards seemed to assume a single line as shear out
fracture path. In other words, since there was a
discrepancy in fracture path between test result and
design prediction, ultimate strengths predicted by the
current design standards were smaller than those of
test results. Therefore, it is necessary to revise the
current shear fracture strength equation in order to
consider the bearing behavior of plate and curling
effect and estimate the shear strength of the same
fracture path as the test result. This study proposed the
modified equation (Eq. (15)) for shear out strength
using the von Mises yield criterion, which defines that
in the case of simple tension the magnitude of the

shear yield stress in pure shear is V3 times the tensile
yield stress. Table 7 indicates that strength prediction
accuracy by Eq. (15) is improved compared to those
by current design equations.
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For bolted connections of SF2 and SF4 series
with typical block shear fracture mode and no curling,
current design standards tended to underestimate
ultimate strengths as shown in Table 6. In fact, block
shear fracture path observed from test results is
identical to a combination of tensile rupture (F,A4y,) on
the net-section between two bolts and shear fracture

(F A4,/ \/5) on the gross shear plane (Line 1 and

Line 4 in Fig. 10). The von Mises yield theory was
also applied to the shear fracture, and Eq. (16) was
suggested for block shear fracture strength of bolted
connections with two columned bolt arrays. The ul-
timate strengths by Eq. (16) of SF2 series and SF4
series without curling effect showed a good corre-
spondence to the test results as shown in Table 8.

Whereas, for specimens (SF4T30E48 and
SF4T30E60) with severe curling, since Eq. (16) has
considered the strength reduction caused by the
curling, the block shear strength was overestimated as
shown in Table 9. Therefore, the von Mises yield
criterion and the concept of bearing action were in-
troduced in Eq. (16), and modified equations such as
Eq. (17) were suggested.

(a) For connections without curling:

Shear out fracture (1x1 and 2x1
arrangements),

bolt

Table 7 Comparison of shear fracture strengths be-
tween test results and suggested design Eq. (15)

# (15)

P, =2etF /3, e, =Min{e, p};

Block shear fracture (1x2 and 2x2 bolt
arrangements),
Put = EJAnl +E1Agv /\/g’

(16)
=(g— Q)F, +2(p+e)F, /3.

(b) For connections with block shear and curling
(2x2 bolt arrangement),

P =F,A,+FA, /3

= (g —Q)IF, +2e,tF, /3,
e, =Min{e, p}.

amn

Tables 7-9 represent the comparison of shear out
strength and block shear strength between test results
(Pue) and suggested design equation (Py). Average
strength ratio (Pyp/Py.) of the shear fracture for SF1
and SF3 series with the single column array of bolt was
0.96 in Table 7. For the specimens of SF2 and SF4
series with no curling and little strength reduction
effect by curling, prediction accuracy for block shear
strength has improved somewhat. The mean value of

Table 8 Comparison of block shear fracture strengths
between test results and suggested design Eq. (16) for

Specimen Py (kN) Py (kN) Py/Pye specimens with little strength reduction effect by
SF1T30E24 36.19 40.47 0.89 curling
SFI1T30E30 4524 52.53 0.86 Specimen P (KN) P (kN) Py/Pye
SF1T30E36 54.29 64.58 0.84 SF2T30E24 66.23 72.91 0.91
SF1T30E48 72.38 78.69 0.92 SF2T30E30 75.28 83.59 0.90
SF1T30E60 90.48 90.16 1.00 SF2T30E36 84.33 89.38 0.94
SF3T30E24 72.38 78.89 0.92 SF2T30E48 102.42 106.13 0.97
SF3T30E30 90.48 90.36 1.00 SF2T30E60 120.52 123.38 0.98
SF3T30E36 108.58 101.33 1.07 SFAT30E24 120.52 115.84 1.04
SF3T30E48 108.58 98.78 1.10 SF4T30E30 129.57 125.83 1.03
SF3T30E60 108.58 107.51 1.01 SFAT30E36 138.61 129.36 1.07
Avg 0.96 Avg 0.98
cov 0.091 Ccov 0.064

Table 9 Comparison of block shear fracture strengths between test results and suggested design Eq. (17) for

specimens with strength reduction effect by curling

. Strength ratio
S P, kN P, kN Py (kN
pecimen «(16) (KN) «17) (KN) (kN) PutiofPac Putin/Puc
SF4T30E48 156.71 138.61 127.79 1.23 1.08
SF4T30E60 174.81 138.61 130.73 1.34 1.06

Py6): block shear strength by Eq. (16); Puq7): block shear strength by Eq. (17)



Lim et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2013 14(2):120-136 135

strength ratio and the corresponding COV was 0.98
and 0.064, respectively (Table 8).

Lastly, block shear strengths of suggested
equation (Eq. (17)) with limitation of end distance for
two specimens with severe curling could be close to
those of test results as shown in Table 9 (Pygq.a7)/
P,=1.06-1.08).

5 Conclusions

An experimental study for single shear bolted
connections with thin-walled ferritic stainless steel
(plate thickness, 3.0 mm, bolt diameter, 12 mm, gage
& pitch: 36 mm, edge distance perpendicular to the
direction of applied force, 60 mm) has been per-
formed in order to investigate the structural behaviors
such as the ultimate strength, the fracture mode and
the curling effect. End distance parallel to the direc-
tion of applied load (24-60 mm) and bolt arrange-
ments (4 types) were chosen as main variables of the
specimens.

Bolted connections (SF1 series: 1x1 and SF2 se-
ries: 2x1) with single column in a bolt array failed by
shear out fracture. Specimens of SF2 series with more
than end distance of 48 mm showed the transient
strength drop due to curling. SF2 series (1x2) and SF4
series (2x2) which are fastened by bolts of double
columns showed block shear fracture at the end of test
and curling occurred in some specimens with a long
end distance. In particular, for the bolted connections
of SF4 series with 48 mm and 60 mm of end dis-
tances, curling occurrence led to the strength reduc-
tion and it decided the ultimate state of the specimens.
Curling deformation continued to increase according
to the increase of end distance. Besides, strain dis-
tribution taken from strain gauge attached in the plate
in front of bolts was changed into tensile strain values
from compressive ones after the strength reduction by
curling occurred.

The ultimate strength obtained from test results
were compared with those predicted by the current
design standards such as AISC (2005), AlJ (2002a;
2002b), AISI S100-07 (2007), SEI/ASCE-8-02
(2002) and EN 1993-1-4 (2006). It is concluded that
the current standards underestimated the ultimate
strength of ferritic stainless single shear bolted con-
nections except some curled specimens of SF4 series

with a long end distance, which were overestimated
by existing codes. The shear fracture path (two lines
of fracture section) of test results differed from that
(singe line of fracture section) predicted by current
standards. However, since the current standards did
not consider exactly the shear fracture path shown in
the test results and did not reflect sufficiently the
strength reduction effect caused by the curling,
modified strength equations (Egs. (15)—(17)) were
suggested considering the same shear fracture path of
two lines as the test results and using the von Mises
yield criterion and bearing action of a plate in this
paper. Consequently, ultimate strength by the revised
equations had a good correspondence to that of test
results with an improved accuracy.
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